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1 Mercury Elementary
People have developed increasingly modern societies in their efforts to improve standards of living. At the same time, they have modified the environment in ways that pose challenges for maintaining and advancing human well-being, today and in the future. In this book, we focus on how people attempt to provide better lives for themselves and their descendants on a finite planet. We draw insights from human interactions with mercury to illustrate how people have made beneficial use of this unique element, how they have been harmed by its toxic properties, and how they have taken actions to protect human health and the environment from its impacts. Analyzing the mercury issue offers an opportunity to trace a millennial-scale history of human interactions with an element whose use has both benefited and harmed human well-being in complex and interacting ways. We develop and apply an analytical framework throughout this book—using the perspective of a human-technical-environmental system—to learn from the long history of human mercury use and exposure, and to inform strategies by which people can effect change toward greater sustainability.
On a sweltering Wednesday afternoon in early October 2013, hundreds of representatives of countries, intergovernmental organizations, and civil society groups from around the world filed into a crowded auditorium in Minamata, Japan, to hear Rimiko Yoshinaga tell a profoundly personal story about the human toll of mercury pollution. She related how fishers and their family members living in small hamlets around Minamata began to suffer devastating health consequences more than half a century ago after a local chemical company, the Chisso Corporation, discharged methylmercury, a particularly toxic form of mercury, into Minamata Bay. Their illness, discovered in the 1950s, resulted from methylmercury exposure, which causes permanent and sometimes fatal damage to the brain and central nervous system, and is now known the world over as Minamata disease.
Rimiko Yoshinaga is one of the storytellers affiliated with the Minamata Disease Municipal Museum, which is dedicated to informing visitors about the disease and its enduring legacy. A quiet and respectful hush quickly descended on the auditorium on that October day as she began to describe her childhood in Minamata and the mysterious illness that began to affect her father, and two years later led to his death, as a result of eating fish from Minamata Bay contaminated with methylmercury. Her mother and two of her grandparents also suffered from Minamata disease. Although many people in Minamata attempted to hide that they were victims of the disease to avoid social stigma and discrimination, a growing number of survivors have spoken out publicly to raise awareness of mercury poisoning, using the Japanese oral tradition of storytelling to share their experiences. Public awareness about Minamata disease also spread around the world through photographs of victims taken by the American photojournalist W. Eugene Smith for Life magazine in the early 1970s.
The participants who heard Rimiko Yoshinaga’s story were there to attend the ceremonial opening of a conference to adopt the Minamata Convention on Mercury, a new global treaty (H. Selin 2014). They also visited the eco-park that was created on top of contaminated sediments dredged from Minamata Bay during the cleanup project, and ate a lunch of now-safe local fish and vegetables prepared by community members. The next day, October 10, 2013, country representatives formally adopted the final text of the Minamata Convention in the prefectural capital Kumamoto, 90 kilometers north of Minamata. The objective of the Minamata Convention is to protect human health and the environment from anthropogenic emissions and releases of mercury. Its adoption concluded three years of treaty negotiations under the auspices of the United Nations Environment Programme (UNEP). The Preamble of the Minamata Convention recognizes not only “the substantial lessons of Minamata disease, in particular the serious health and environmental effects resulting from the mercury pollution,” but also the need to prevent similar events in the future.
Minamata disease remains a politically contentious issue in Japan, as does the government’s support for naming the convention after Minamata. Some victims opposed using the name Minamata for the treaty because they believed that the Japanese government had not done enough—either to assess the damage mercury has caused to humans and the environment or to clean up the pollution—and that Chisso has not been sufficiently held accountable. One Japanese activist went so far as to argue that the naming “profanes the honor of the victims” (Kessler 2013). The Minamata victims have nevertheless had an international influence through their storytelling. Shinobu Sakamoto, who contracted Minamata disease in utero, traveled to Stockholm, Sweden, in 1972 (when she was 15 years old) to share her story at the United Nations Conference on the Human Environment, the first global political conference addressing relationships between people and the environment. A major outcome of that conference was the establishment of UNEP. In 2017, UNEP’s deputy executive director Ibrahim Thiaw met with Shinobu Sakamoto after she spoke to the delegates at the first Conference of the Parties (COP) to the Minamata Convention. There he delivered a message that, in effect, dedicated the convention to her and all other victims of mercury poisoning.
Through their storytelling, Minamata disease victims tell of their own and their families’ exposure to methylmercury, and the ostracism they faced after being afflicted with the disease. The Minamata stories, however, reflect much more than the human health effects from a local case of methylmercury poisoning: they address broader issues of human dignity, the importance of family and local community, responsibilities of governments and the private sector to address dangerous pollution, people’s relationship with the environment, implications of modernity and industrialization, and the role of individual and collective efforts to move forward toward a better and safer future for all of humanity. In these respects, the Minamata stories are not just mercury stories: they are sustainability stories. They are tales of human struggles to live and thrive on a shared and finite planet that has been fundamentally transformed by humanity’s interactions with the environmental processes essential for human survival and prosperity.
Stories like those told by the Minamata victims exemplify the ways in which people listen to, and learn from, the past. Oral and written storytelling can effectively raise public awareness and advocate for change. Rachel Carson (1962) caught the world’s attention when she wrote Silent Spring, the story of the harmful effects of dichlorodiphenyltrichloroethane (DDT) and other similar pesticides, and linked their agricultural use to a decline in bird populations. Her widely read story contributed to the launch of the modern environmental movement in the United States and elsewhere. Stories remain pervasive in much contemporary discourse around environmentalism (Harré et al. 1999). The telling of stories can also be critical to help envision, support, and guide transitions toward greater sustainability (Chabay 2015; Veland et al. 2018; Kuenkel 2019). In this respect, storytelling not only provides historical information and context, but also informs thinking about what a more equitable and sustainable world may look like.
The courage of the Minamata storytellers, and other victims of mercury pollution who have struggled to be heard and recognized, has inspired this book. The Minamata stories connect to a broader set of mercury stories across the world and through time. Coal burning and industrial manufacturing emits mercury while producing energy and goods. Millions of gold miners in Africa, Asia, and Latin America use mercury to earn an income, but it also threatens their health and the environment. Mercury from these and other sources travels worldwide through the atmosphere, land, and oceans. Pilot whales in the Atlantic accumulate methylmercury; some of this ends up in children in the Faroe Islands who suffer developmental delays from their mothers’ consumption of whale meat and blubber during pregnancy. Many people in other regions of the world, including high-income urban residents as well as subsistence fishers, are also exposed to methylmercury from eating seafood. An estimated 200,000 children were born in 2010 in the United States alone to mothers whose methylmercury levels put these newborns at risk of neurological damages (Driscoll et al. 2018; US Environmental Protection Agency 2013).
Aim of the Book
We intend this book for readers with different backgrounds who share an interest in how an interdisciplinary perspective can inform understanding and action on mercury and other sustainability issues. For social scientists whose specialty is in political science, sociology, geography, history, economics, and other subjects, we illustrate how environmental processes and technologies affect social dynamics and change. For natural scientists studying the environment, we show how technological change and social institutions modify physical, chemical, and biological interactions. For engineers who study technical processes or seek to enhance technological performance, we underscore the need to account for environmental processes and governance arrangements in design and evaluation. For practitioners in the area of sustainability, we show how examining issues from a systems perspective can inform their efforts. For all audiences, we demonstrate the utility of a structured analytical framework by which perspectives and information from different fields can be brought together to better analyze and advance sustainability.
Global political attention to sustainable development can be traced back to discussions that informed the 1972 United Nations Conference on the Human Environment in Stockholm (Linnér and Selin 2005). An oft-quoted definition of sustainable development was set out by the United Nations World Commission on Environment and Development (also known as the Brundtland Commission) in their 1987 report Our Common Future: development that “meets the needs of the present without compromising the ability of future generations to meet their own needs” (World Commission on Environment and Development 1987, 8). The current global political approach to sustainable development is embedded in the 17 Sustainable Development Goals (SDGs) intended to address economic, social, and environmental issues in an integrated and holistic way until 2030 (Kanie and Biermann 2017; Kamau et al. 2018). We use the term “sustainability” in this book to refer to a societal goal, and the term “sustainable development” as the process by which societies progress toward greater sustainability.
Academics have defined and analyzed sustainability in different ways (Bettencourt and Kaur 2011). Definitions and measures of sustainable development vary in specifying what should be developed and what should be sustained (Parris and Kates 2003). In this book, we apply an anthropocentric perspective and focus on human well-being, now and in the future, as a central challenge of sustainability. Ensuring that Earth’s life support systems remain healthy, while maintaining and improving human livelihoods for both current and future generations, is one of the most critical challenges to ever face humanity. Although a broad array of research from multiple disciplines focuses on mobilizing knowledge to inform societal efforts to promote sustainability, additional in-depth empirical research is necessary—not only to further develop and test theories of how people interact with Earth’s life support systems but also to generate knowledge that can inform sustainability transitions (Clark 2015).
We wrote this book with the goal of advancing the knowledge and theory of sustainability through an empirically grounded study of the mercury issue. To this end, we aim to draw lessons relevant to other contemporary sustainability challenges in ways that inform practice and policy-making. The analytical framework that we introduce and deploy in this book centers on the concept of a human-technical-environmental (HTE) system that is embedded in the context of institutions and knowledge. We apply our framework, which we call the HTE framework, to the mercury issue, but, as we discuss further in chapter 8, it can also be used to study other sustainability issues. The HTE framework uses a matrix-based approach to examine interactions in systems and interventions aimed at enhancing sustainability. We introduce the framework in further detail, including the components of the human-technical-environmental system and the matrix-based approach, in chapter 2. In the book as a whole, we pose and address four research questions:
Addressing these four questions requires drawing on approaches and insights from literatures across the natural sciences, the social sciences, and engineering. For too long, disciplinary training and boundaries have prevented integrated studies of complex systems. Yet, such systems can only be fully characterized, examined, and understood through an interdisciplinary approach that bridges spatial and temporal scales. Our own scholarly backgrounds are different but overlapping: Henrik specializes in understanding governance processes that deal with chemical pollution and other environmental issues, whereas Noelle examines the transport and fate of mercury in the atmosphere. Both of us have interdisciplinary academic training, and we frequently apply perspectives from multiple fields to advance understanding of the human influence on the environment. In addition, we share an interest in policy-relevant questions of how to promote and govern sustainability transitions.
The analytical and empirical focus of this book connects with the field of sustainability science (Kates et al. 2001; Komiyama and Takeuchi 2006; Kates 2011; Spangenberg 2011; de Vries 2012; König and Ravetz 2017). This rapidly growing and increasingly diverse set of scholarship is defined by the empirical problems it analyzes, where research is motivated by the need for informing action (Clark 2007). Knowledge of how complex systems function is necessary, but not sufficient, for such action. As succinctly argued by Pamela Matson and colleagues (2016, 12): “It is also necessary to understand how people, as active, committed agents of change, can intervene in those systems to make them work differently. Almost always, such interventions require collaboration to be effective.” Choices about such interventions are often contested, and must often be made in the face of incomplete scientific information, diverging political and economic interests, diverse social conditions and cultural traditions, and different levels of access to financial and technical resources.
Mercury Stories as Sustainability Stories
Stories involving mercury—an element that humans have mobilized and used for at least 8,000 years—provide a wealth of empirical material through which to analyze sustainability. We tell the mercury stories in this book and analyze them from a systems perspective—examining system components, interactions, and interventions—as a way to help scholars interested in sustainability better understand how human actions have engaged with physical quantities of matter in ways that simultaneously support and are harmful to human well-being over generations. Many cases previously analyzed in the sustainability science literature involve human use of ecosystem resources, such as water and forests (e.g., Carpenter et al. 2009; Gleick 2018; Young et al. 2018). We add to this literature by looking at mercury as a commercial product and a pollutant. This dual focus brings into play characteristics of sustainability issues that are different from those addressed in many previously studied cases.
Humans have known about several of mercury’s unique and useful properties since antiquity (Goldwater 1972). Mercury, a naturally occurring element in the Earth’s crust, gets its name from the Roman god who was known as a winged messenger. The connection to a messenger god makes mercury a particularly appropriate focus for telling stories relevant to sustainability. Newspapers and magazines in several languages, including English, French, German, Italian, and Spanish, have the word “mercury” in their titles as a nod to the winged messenger. Mercury was also the god of merchants, travelers, and tricksters. The word “mercurial,” relating to sudden and unpredictable changes in people’s moods and behavior, refers to this deity. The British Broadcasting Corporation (BBC), building off this meaning, referred to mercury in 2013 as “the quixotic bad boy of the periodic table” (Rowlatt 2013). This is a suitable moniker for a substance that is attractive, volatile, and dangerous.
Mercury’s ubiquity has made it part of popular culture. Farrokh Bulsara, the dynamic lead singer for the band Queen in the 1970s and 1980s, went by the name Freddie Mercury, a fitting choice for his charismatic and fluid persona. A 1981 recording with Freddie Mercury and David Bowie performing Queen’s “Under Pressure”—a song about high-stakes stresses in today’s world and hopes for a better future—was played during the Minamata Convention negotiations as delegates broke into smaller groups to address contentious issues. When the negotiations concluded at 6:59 a.m. on Saturday, January 19, 2013, in the Geneva International Conference Center, the organizers instead played another Queen song, “We Are the Champions.” The song delivered a congratulatory message to the delegates as well as an exhortation to be the Minamata Convention’s chief champions going forward. At the start of the first Minamata Convention COP, “We Are the Champions” played again in the same room, beginning the formal treaty implementation process; the soundtrack quickly switched back to “Under Pressure” as the discussions turned to more politically sensitive issues. Given Queen’s “presence” at these events, it seems appropriate that the stylized fish logo for the Minamata Convention is affectionately nicknamed Freddie.
Mercury is mobilized from the Earth’s crust by natural processes and by human activities. These natural processes include volcanic eruptions and the weathering of rocks. People have moved large quantities of mercury from geological storage into the atmosphere, land, and oceans during both preindustrial and industrial eras. This human influence has enhanced the amount of mercury cycling through the environment several-fold (Selin 2009; Amos et al. 2013). Consistent with the Minamata Convention, we use the term “emissions” in this book to refer to mercury entering the atmosphere, and the term “releases” to refer to mercury entering land and water. The term “discharges” covers both emissions and releases. Today, every ecosystem on the planet, no matter how remote, contains mercury discharged by humans. Additional mercury is in stockpiles, contaminated sites, and landfills. Current discharges of mercury add to this burden every day, and because of mercury’s slippery tendency, it cycles back and forth through the land, atmosphere, and oceans for centuries (Selin 2009). Some mercury that deposits to ecosystems is converted into methylmercury, which then increases in concentration as it moves up food webs.
Mercury is sometimes referred to as quicksilver in English and several other languages because of its slippery and changeable nature. It is the only metal in the periodic table that is liquid at room temperature. But elemental mercury (the silvery liquid form) and methylmercury (the particularly toxic form that caused Minamata disease) are only two of the element’s several forms. There are also many other types of mercury compounds. People have used different forms of mercury in a variety of products for thousands of years. Some of mercury’s earliest uses were in religious ceremonies, traditional medicines, and paints. Miners used mercury to extract gold and silver from ore for centuries, in a simple amalgamation process that workers in artisanal and small-scale gold mining (ASGM) in many developing countries continue to use to this day. More recently, mercury has been used in a wide variety of products, including dental fillings, pesticides, batteries, light bulbs, and electrical equipment, and as a key element in industrial processes to produce a variety of chemicals and plastics.
Exposure to different forms of mercury can cause serious health problems. Inhaling high concentrations of elemental mercury vapor may lead to severe impacts, especially in occupational settings. Ingesting high doses of methylmercury can be lethal, as seen in Minamata. Lower doses can cause decreases in IQ and other neurological damage in children exposed in utero, and result in cardiovascular and other health problems in adults (Eagles-Smith et al. 2018). Because mercury is long-lived and ubiquitous in the environment, a piece of tuna on a dinner plate anywhere in the world contains methylmercury that may have come from mercury emitted by a currently operating coal-fired power plant and from mercury mined in the 1500s. Multiple factors influence how people are exposed to and affected by methylmercury, whether through individual food consumption patterns and genetics, or broader issues, such as land use change, that affect how much methylmercury is formed in ecosystems. Scientists increasingly realize that examining mercury’s effects requires understanding not only its behavior in the environment, but also the influence of societal factors and human-induced changes to ecosystems and the climate (Obrist et al. 2018).
Many societies initially saw mercury as a valuable resource. Over time, with improved scientific knowledge of its environmental and human health impacts, mercury came to be perceived as a dangerous pollutant, a concept that echoes prior descriptions of pollution as “matter out of place” (Douglas 1966). The societal movement of mercury and many other materials that created pollution problems was initially intentional. Metals including lead and cadmium as well as organic chemicals such as the pesticide DDT, the industrial chemicals polychlorinated biphenyls (PCBs), and the stratospheric ozone-depleting chlorofluorocarbons (CFCs) were distributed in commerce before it was discovered that their use and dispersal posed dangers to the environment and human health. Unintentional emission of large amounts of mercury from combustion of coal also links it to other air pollutants, such as sulfur dioxide and carbon dioxide. Technology and engineering play a prominent role in the use of mercury and in mitigation of its harms, drawing attention to the role of industrial processes as they interact with ecosystems and environmental phenomena.
Outline of the Book
In this book, we relate intersecting stories about mercury at different times and in different places. We divide the book into three parts.
In part I, “A Framework for Sustainability Analysis,” we devote a single chapter (chapter 2, “Analyzing Human-Technical-Environmental Systems”) to presenting our systems-oriented HTE framework, together with the matrix-based approach. We explain how this framework is tied to the four research questions that we listed above by a four-step process that involves (1) identifying and classifying system components, (2) identifying and selecting several system interactions, and tracing the pathways of other interactions that affect them, (3) identifying actors and exploring interventions in the system, and (4) synthesizing insights from the previous three steps. Those insights relate to three thematic areas that shape our discussions and are integral to the structure of this book: systems analysis for sustainability, sustainability definitions and transitions, and sustainability governance.
Part II, “Sustainability Stories about Mercury,” comprises chapters 3 through 7. Each of these five chapters focuses on an individual topical mercury system that illustrates major issues and themes in mercury science and governance. We begin each chapter with a short italicized paragraph that describes how the mercury system relates to broader issues of sustainability. We then relate a brief story about mercury to help communicate the complexity of the specific mercury system to readers who approach the book with different backgrounds and interests. Following this introduction, we structure the five chapters identically, based on the four-step process outlined in part I, to make it easier for readers to track and compare system components, interactions, interventions, and insights across the mercury systems. We end each chapter with another italicized paragraph that summarizes its conclusions.
In chapter 3, “Global Human-Technical-Environmental Cycling: Chasing Quicksilver,” we address mercury as a pollution and management issue by examining the global cycling of mercury through the atmosphere, land, and oceans, as well as through society. We discuss the increasing analytical and practical difficulties of drawing a clear distinction between natural and anthropogenic sources of the mercury that travels through the environment, in part as a result of the growing influence of human-induced land use and climate changes on the cycling of mercury. We argue that fully evaluating global scale flows of mercury requires that knowledge about mercury’s biogeochemical cycling in the environment be better integrated with data on its societal use and transport. This is particularly important when looking at the global mercury cycling system from a sustainability perspective. In addition, we detail the design and content of the Minamata Convention as a primary global-scale intervention to address the full lifecycle of the mercury problem, thus affecting both the environmental and societal cycling of mercury.
In chapter 4, “Human Health: Mercury’s Caduceus,” we explore the human health system for mercury, examining how people have been affected by mercury through occupational exposure, the use of mercury in medical treatments, and the presence of methylmercury in food. Mercury was extensively used in workplaces and in medicines for centuries after negative effects on humans were documented. Efforts to mitigate health damages from mercury relied on incomplete and varying scientific and medical knowledge of its hazards—many people who suffered from mercury poisoning did not know what caused their symptoms. We show that many early strategies to alleviate human health problems from mercury in workplaces and medical treatments relied on minimizing risk, and that more comprehensive efforts to phase out mercury use did not start until the twentieth century. Although some remaining mercury uses in dental amalgam and vaccines are still judged to have net positive consequences for human well-being, methylmercury exposure from food continues to harm human health worldwide in the twenty-first century, and its risks will continue for generations.
We focus in chapter 5, “Energy, Industry, and Pollution: Mercury, Winged Messenger,” on the atmospheric system for mercury, particularly on the origins and consequences of atmospheric mercury emissions from large industrial sources. Mercury emissions from point sources, especially those that burn coal, have added a large amount of mercury to the atmosphere since the start of the Industrial Revolution. Efforts to address mercury emissions from point sources have largely consisted of end-of-pipe controls, and a growing number of countries are adopting technology-based regulations. We show that the incremental application of pollution-abatement technology had substantial positive impacts on reducing mercury emissions in North America and Europe. However, emissions remain high, and in some cases are increasing, in Asia and other regions. Although countries have shown limited willingness to address some of the underlying activities that lead to mercury emissions (including coal burning), incremental actions to control pollution can also affect fossil fuel use and thus the global challenge of climate change.
In chapter 6, “Assets and Liabilities: Mercury, God of Commerce,” we discuss the products and processes system for mercury. The use of mercury extends across a broad array of commercial products—including thermometers and other measuring instruments, pesticides, paints, light bulbs, and batteries—as well as in industrial processes, including chemicals manufacturing. We explore how commercial mercury uses had many societal benefits, even though the mercury in these products and processes also harmed human health and the environment. Technology developments in the private sector sparked many early applications as well as later phaseouts of mercury use in consumer goods and manufacturing processes. In contrast, concerns about mercury’s environmental and human health dangers influenced the adoption of only some of the technology that made mercury phaseouts possible. Since the late 1900s, when governmental and public pressures on industry to stop using mercury increased, the commercial demand for mercury has declined substantially. Damages from past uses continue to pose challenges because mercury remains in wastes, in contaminated sites, and in the environment worldwide.
We devote chapter 7, “Mining and Sustainable Livelihoods: Mercury, God of Finance,” to the ASGM and mercury system. Mercury use in ASGM is a leading global source of mercury discharges to the environment and of mercury exposure for people. We discuss how ASGM miners in developing countries use large quantities of mercury to separate gold from ore. Many ASGM miners depend on mining and mercury use as a source of basic income, but not without cost: their use of mercury harms their health and the local environment and adds to the amount of mercury that cycles through the environment globally. ASGM is influenced by local conditions, but is also linked to global-scale mercury and gold supply chains. Mining often takes place without official permits, affecting efforts to address mercury use and a wide range of other environmental and social problems associated with ASGM. We explore how initiatives targeting mercury use in ASGM involve efforts to reduce mercury use, exposure, and discharges, with a simultaneous goal of phasing out mercury use altogether in gold mining.
Part III, “Lessons for Sustainability,” contains the final three chapters of the book. These chapters build on the analysis of empirical material from the second part of the book to synthesize findings related to our four research questions. In these chapters we also propose ways to apply our analytical framework to other sustainability issues, and discuss lessons for further action on the mercury issue targeted toward different audiences.
In chapter 8, “Sustainability Systems: Seeing the Matrix,” we look across the systems-oriented analyses of the mercury systems by returning to our first three research questions on system components, interactions, and interventions. We discuss how a limited number of human, technical, environmental, institutional, and knowledge components can be used to describe and analyze the mercury systems, and how some of these components may also be relevant to other sustainability issues. We then illustrate how shorter and longer pathways involving interactions across human, technical, and environmental components coexist, with many interaction pathways crossing spatial and temporal scales. A broad range of actors with different levels of power and influence initiated interventions to change interactions among system components; these interventions had different goals, influenced systems across space and time, and targeted various leverage points. The chapter ends with a discussion of ways that the HTE framework can be further developed and applied to study other sustainability issues.
We come back to Queen and Freddie Mercury as the inspiration for the title of chapter 9, “Sustainability Insights: Earth ‘Under Pressure.’” In this chapter, we integrate the major insights from the mercury systems as they connect to the three thematic areas of systems analysis for sustainability, sustainability definitions and transitions, and sustainability governance. First, we discuss the need to account for human, technical, environmental, institutional, and knowledge components together in sustainability analyses. We highlight how the ability of the mercury systems to adapt has affected human well-being both positively and negatively, and stress the importance of looking across temporal and spatial scales when examining systems of relevance to sustainability. Next, concerning sustainability transitions, we argue that variations in values attributed to the benefits and risks of mercury make it difficult to define sustainability, and to evaluate changes to human well-being across populations and over time. We also detail how incremental transitions were important to human well-being. We then turn to sustainability governance, and the importance of ensuring that institutions fit the physical problem they are set up to influence. We discuss how institutional design can help address multiple sustainability issues simultaneously, and argue that environmental and societal factors should both be considered when evaluating whether institutions such as the Minamata Convention are effective.
For the subtitle of chapter 10, “Sustainability Champions: ‘We’ll Keep on Fighting …,’” we quote a line from the Queen song “We Are the Champions.” We conclude the book by drawing practical lessons for “champions” who are researchers, policy-makers, and thoughtful citizens by reflecting on ways to move forward in the face of challenges posed by mercury pollution, from local to global scales. We call on mercury researchers to consider mercury in a larger context of other sustainability issues, to expand their work across disciplinary boundaries, and to develop and communicate useable knowledge in collaboration with stakeholders. For decision-makers addressing mercury-related challenges, we suggest looking for different kinds of interventions across multiple geographical scales, focusing attention on high-impact actions, and considering long-term impacts of different intervention strategies. In the final section, we urge thoughtful citizens who are concerned about mercury use and exposure to consider the implications of their consumption choices, to work together to push for efforts to further address mercury related risks and problems, and to share their and others’ sustainability stories.
I A Framework for Sustainability Analysis
2 Analyzing Human-Technical-Environmental Systems
Systems-oriented approaches are common in many fields of study, and they are also appropriate for studying sustainability issues. Analytical frameworks provide tools to help identify components of individual systems, examine how these components interact, and explore how these interactions can be changed over time, including toward greater sustainability. We believe that a new analytical framework can help readers with different backgrounds better examine and understand complex sustainability issues from an interdisciplinary systems perspective. In this book, we develop such a framework, applying the perspective of a human-technical-environmental (HTE) system in the context of institutions and knowledge, together with a matrix-based approach. In this chapter, we outline our analytical framework, which we call the HTE framework, and describe how we use it in part II to examine five topical systems involving mercury.
The extraction and mobilization of large amounts of mercury through society and the environment over millennia reflect a broader pattern of how humans have interacted with and depended on the natural world. For much of human history, people’s interactions with the environment (and the consequences of those interactions) were largely local, as societies remained small and human mobility was limited. In turn, local environmental conditions shaped much of the early human development that relied on the availability of food, shelter, and energy, and on the ability to ward off predators and pests. Human ingenuity and population growth gradually expanded the scope and depth of these interactions over centuries, in the process fundamentally reshaping relationships between human societies and their surrounding environments. The collective scope of these interactions increased dramatically when the Industrial Revolution began in Europe and North America in the second half of the 1700s, and has further accelerated since the mid-twentieth century (Turner et al. 1990; Steffen et al. 2007).
Advances in knowledge, especially over the past three hundred years, led to the development and application of technologies with far-reaching social, economic, and environmental consequences. These technologies were introduced alongside new institutions that influenced human connections and decisions at an increasingly global scale. Many of these developments in knowledge, technology, and institutions had profoundly positive effects on human prosperity. Most humans live dramatically longer, healthier, and more productive lives than their ancestors did several generations ago. Improvements in production techniques and transportation led to the manufacturing and trade of more and cheaper goods, increasing material standards of living to previously unmatched levels. These benefits are widespread, but they vary sharply, both within and across societies, among people at different levels of income and wealth. In addition, some technologies and institutions had vastly negative environmental consequences, many of which were both unintended and unanticipated.
There is no place on the planet that remains truly unmodified by people. Experts argue that human pressures have replaced natural factors as the main drivers of environmental change, and that the magnitude of these pressures have become so pervasive and profound that they “are pushing the Earth into planetary terra incognita” (Steffen et al. 2007, 614). Some analysts suggest that the overwhelming influence of people on the environment represents a new geological epoch, called the Anthropocene (Crutzen and Stoermer 2000). The Anthropocene is viewed as fundamentally distinct from the Holocene (“recent whole”), the postglacial geological epoch of the past 11,700 years (Malhi 2017). The argument that Earth is a human-dominated planet draws attention to the importance of protecting the interacting physical, chemical, and biological cycles and energy fluxes that support life on the planet (Steffen et al. 2007). On a finite, bounded Earth, “everything is connected to everything else” (Sterman 2011, 23). This means that fully understanding social, technological, or environmental factors cannot be accomplished by examining them in isolation.
Researchers from several academic fields have developed analytical frameworks to characterize and examine interactions between people and the environment. Many of these frameworks apply a systems perspective (e.g. Schlüter et al. 2012; Liu et al. 2015). A system is a connection of individual components that together produce results unobtainable by the components alone (Sage and Rouse 2009). Systems, then, are more than the sum of their parts (Bar-Yam 1997). Systems relevant to sustainability are often complex adaptive systems, and include multiple feedbacks, time delays, and nonlinearities. The important dynamics for many of these systems are poorly understood and inadequately conceptualized (Sterman 2011; Levin et al. 2013). To foster a better understanding of complexity, and thus to facilitate the design of new policies and catalyze change in support of sustainable development, John D. Sterman (2011, 21) has called for the launch of a new “systems science of sustainability.”
In this chapter, we outline an analytical framework that we refer to as the HTE framework, using the perspective of a human-technical-environmental system coupled with a matrix-based approach. Our framework is designed so that readers from different backgrounds can use a common language and structure to identify and examine systems of relevance to sustainability, without prioritizing the terminology and concepts used by any one particular discipline. We apply our framework to examine five individual mercury systems in part II. The application of the HTE framework involves four steps, following our four research questions from chapter 1: first, cataloging system components; second, mapping interactions among the system components in an interactions matrix; third, identifying past interventions into system components and interactions using an intervention matrix; and fourth, drawing insights from the system analysis. For the fourth step, we identify three thematic areas for further discussion: systems analysis for sustainability; sustainability definitions and transitions; and sustainability governance.
A Matrix-Based Approach to Analyzing Human-Technical-Environmental Systems
For the first three of the four analytical steps in the HTE framework, we apply a matrix-based approach. Under the three subheadings below, we describe these steps—identifying system components, tracing interactions, and identifying interventions—and explain our matrix-based approach using the example of Minamata disease from chapter 1 and with the help of illustrative figures. The components identified in step one are used to build matrices for further analysis of interactions and interventions in steps two and three. These three steps address our first three research questions, respectively: (1) What are the main components of systems relevant to sustainability?; (2) In what ways do the components of these systems interact?; and (3) How can actors intervene in these systems to effect change? In chapter 8, based on our analysis of the mercury systems in part II, we synthesize results related to the matrix-based approach.
Components: Building Blocks of a System
The first analytical step is to identify the most important components for understanding system operations and dynamics. Analyzing a problem from a systems perspective requires deciding which components to include and which to leave out of the system description. Components are the elements or variables that exist within the boundaries of a defined system; system boundaries can be set at different geographical scales and can include or exclude specific sectors or topics. The identified components need to capture important system behavior, yet be few enough to allow for practical analysis. If everything is described as linking to everything else, identifying the system components and examining their interactions can quickly devolve into an intractable analytical problem, where the selection of overly broad system boundaries prevents the researcher from conducting a meaningful empirically grounded analysis. Because the most important components may change with time, a full description of a system may require a longer-term historical perspective.
When analyzing mercury, it is at least theoretically possible to include in a single system all the major components relating to its extraction, uses, discharges, exposure, and effects on the environment and human health, but such an approach would create a very large and difficult-to-analyze system structure. We therefore separate the mercury issue into five topical systems that correspond with major empirical issues and themes in mercury science and governance. Our selection of topical mercury systems is similar to the focus on an “action situation” within the Institutional Analysis Development framework developed by Elinor Ostrom and colleagues (Kiser and Ostrom 1982; Ostrom 2005; Ostrom 2011). Each topical mercury system has varying spatial and temporal dynamics. Some components are unique to each system, and some are common across two or more mercury systems.
We characterize systems of relevance to sustainability, such as the topical mercury systems, as comprising five different sets of components. Three sets are material, in the form of human, technical, and environmental components. The other two are the non-material institutional and knowledge components; they provide the context within which the human, technical, and environmental components interact. Each system component has a set of attributes that can be defined at a specific time, and many of these attributes change over time. Figure 2.1 shows how individual system components for the five mercury systems will be identified in each chapter in part II; we include in this figure a few illustrative components that are relevant to the Minamata story, which we discuss further below. We use an italicized typeface to emphasize the individual components from figure 2.1, and do the same when we describe each mercury system in its respective chapter.
Illustrative system components for the Minamata story.
Human components are people who live in different places and under different circumstances. Attributes of human components include social characteristics such as occupation, education, and level of income. Other attributes may be physical characteristics such as residence or location, or biological factors that influence health, including genetic conditions, age, and mercury levels in the body. People have different concentrations of mercury in their blood, hair, and urine as a result of their individual exposures. It is often analytically useful to consider individual humans as part of larger groups who share common characteristics and engage in similar behaviors. Using the Minamata story as an example, human components may include groups of people such as factory workers and factory owners. Other possible human components are fishers, pregnant women, children exposed in utero, and other categories of community members.
Technical components take the form of infrastructure and other material artifacts of human society. Collectively, these components have been referred to as the technosphere; the total physical mass of the current technosphere, including such things as buildings, roads, and consumer goods, has been estimated at approximately 30 trillion tonnes (note that throughout the book our use of “tonnes” refers to metric tons). This is about five times larger than the total mass of humans (Zalasiewicz et al. 2017). Attributes of technical components include their mass, quantity, performance characteristics, or concentration of mercury. Substantial quantities of mercury are present in a wide range of technical components; those related to the Minamata story include manufacturing technology, mercury used in chemicals production, and equipment that disposed of waste products. Other examples of technical components beyond the Minamata example include mercury in stocks and storage as a raw material, mercury in products such as light bulbs and batteries, pollution control technology, and landfills.
Environmental components consist of the Earth’s life support systems and components of the biosphere—including all non-human living organisms in aquatic and terrestrial ecosystems. These range from large-scale systems, such as geological reservoirs, land biomes, the atmosphere, and the oceans, to more local systems such as rivers, lakes, forests, and coral reefs. Attributes of environmental components include physical properties such as wind speed, temperature, and depth, or biological information about organisms such as species, sex, or concentrations of mercury. Different forms of mercury are ubiquitous in environmental components, as they are found at different levels in ecosystems and wildlife in all regions of the world. Environmental components in the Minamata story include Minamata Bay as well as the fish and other aquatic organisms in which methylmercury accumulated. Mercury also travels long distances via environmental components as it cycles through air, water, and land on both shorter and longer time scales.
Institutional components are social structures outlining rules, norms, and shared expectations that define acceptable or legitimate behavior (Keohane 1989; Young 2002). As such, institutional components are distinct from actors such as international organizations, states, and other stakeholders (which we treat as potential interveners, discussed below). Institutions exist at local, national, regional, and global scales, and their specific rules, norms, and expectations may change over time. Some institutions set standards for human handling of (and exposure to) mercury. In addition, institutions mandate controls on emissions and releases of mercury to air, water, and land. Attributes of institutional components include their membership, scope, and stringency. In the Minamata story, markets facilitated the supply of mercury to the factory, but no domestic laws initially controlled the use of mercury in chemicals manufacturing. The outbreak of Minamata disease and other pollution problems, however, triggered the adoption of national pollution laws. Other institutions included the legal decisions holding Chisso responsible for releasing methylmercury into Minamata Bay and for providing compensation to Minamata disease victims.
Knowledge components incorporate information about human, technical, environmental, and institutional components and their connections. Attributes of knowledge components—related to specific locations and contexts—include awareness of, or the degree of certainty or uncertainty about, specific data and information. In the Minamata story, knowledge of techniques for mercury use influenced production in the Chisso factory. Knowledge of the health dangers of mercury and the fact that the disease was caused by methylmercury were unknown to local doctors and researchers until the relevant scientific information was identified and disseminated. The state of knowledge about how mercury affects human health can influence whether or not workers (human components) take safety measures when they handle mercury. Knowledge about the dangers of mercury can also influence uses of mercury in the industrial manufacturing of goods (technical components), the release of mercury into waterways (environmental components), and the formulation of pollution prevention standards and laws (institutional components).
Analysts may choose to define varying numbers of human, technical, environmental, institutional, and knowledge components within a system and at different levels of detail. The most appropriate level of detail for an individual component is largely an empirical question that is heavily influenced by the basic purpose of the system description and analysis. In the Minamata story, individual fishers can be identified as separate human components, or all fishers can be aggregated into a single human component for greater simplicity. Different types of mercury-using technologies can be distinguished as individual technical components, but they can be combined into one technical component if there is no analytical need to keep them separate. Environmental components can be individual species of fish, or all fish can be treated as a single component. Different national mercury laws can be identified as separate institutional components, or as just one collective component. Information about the toxicity of individual mercury compounds can be treated as separate knowledge components, or be aggregated into one.
The attributes of each of the five sets of system components convey information that helps to identify a component’s location in time and space. Temporal attributes are defined with reference to a specific point in time, and could include the age of individual people (human components), infrastructure (technical components), and wildlife (environmental components) as well as the dates of laws (institutional components) and scientific discoveries (knowledge components). Spatial attributes can be measured relative to geographical distances or political boundaries on scales ranging from local to global. Some human components like Minamata fishers live within the same municipality, but others, such as commercial fish consumers, are spread across national jurisdictions and geographical regions. A technical component can be a pollution control device that is installed in a specific point source in a set location, or mercury that is traded across borders. An environmental component can be fish in a small lake or in a major ocean such as the Atlantic. An institution may be a law that applies only to a sub-national jurisdiction, or may be the global Minamata Convention. Knowledge about mercury’s properties can be highly localized as well as diffused all over the world.
Our categories of system components illustrate that our concept of the HTE system is related to, but distinct from, other system descriptions, including social-ecological systems, social-environmental systems, coupled human-natural systems, human-environmental systems, socio-technical systems, production-consumption systems, and engineering systems (Liu et al. 2007; Ostrom 2009; de Weck et al. 2011; Markard et al. 2012; Selin and Friedman 2012; Levin et al. 2013; Chen 2015; Matson et al. 2016; Colding and Barthel 2019). These different system labels reflect a varying focus on distinct types of system components that are understood to interact in different ways. Each of these system descriptions emphasizes the importance of partially different components, but overlaps inevitably occur as components are conceptualized. In defining the human-technical-environmental system as used in this book, we aim to integrate and give equivalent attention to human-natural and socio-technical perspectives drawn from different literatures. We elaborate on further differences between the HTE framework and other system descriptions in chapter 8.
Interactions: Components Influence Each Other
The second analytical step uses a matrix as a heuristic tool to document and examine material interactions among human, technical, and environmental components, in the context of non-material institutions and knowledge components. The interaction matrix, as we call it, captures the behavior of the system as it changes through time. It documents which specific human, technical, and environmental components interact, how they do so, and the direction in which these interactions take place—that is, which material components influence others. The matrix format is useful to classify one-way as well as two-way interactions. In other literature, conceptual diagrams in which different aspects of systems are connected with boxes and arrows are commonly used to visualize human-natural or social-ecological interactions or networks (e.g., Ostrom 2009; Bodin et al. 2019). Matrices provide the same information as box-and-arrow or network diagrams, but it can be easier to visually compare interactions in different systems within a common matrix structure. Matrices are also used in the engineering systems literature to examine systems and their functions (de Weck et al. 2011; Eppinger and Browning 2012).
Interaction matrices can be presented in different ways. The illustrative matrix in figure 2.2 shows interactions that occur among the human, technical, and environmental components that we previously identified (following the first step of our analytical process) for the Minamata story in figure 2.1. We do not present a detailed matrix like this one in the individual chapters of part II, but we base our analysis in each chapter on such a detailed matrix. The existence of institutions and knowledge, as the non-material components that set the rules and parameters for material interactions, are indicated by large, shaded background rectangles. For purely illustrative purposes, figure 2.2 has four human components, eight technical components, and six environmental components. In the figure, these are indexed by the letters “i,” “j,” and “k,” respectively. Each individual material component of the system occupies both a row and a corresponding column of the matrix. The matrix is read row first and column second.
Illustrative matrix approach. The interaction matrix shows material interactions taking place in the context of institutions and knowledge. Shaded squares identify where interactions are occurring among material components.
A shaded cell in figure 2.2 indicates that the component in the row is influencing the component in the column. A shaded cell that lies along the diagonal shows a component interacting with itself. This represents a component’s internal dynamics: for example, the deteriorating health of factory workers during the outbreak of Minamata disease (cell A). Interactions can occur between different components within the same set. The interaction between factory workers and factory owners, where workers provide labor to factory owners, is illustrated where the first row and second column intersect (cell B). The reciprocal interaction also occurs: factory owners provide wages to factory workers (cell C). Interactions can also take place between components from different sets. Manufacturing technology, a technical component, affects Minamata Bay, an environmental component, by releasing mercury into it (cell D). To illustrate what a more developed interaction matrix may look like, additional interactions within and across the same set of components are shown by the presence of other shaded but unlabeled cells.
Institutions include rules and other non-material structures that influence identified interactions among the human, technical, and environmental components, and the status of knowledge both facilitates and can reveal such interactions, as we discussed above. The detailed matrix in figure 2.2 identifies whether an interaction occurs among human, technical, and environmental components, and one or several institutional or knowledge components identified during the first analytical step may affect these interactions. For example, the interaction illustrated by cell D—whereby manufacturing technology releases methylmercury into Minamata Bay—is influenced by the existence of markets for both mercury and chemicals made from the mercury-based production process, and it may also be shaped by the adoption of a national law controlling the industrial use and environmental discharges of methylmercury. Access to knowledge about techniques for mercury use also affects whether the interaction in cell D occurs or not.
We trace interactions among human, technical, and environmental components through the matrix by identifying interaction pathways. We do this by first selecting a specific interaction to focus our analysis. We then identify the components that affect this interaction and those that in turn are affected by it. A simple interaction pathway involves cells B and C in figure 2.2, where a factory worker provides labor to a factory owner who in turn provides the worker with wages. In a longer pathway that can also be traced through figure 2.2, manufacturing technology releases mercury into Minamata Bay, illustrated in cell D. Minamata Bay then affects the fish by introducing methylmercury into the food web, illustrated by cell E. The fish in turn affect the factory workers who consume them and begin building up concentrations of methylmercury in their bodies, shown in cell F and cell A. This D-E-F-A pathway also connects to the earlier B-C pathway through the factory worker, and these two pathways could be considered together as one combined pathway if that is analytically useful.
Analysts can use the matrix approach to identify causal links among components by tracing pathways from a selected interaction either forward (to determine potential influences prospectively) or backward (to identify causal factors). In the pathway described in the previous paragraph, going forward from cell D to E to F in figure 2.2, causal links are traced across technological, environmental, and human components to identify how mercury discharges affect the environment and then people. If, in the same example, the purpose is to examine what led to the accumulation of methylmercury in factory workers, the pathway can be traced backward from cell F to E to D. This exercise would help identify the adoption of a local or national pollution law as a potential solution to the risks of methylmercury exposure in factory workers who eat contaminated fish (as well as to other consumers of fish from Minamata Bay).
Changes in the attributes of all five types of system components can provide information about spatial and temporal dynamics. These changes may occur in self-interactions (for example, the aging of populations and infrastructure) or via interactions with other components. Comparing the spatial attributes of the different interacting components in the Minamata story reveals that many interactions between material components were local. In cell D, the individual interaction occurred between a local point source, in the form of a manufacturing plant that discharges methylmercury, and Minamata Bay, which received this methylmercury locally. The methylmercury in Minamata Bay accumulated mainly in local fish (cell E), which in turn was consumed mostly by nearby populations (cell F). At the same time, many of the market-based interactions that involved buying and selling mercury (and the chemicals produced by the factory) were national and international. Knowledge about techniques for mercury use as well as the health dangers of mercury also diffused across international borders.
Using the matrix approach to trace interactions across temporal scales in the Minamata story shows that interactions among material components lasted for both longer and shorter periods of time. The chemical factory in Minamata used commercial mercury in two production processes and released methylmercury into Minamata Bay for several decades starting in the 1930s, and it took nearly 70 years after the methylmercury was first discharged from the factory to clean up Minamata Bay (cell D). Methylmercury discharged into Minamata Bay began to quickly accumulate in local fish as they grew and matured (cell E). After the discharges of methylmercury began, it took more than two decades before the local doctor identified the first patient who had contracted Minamata disease from eating contaminated fish (cell F). Although many fishers and other people died a few years after contracting Minamata disease, some people who suffered irreparable damages to their nervous systems were alive and still affected by Minamata disease well into the early decades of the twenty-first century.
We have taken the illustrative interactions among human, technical, and environmental components related to the Minamata story from figure 2.2, described them in qualitative terms, and aggregated them in their respective sets in figure 2.3, which appears below. In part II, we present interaction matrices in the format of figure 2.3, using mainly qualitative data, as we examine interactions and provide system-level insights for the mercury systems discussed in each chapter. This allows us to present necessary context and detail for the respective interactions. If sufficient quantitative data were available, and if it were analytically feasible and appropriate, it would be possible to construct a quantitative model. A quantitative model based on the Minamata story could simulate mercury in the fish in Minamata Bay and in the bodies of the people who consume that fish. The interaction matrix could then be used to calculate and describe the rate of change at which mercury builds up in the fish, as well as the rates at which mercury accumulates in (and discharges from) human bodies over time. This calculation is similar to what is known as a first derivative, which identifies whether a mathematical function is increasing or decreasing, as well as its instantaneous rate of change.
Illustrative interaction matrix for the Minamata story.
The diagonal boxes of figure 2.3 (e.g., boxes 1-1, 2-2, and 3-3) represent interactions among material components in the same set, including where an individual component interacts with itself (the diagonal cells in figure 2.2). The boxes that do not fall along the diagonal represent interactions that involve different sets of material components, where the first number indicates the row and the second number indicates the column of the aggregated matrix (box 1-2, etc.). For example, as noted above in figure 2.2, manufacturing technology affects Minamata Bay in cell D. In figure 2.3, we describe this in general terms as “manufacturing technology releases methylmercury to Minamata Bay” in box 2-3.
Our choice to identify a few particular interactions to focus our analysis for each topical system in part II is based on their prevalence and/or their importance to human well-being. We then trace the pathways that involve those interactions through the matrix. For the Minamata story, we might have chosen to focus on the interaction in cell F, identified by bolded text in box 3-1 in figure 2.3, where fish contaminated with methylmercury cause health damages to fish consumers. We could then analyze the pathway from cell D to E to F, in which pollutant discharges affect ecosystems and ultimately factory workers, by identifying and discussing the pathway in which manufacturing technology releases methylmercury to Minamata Bay (box 2-3), the Minamata Bay fish bioaccumulate methylmercury (box 3-3), and the methylmercury-contaminated fish in Minamata Bay subsequently cause health damages to fish consumers (box 3-1).
In the system interaction section of each chapter in part II, we illustrate how interactions form pathways using box-and-arrow diagrams as shown in figure 2.4. We discuss each identified pathway in greater detail in narrative form. It is important to note that the boxes in these pathway diagrams represent the interactions, and thus capture the way in which two material components influence each other, while the arrows connect two interactions that involve the same individual component. That is, the first arrow in figure 2.4 connects the interaction where manufacturing technology affects Minamata Bay (by releasing methylmercury into it) with the interaction where Minamata Bay affects the fish. The second arrow further connects the interaction in which Minamata Bay affects the fish (by causing methylmercury accumulation) with the interaction where that fish causes health damages to fish consumers. Thus, these diagrams are different from other box-and-arrow diagrams in which boxes would indicate components and arrows would capture causal connections in the form of interactions.
Illustrative box-and-arrow diagram for the Minamata story (pathway D-E-F from figure 2.2).
Interventions: Actors Changing System Interactions
The third analytical step is to identify interveners—the actors who have agency to modify a system—and examine past interventions that have changed the ways material components function and interact. Interveners in the mercury systems include those who use mercury, those who are affected by mercury, those who develop new technology, and those who are engaged in mercury governance. Sometimes these are individuals, including business owners, workers, consumers, researchers, public officials, and members of the general public. In addition, groups of individuals operate in collective entities, such as networks, organizations, and governments, and act across public, private, and civil society sectors. Individuals and groups of actors engage with mercury issues in different ways from local to global levels. Interveners in the Minamata story include doctors and local and national governments. Interveners have differing levels of power and influence, which we evaluate by assessing the degree to which they are able to effect change within a system.
To examine how interveners can influence system interactions by adding or subtracting components or changing their attributes, we use an intervention matrix in every chapter of part II, similar to the one in figure 2.5. We construct the intervention matrix by identifying the components and interactions that the intervener targets, and then describing the intervention in the box that it relates to. In figure 2.5, where we list local and national governments and doctors as examples of interveners in Minamata, box 2-3 represents how the Japanese national government tried to prevent future damage associated with environmental releases by creating new pollution laws. The local government also cleaned up Minamata Bay, thereby changing how ecosystem components interact with each other (box 3-3). In addition, the national government set methylmercury limits for fish sales and consumption and doctors shared knowledge about health damages (box 3-1) to prevent people from eating fish contaminated with methylmercury.
Illustrative intervention matrix for Minamata.
The intervention matrices in part II identify the main interveners and interventions that have directly or indirectly modified mercury-related interactions among human, technical, and environmental components of each mercury system. We examine interveners and interventions that resulted in changes in levels of mercury discharge or mercury use in particular applications, as well as those that involved initiatives to protect human health and the environment from mercury exposure and pollution (including, but not limited to, national laws and the Minamata Convention). We identify these interveners and interventions through an analysis of the empirical material, building on the previous matrix-based examination of system components and interactions.
Distinguishing interactions from interventions depends on the moment in time that a system is analyzed. Some interactions can be affected by past interventions. In the Minamata story, for instance, no national pollution law existed when Chisso began to discharge methylmercury into Minamata Bay. The subsequent passage of such a law was an intervention that changed the way system components interacted. An examination of the present-day Minamata system would treat the national pollution law as an existing institutional component. Our analysis in part II takes a historical perspective, so we do not explicitly identify a moment in time at which the interaction and intervention matrices are constructed. We choose to do this for clarity—presenting a separate set of system components and related interaction and intervention matrices for multiple points in time for each mercury system would make the system presentations and discussions exceedingly complex. This means, however, that in part II there is some overlap between what we discuss as an interaction and what we treat as an intervention. In the interventions sections, we identify interventions that we believe are most relevant to understand and learn from with respect to sustainability.
We describe the interventions summarized in figure 2.5 qualitatively (as we do for all the interventions we discuss in part II). This is similar to the way we analyze interactions. The intervention matrix can also be used as a basis for quantitative systems modeling—just like the interaction matrix can—if the necessary data are available. In such an approach, where the interaction matrix quantifies the rate at which system attributes change through time, the intervention matrix would describe alterations in that rate. A quantitative intervention matrix might be used to calculate how quickly the accumulation of mercury would change, not only in fish in Minamata Bay but also in the people who eat that fish, once the factory stops releasing any more methylmercury. This corresponds in mathematical terms to a type of second derivative. Analysis of a second derivative matrix can reveal characteristic timescales and identify whether a system exhibits small or large, or stable or unstable, responses to perturbations.
Insights: Lessons about Sustainability
The fourth analytical step, related to our fourth research question (What insights can be drawn from analyzing these systems?), looks across the components and matrices to synthesize insights about how the mercury systems have operated in a broader context of sustainability. We chose three thematic areas to help guide readers from different disciplines toward insights particularly relevant to the types of questions that interest them, and we present these as separate sections in each chapter in part II. First, in the sections titled “Systems Analysis for Sustainability,” we focus on insights relevant to those who study environmental or engineered systems and complex adaptive systems more generally. Second, in the sections titled “Sustainability Definitions and Transitions,” we center on issues of concern to researchers interested not only in concepts of sustainability but also in how societies can move toward greater sustainability. Third, in the sections titled “Sustainability Governance,” we address topics that are of particular interest to scholars who study policy-making and the role of institutions. Following our analysis of the mercury systems in part II, we return to these thematic areas in chapter 9.
Systems Analysis for Sustainability
Many researchers increasingly acknowledge that systems perspectives are necessary to describe and analyze environmental processes influenced by humans. These include those who study mercury and its environmental behavior. Biogeochemical cycle analyses quantify how mercury and other elements such as carbon and nitrogen move and change forms through biological systems, geological processes, and chemical reactions, and quantify their disruptions due to human activities (Klee and Graedel 2004). Other systems research aims to trace the flow of materials such as minerals or fossil fuels through societies, economies, and regions (Erkman 1997; Fischer-Kowalski et al. 2011). A growing community frames its research as Earth system science, where human activities are seen as a fundamental part of Earth systems (Reid et al. 2010). Some researchers focus on understanding interactions as part of coupled human and natural systems (Liu et al. 2007), or integrated social-ecological systems (Berkes 2017). In addition, some engineering systems literature treats sustainability as a design problem, and researchers work to develop better methods to guide design decisions (Cutcher-Gershenfeld et al. 2004).
Systems research relevant to sustainability often focuses on understanding the properties and behavior of complex adaptive systems. The components of any system have individual attributes such as those we described earlier for human, technical, environmental, institutional, and knowledge components. The system itself may have further properties that are more than the sum of its parts. For example, each fish in a school has its own individual position and velocity, but the shape of the entire school of fish is a property of the system as a whole—the fish swimming together—and is not predictable from individual fish motions. System-level characteristics that emerge from interactions among system components are sometimes referred to as the emergent properties of a complex system (Johnson 2006). Systems relevant to sustainability are also typically adaptive—the patterns that emerge from system interactions may feed back and influence future interactions (Holland 2006; Levin et al. 2013).
Previous work suggests that a particularly important system-level emergent property involves the degree to which systems can change and remain functional when they experience shocks or perturbations (Ross et al. 2007). This is sometimes referred to as a system’s adaptive capacity (Smit and Wandel 2006). Similarly, resilience is seen as the capacity of a system to absorb a disturbance and reorganize while retaining its function and structure (Walker et al. 2004; Folke 2016). Adaptation can occur over shorter and longer timescales, and may involve advances in knowledge and innovations in technology and institutions. Whereas the early resilience literature, with its roots in ecology, focused on the behavior of ecosystems (Holling 1973), later analysts have also applied the resilience concept to social systems (Adger 2000; Hall and Lamont 2013). Resilience in this context has been described as the capacity for social-ecological systems to sustain the desired benefits humans gain from ecosystems in the face of disturbances and changes (Biggs et al. 2012).
Much research on complex adaptive systems related to sustainability is shaped by the fact that humans have become a dominating force at planetary scale, as captured in the concept of the Anthropocene. Debates about whether the Anthropocene concept is useful involve controversies over selecting an appropriate start date for this potentially new epoch. This is related to the task of identifying changes in a system’s state—in this case, when people became an important driver of changes in the Earth system. For some Earth system processes, changes may be fairly linear toward a threshold, but others can be nonlinear and involve tipping points in the Earth’s life support systems (Lenton et al. 2008). Some researchers have argued that crossing certain planetary-scale boundaries, in areas such as biodiversity loss or climate change, can have detrimental or even catastrophic consequences for humanity (Rockström 2009; Rockström et al. 2009). Others have criticized the planetary boundaries idea as a poor basis for conceptualizing environmental challenges (Nordhaus et al. 2012). Chemicals pollution at the global scale is one area in which researchers have nevertheless applied the planetary boundary concept to help assess disruptive effects on vital Earth systems (MacLeod et al. 2014).
Analyzing the mercury systems provides insights both for those who study mercury and for systems analysis more generally. For those who are interested in better tracing how mercury travels through the environment and society, examining the mercury systems can reveal components and processes that are often overlooked in disciplinary analysis, help identify causes of observed changes, or suggest levers for mitigating harms posed by mercury to human health and the environment. For systems analysts, mercury provides an empirical case from which to draw further insights into system operations. Engineering systems researchers may ask how environmental components impact efforts to study socio-technical dynamics. Those interested in adaptation and resilience may consider whether and how resilience thinking can be applied to the management of pollutants. For scientists interested in systems approaches to planetary-scale environmental processes, mercury offers a test of the utility of related perspectives and concepts such as the Anthropocene or planetary boundaries.
Sustainability Definitions and Transitions
The academic literature contains several different definitions of sustainability. Some analysts define sustainability in terms of maintaining natural resources at a level that does not exceed their ability to be renewed (Daly 1990). This idea, resting on the foundation that there are no substitutes for some forms of natural resources, is sometimes referred to as “strong” sustainability (Neumayer 2003). Another definition of sustainability allows for depleting natural resources as long as other resources that maintain human well-being can substitute for them in the longer term. From this perspective, it is consistent with sustainability to deplete a non-renewable resource to a certain extent, provided that other investments can compensate for its functions. Applying this idea, however, requires understanding how such tradeoffs are valued both in theory and in practice. This idea is reflected in literature that assesses whether fundamental stocks of capital that human well-being depends on—natural capital as well as other types such as manufactured and human capital—are maintained through time (Polasky et al. 2015).
Analysts apply different perspectives on how societies can make progress toward sustainability. From the perspective of ecological modernization, environmental protection and economic growth are regarded as mutually supportive, and the development of new and more environmentally friendly technology is seen as critical to making progress on sustainability (Spaargaren and Mol 1992; Mol 2003). This perspective emphasizes that contemporary societies can be “greened” through new technology without fundamentally changing the basic principles of production, consumption, and trade that are embedded in contemporary capitalism (Neumayer 2003; Meadowcroft 2012; Bulkeley et al. 2013). In addition, the idea of a circular economy suggests that improved recycling and reuse within the existing economy, with the ultimate goal of a closed-loop system, can contribute to greater sustainability (Ghisellini et al. 2016). However, some analysts argue that progress toward sustainability requires much more profound changes in human consciousness and behavior, together with deep alterations to dominant production, consumption, and trade patterns (Princen 2005; Speth 2008; Dryzek 2013).
A growing number of analysts focus on better understanding past and present sustainability transitions, often with an eye toward supporting future transitions (Markard et al. 2012; Feola 2015; Loorbach et al. 2017). Some of these analysts make a conceptual distinction between transitions and transformations (Pelling 2010; Linnér and Wibeck 2019). A transition is seen by these analysts as involving a largely incremental and step-wise change process away from the status quo. In contrast, they view a transformation as a more fundamental and wide-ranging departure from business as usual toward something intrinsically different. Yet, authors in the transition and transformation literature are not consistent in their definition and use of the two terms (Patterson et al. 2017). Both terms—“transition” and “transformation”—nevertheless embody the basic idea that different forms of change are necessary for societies to move to a more sustainable trajectory. We use “transition” as an umbrella term to describe multidimensional change processes to a more sustainable state, as other researchers have done previously (e.g., Markard et al. 2012; Loorbach et al. 2012).
Our analysis of the mercury systems contributes to debates on sustainability concepts and transitions in several ways. We chose in this book to define sustainability, as noted in chapter 1, as centered on human well-being. Those who focus on different ways to define sustainability can use the case of mercury to ask whether any use of mercury could ever have been considered sustainable, and under what conditions. Those who apply ideas like ecological modernization or the circular economy can draw insights from trends in mercury use and discharges over time. For analysts who are interested in better understanding and informing sustainability transitions, the long history of human interactions with mercury offers empirically rich information, focusing on an issue that involves humans, technology, and the environment simultaneously. Analysts who focus on transitions may be particularly interested in the interacting temporal and spatial dynamics of change processes in the mercury systems, where immediate impacts occur simultaneously with much longer, remote feedbacks.
Sustainability Governance
Governance for sustainability requires simultaneously addressing many socio-economic, technical, and environmental issues. Governance structures involving one or multiple institutions can be seen as complex systems that have their own thresholds and tipping points (Young 2017). These institutions are created through collective action, and in turn many of their formal and informal rules shape human activities in a process of mutual co-construction. Governance for greater sustainability requires both reformed and new institutions and networks that can meet governance challenges on a human-dominated planet (Biermann 2014). These can be created through top-down and bottom-up change processes. Governments play many central roles in sustainability governance: they are the negotiators and implementers of international environmental agreements like the Minamata Convention, and they have the ability to pass domestic legally binding rules and standards. International organizations, private sector actors, market participants, civil society organizations, and individuals also shape governance in a variety of ways.
Many current international and domestic legal, political, and economic institutions are largely ill equipped and inadequate to manage a transition toward greater sustainability (Biermann et al. 2012). This is in part due to a frequent lack of match—or fit—between the scope of these institutions and the biophysical and socio-economic systems that they are designed to govern (Young 2002; Folke et al. 2007; Epstein et al. 2015). A major strand of the governance literature focuses on how to design new and modified institutions to more effectively address sustainability problems, often centering on the importance of paying careful attention to the underlying physical characteristics of the problems that they address (Mitchell 2006). Some of this literature stresses that polycentric and multilayered institutions can improve the fit between institutional scope and properties of biophysical and socio-economic systems (Young 2002). These types of institutions also allow for a large number of actors (including possible interveners) to be involved in different forums and across governance scales.
Social scientists view governance as an inherently social process, whereby actors intentionally seek to steer individuals, groups, and societies toward a collective outcome, such as greater sustainability. Stakeholders may have very different views on how to do that, and even on how to define sustainability. These views are shaped by many political, economic, social, cultural, and environmental factors. In addressing mercury and other sustainability issues, societies have to make normative decisions among a multitude of possible transition pathways as part of any governance process (Meadowcroft 2011; Patterson et al. 2017). The importance of stakeholder involvement in describing a sustainability problem, and identifying and dealing with trade-offs of different options for addressing that problem, is stressed in the sustainability science and governance literatures (Brandt et al. 2013). The importance of broad participation in sustainability governance is also related to issues of equity and justice, as different stakeholders may have very different levels of influence and power in shaping decisions that affect societies and, ultimately, the planet.
Analysts of governance and policy-making processes, and practitioners who are engaged in the creation and implementation of domestic laws and standards or international institutions like the Minamata Convention, will find in part II many examples of how efforts to govern different aspects of the mercury issue evolved over time, with many intended as well as unintended results for human well-being. Those who are interested in how to design more effective revised or new governance structures may be particularly interested in how institutions fit with different material components and characteristics of the mercury systems. The overlapping nature of mercury governance at multiple geographical scales also offers a comparative perspective on how local, national, regional, and global efforts and institutions addressed multifaceted mercury issues of much importance to human well-being. In addition, governance scholars may be interested in linkages between mercury and other sustainability issues.
The HTE framework that we introduce in this chapter forms the structure for examining the topical mercury systems in the five chapters of part II. These chapters are organized based on a common four-step approach associated with the book’s four research questions. First, they describe the human, technical, environmental, institutional, and knowledge components (research question 1). Second, they examine interactions between components (research question 2). Third, they look at system interventions focused on sustainability (research question 3). Fourth, they draw insights relevant to the three areas of systems analysis for sustainability, sustainability definitions and transitions, and sustainability governance (research question 4). In the three chapters in part III, we synthesize this empirical material. Chapter 8 returns to the first three research questions, whereas chapter 9 addresses research question 4. Chapter 10 concludes the book by drawing lessons for future efforts to further address the mercury problem, targeted toward researchers, decision-makers, and thoughtful citizens.
II Sustainability Stories about Mercury
3 Global Human-Technical-Environmental Cycling: Chasing Quicksilver
Human activities have dispersed substances such as mercury, lead, and carbon in the atmosphere, ocean, and land, where they are now present in quantities much higher than before there was an anthropogenic influence. These substances spread across the Earth through winds and water currents. Many scientific studies of how people have altered the environment begin with the perspective of biogeochemical cycling, which accounts for how substances move and change form in the environment. However, biogeochemical cycling processes are not the only global-scale flows of materials relevant to sustainability. Substances in commerce also cross the globe through trade, as do products and wastes that contain them. A global human-technical-environmental cycling perspective provides an expanded view of the transport and transformation of substances relative to that of global biogeochemical cycling analysis by encompassing environmental and societal flows together.
While living in New Spain (now Mexico) in 1554, the Spanish merchant Bartolomé de Medina developed the patio process of silver amalgamation, which uses mercury in the silver mining process. The high value of silver in the 1500s and 1600s helped power international trade and commerce, connecting Europe, the Americas, and Asia (Flynn and Giráldez 1995). In the Americas, where mines contained large quantities of low-quality silver-containing ore, the patio process made extracting the valuable metal easier for the Spanish colonialists. It works by allowing an amalgamation of ore and mercury to mix in a shallow, open-air courtyard for several weeks. The large quantities of mercury required for this process originated mainly from mines in Almadén in Spain, Idrija in modern Slovenia, and Huancavelica in Peru. The “loss” of mercury to the environment in silver production could range from 0.85 to more than 4 times the amount of silver produced (Nriagu 1993). The total amount of mercury “lost” in South America between 1570 and 1820 may have been as high as 126,000 tonnes (Nriagu 1994). That is more than 50 times the annual present-day anthropogenic emission of mercury to the atmosphere (UNEP 2019).
Centuries after the colonial South American mining boom, scientists are trying to determine where all of the mercury that was extracted and used ended up, and whether it remained locally or cycled globally through the environment. Scientists attempt to answer this key question by examining environmental archives such as lake sediments, bogs, and ice cores that record mercury deposition over time. Mercury pollution from colonial mining, for instance, can be found in sediments in South American lakes (Cooke et al. 2009). However, deposition recorded in other environmental archives, particularly in the Northern Hemisphere, was not elevated around the time that mercury was used during colonial mining in South America (Engstrom et al. 2014). Deep ocean sediments around Antarctica do not show elevated deposition from this silver mining activity either (Zaferani et al. 2018). Some modeling studies, in contrast, suggest that a substantial quantity of mercury from silver mining traveled globally via environmental processes, and that it continues to circulate in the environment worldwide (Amos et al. 2015). Other researchers who have attempted to synthesize measurement and model data argue that emissions from historic mining only had a moderate influence on current global mercury cycling (Outridge et al. 2018).
Identifying the time when human activities first distributed mercury globally in the environment, and thus the relative quantities of human-induced preindustrial and industrial mercury pollution, is not just of interest to scientists. It also provides policy analysts an environmental benchmark against which to compare the effectiveness of strategies to reduce mercury discharges and concentrations. Environmental records of pollutant deposition that predate the Industrial Revolution are often considered to be a proxy for natural levels absent human influence. Different environmental archives provide a remarkably consistent picture of a dramatic global-scale increase in mercury deposition since the beginning of the nineteenth century. The human influence is even larger if preindustrial mercury deposition was also elevated due to earlier anthropogenic activities, such as colonial mining in South America going back to the 1500s. This would also imply that present-day human influence on the environmental cycling of mercury could persist for many centuries in the future.
Studies of different environmental archives and models of biogeochemical cycling tell a mixed story of mercury mobilization, but they all focus on the environmental aspects of when mercury became a global pollutant. Mercury, however, also travels through societies. As we indicate in the chapter title, when examining the international distribution of mercury, it is also necessary to chase the quicksilver that travels across borders—as a commodity, in mercury-added products, and as a contaminant in food and biota. People carried mercury across the Atlantic Ocean in large quantities starting in the 1500s for use in South American silver and gold mining. The social and cultural consequences of the economic processes that this mercury fueled were also international in scope: the silver trade and its distribution of resources and capital was a driving factor in the growth of international economic systems of production and consumption starting in the sixteenth century (Moore 2003). The term “quicksilver,” a synonym for mercury in many languages as noted in chapter 1, is an adjective that means moving or changing rapidly and unpredictably—a fitting description of many of the dynamics of mercury’s travels in both the environment and society.
This chapter focuses on mercury as a global pollutant, and the role of the Minamata Convention in addressing activities that contribute to the global cycling of mercury. We use the perspective of global human-technical-environmental cycling to contrast with the narrower perspective typical of global biogeochemical cycling analyses. In the section on system components, we identify where mercury is present in the environment and society, and the institutions and knowledge that provide the context for its global-scale material cycling. We address processes that influence the distribution and fate of mercury in the section on interactions. In the section on interventions, we give an overview of the types of actions designed to address mercury at a global scale by discussing the structure and the main provisions of the Minamata Convention. In the final section on insights, we highlight the importance of accounting for a broad range of system dynamics in understanding the global cycling of mercury, how variations in timescales of societal and environmental cycling of mercury affect transitions toward sustainability, and factors that affect the implementation and effectiveness of the Minamata Convention.
System Components
The total quantity of mercury present on Earth is fixed, but human activities have moved large quantities of this mercury to different locations. Much mercury has dispersed throughout the environment, where it is present at varying concentrations. Additional mercury remains in places controlled by people as stockpiles, in products, or in landfills. A small amount of mercury is also present in wildlife and in human bodies. Figure 3.1 shows the human, technical, environmental, institutional, and knowledge components relevant to the global mercury cycling system.
Components in the global mercury cycling system (referenced in the text in italic type).
Mercury is present in geological reservoirs in the Earth’s “mercuriferous belts”—areas associated with volcanic activities and plate tectonic boundaries (Gustin et al. 2000). The highest concentration of mercury in these belts is typically in cinnabar (mercuric sulfide, or HgS), but mercury also exists in small amounts in other minerals and in fossil fuels such as coal. Mercury is emitted to the atmosphere, and circulates among land and oceans, as a result of natural processes (such as volcanic eruptions and the weathering of rocks) as well as human activities. Archeological data suggest that miners produced extracted mercury from cinnabar as early as 6300 BCE in the Sizma district in southwestern Turkey, which may have been the world’s first underground mine (Brooks 2012). Early written mentions of cinnabar mines date back to the work of Theophrastus of Eresus in the fourth century BCE (Goldwater 1972). Much of the mercury mined over human history came from the historically large mines in Almadén, Idrija, and Huancavelica, as well as from mines in China (Wanshan), Italy (Monte Amiata), and the United States. The annual minerals commodity survey issued by the US Geological Survey (2017) reports that 600,000 tonnes of mercury remain in the Earth’s crust globally in places where extraction is currently or potentially feasible.
Elemental mercury is extracted from cinnabar through a relatively simple process of heating the crushed ore in a furnace. This process remained more or less the same for thousands of years. When heated, the mercuric sulfide reacts with oxygen from the air to form sulfur dioxide, and the mercury vaporizes. Mercury, which condenses at 357 degrees Celsius (675 degrees Fahrenheit), a lower temperature compared with the other gases, is then captured and cooled into liquid form before it is stored, traded, and used. Extracting mercury from cinnabar that often contains less than 1 percent of mercury has not only required vast amounts of ore, but also large quantities of biomass fuel from areas around the largest mercury mines. Data on mercury mining are uncertain; Lars Hylander and Markus Meili (2003) estimate that nearly 1 million tonnes of mercury have been extracted throughout history.
People have moved mercury from geological reservoirs both intentionally and unintentionally, and for many different reasons. Much of the early mercury extracted from cinnabar was used in other mining operations to produce gold and silver; mercury is still used in the artisanal and small-scale gold mining (ASGM) sector today (see chapter 7). Producers and consumers of goods relied on mined and recycled mercury for millennia: in ancient to modern medicines (see chapter 4); in a variety of products such as thermometers, paints, pesticides, and batteries; and in several mercury-based manufacturing techniques to help produce other goods such as mirrors, hats, and chemicals (see chapter 6). Producers and consumers of energy have unintentionally discharged mercury present in trace amounts in other extracted geological materials containing mercury into the environment. A substantial fraction of mercury emissions from such geological material has come from burning coal, but industrial processes such as metal smelting and cement production have also resulted in mercury emissions and releases (see chapter 5).
Mercury in commerce has been traded since at least Roman times. Elemental mercury has been measured and priced on mercury markets since 1927 using a common but unique unit—a 76-pound flask. The exact origin of this specific measurement unit is unclear, but mercury sellers and buyers likely first used this distinctive flask in the Almadén mine in Spain (Myers 1951). Mercury flasks come in different shapes, but they are typically made of welded steel, have a screw cap, and are roughly the size of a two-liter container. In metric units, a 76-pound flask equals 34.5 kilograms, and 29 of those flasks make up a tonne (Brooks 2012). The total quantity of mined and sold mercury that is under human control today is unknown. A report by the United Nations Environment Programme (UNEP) that quantified best estimates of the total amount of mercury supply, demand, and trade in 2015 did not include statistics for mercury in stockpiles and landfills or mercury accumulated in society (comprising the amount of mercury in mercury-added products and mercury in production processes) because reliable data were unavailable (UNEP 2017).
Knowledge of the different forms of mercury and their behavior is relevant to understanding mercury cycling in both the environment and in commerce. Properties of mercury have been discovered over time, and have important implications for how different forms can be used and for analyzing environmental flows and impacts on living organisms. Elemental mercury exists on its own, both in liquid form and as a gas. It is the only metal in the periodic table that is liquid at room temperature. This unique property gave mercury its moniker “quicksilver” as well as its chemical symbol Hg, which refers to hydrargyrum, or “water-silver” in Greek. Elemental liquid mercury is highly volatile. Left on its own in open air, it readily evaporates into the gas phase. Gaseous elemental mercury, the predominant form of mercury found in the atmosphere, is both colorless and odorless, and therefore difficult to detect without advanced measuring equipment. In aquatic systems, mercury can be present as dissolved gaseous mercury, which is predominantly composed of elemental mercury.
Mercury compounds involve atoms of mercury that are bound to atoms of other chemical elements that can only be separated by chemical reactions. Mercury compounds exist in two categories, inorganic (not containing carbon) and organic (carbon-containing). Elemental mercury is also inorganic, as it does not contain carbon. Some mercury compounds exist naturally in the environment, but scientists in laboratories have synthesized additional ones. Cinnabar, or mercuric sulfide, from which most commercially traded elemental mercury is extracted, is a solid and relatively stable inorganic mercury compound in the Earth’s crust. Mercurous chloride (Hg2Cl2), another naturally occurring solid inorganic mercury compound, is sometimes referred to as calomel. Various other inorganic mercury compounds can be found in freshwater, oceans, and soils. Organic mercury compounds include methylmercury ([CH3Hg]+) and dimethylmercury ((CH3)2Hg). These are present in aquatic systems and in biota. Other organic forms, such as ethylmercury (C2H5Hg+) and phenylmercury (C6H5Hg), are largely commercially produced.
Levels of mercury in the environment, in animals, and in people increased rapidly following the onset of industrialization (AMAP 2011). Estimates of the total amount of mercury present in the global atmosphere, oceans, and soils today vary dramatically: a 2018 global mercury assessment conducted by UNEP estimated this number at just under 500,000 tonnes (UNEP 2019), but other estimates range as high as 1.5 million tonnes (Obrist et al. 2018). Much of this mercury originated from anthropogenic sources (Amos et al. 2013; N. E. Selin 2014). The amount of mercury in the atmosphere (4,400 to 5,300 tonnes) is reasonably well known; this amount is estimated to have increased, due to pre- and postindustrial human activities, by a factor of 5 or more (Amos et al. 2013; Outridge et al. 2018). Estimates of the total amount of mercury in the oceans range from 270,000 to 450,000 tonnes. This amount has increased by up to a factor of 2.8 due to human activities, and the amount in the surface ocean may have increased by up to a factor of 6 (Amos et al. 2013). Human activities may have increased the amount of mercury in terrestrial soils by 20 to 50 percent; current estimates of total mercury in soil range from 250,000 to 1 million tonnes (Obrist et al. 2018). Mercury is also present in terrestrial and aquatic ecosystems and in living organisms such as fish, birds, and marine mammals, as well as in people.
Estimates of mercury’s global biogeochemical cycle attempt to quantify the amount of mercury that is present in and travels through the global environment, and the relative influence of human and natural activities. Biogeochemical cycle analyses evaluate how substances transport and transform through biological systems (living things, including plants and animals), geological processes (such as fossil fuel formation and plate tectonics), and chemical reactions (changing the chemical composition of specific substances). See figure 3.2 for an example of a global biogeochemical cycle diagram for mercury. Biogeochemical cycle estimates are constructed by combining measurement data and models, but many relevant environmental processes are uncertain, and data are lacking for some time periods and regions. As noted above, a major area of uncertainty is how much anthropogenically discharged mercury cycles globally versus mercury that remains locally. David G. Streets and colleagues (2017) calculated that 1.5 million tonnes of mercury have been discharged into the environment by anthropogenic activities over time, of which 30 percent was emitted to the atmosphere and 70 percent released to land and water. They estimated that 40 percent (390,000 tonnes) of those historical land and water releases are sequestered in sediments or at contaminated sites and do not cycle globally. Other estimates of total mercury entering the global biogeochemical cycle as a result of human activities are much lower: the 2018 global mercury assessment attributes only 79,000 tonnes in the global biogeochemical cycle to anthropogenic activities (Outridge et al. 2018; UNEP 2019).
Global biogeochemical cycle for mercury. Quantities in boxes (tonnes) and fluxes in arrows (tonnes/year), drawing from Amos et al. (2013), Selin (2014), Obrist et al. (2018), and UNEP (2019). Shaded regions indicate approximate fractions of anthropogenic contribution.
Scientific knowledge that some forms of mercury undergo long-range transport in the environment emerged in the 1970s with the discovery of mercury concentrations in the environment in areas far from emission sources. Knowledge about environmental transport and levels of mercury at a global scale evolved somewhat separately from the development of information on the quantities of mercury in stockpiles and trade. A recently published study, however, combined information on product flows with environmental releases to quantify the mercury flows addressed by articles of the Minamata Convention (Selin et al. 2018). Other efforts have attempted to assess the quantities of mercury flowing through society, largely with the goal of better quantifying releases to the environment from different sources in selected countries through substance flow analyses (Sznopek and Goonan 2000; Cain et al. 2007). The societal circulation of mercury results from supply and demand dynamics on international and domestic mercury markets as well as trade in mercury-added products. Some work on tracing mercury flows in society has also been carried out at national and sub-national scales (Hui et al. 2016; Svidén and Jonsson 2001).
International institutions began to address mercury as a pollutant in the 1970s (Selin and Selin 2006). The Organisation for Economic Co-operation and Development (OECD) issued a recommendation to its member states in 1973 to reduce anthropogenic discharges of mercury to the lowest levels possible. Countries developed several regional treaties starting in the 1970s that addressed releases of mercury into bodies of water in Europe and North America. European and North American countries in 1998 adopted a heavy metals protocol that included mercury under the Convention on Long-Range Transboundary Air Pollution (CLRTAP). Global political efforts to address mercury problems gained momentum in the early 2000s, largely in the form of voluntary collaboration under UNEP’s Global Mercury Partnership program (Sun 2017). This still-active program brings together national governments and other stakeholders to build and diffuse knowledge about the risks of mercury and the availability of mercury-free alternatives. The negotiations for the Minamata Convention began in 2010, and the treaty was adopted at the diplomatic conference in Kumamoto, Japan, in October 2013 (as mentioned in chapter 1). It entered into force in 2017, and by early 2020, 117 countries and the European Union (EU) had become parties. In addition, several countries have instituted trade controls on mercury in commerce, regulating exports as well as imports.
Interactions
Much of the mercury that people have extracted from geological storage continues to cycle through society and the environment. Figure 3.3 shows interactions in the system for global mercury cycling: we have selected three interactions in that matrix (the items in bold type in boxes 1-3 and 2-2) to focus on in this section; we then trace the pathways that influence them, which we summarize in figure 3.4 (where the bold boxes correspond to the selected interactions). First, people discharge mercury into ecosystems (box 1-3), and the mercury then undergoes global biogeochemical cycling through the atmosphere, land, and oceans and changes form (box 3-3). Second, people alter ecosystems (box 1-3), leading to changes in mercury cycling and methylmercury production (box 3-3). Third, mercury in commerce is traded, reused, or enters stockpiles (box 2-2), as its supply is affected by geological availability and market interactions, and this mercury can subsequently be emitted and released to the environment (boxes 3-2, 2-2, and 2-3).
Interaction matrix for the global mercury cycling system.
Pathways of interactions for the global mercury cycling system. Bold boxes indicate the selected interaction for the subsections below.
Mercury Discharges and Global Biogeochemical Cycling
People have discharged mercury into ecosystems (box 1-3), thus altering the global biogeochemical cycle of mercury. These mercury discharges have occurred in several different ways, including through primary mercury mining, the use of mercury in gold and silver mining, the burning of coal, the loss of mercury from mercury-added products and industrial production processes, the failure to properly manage mercury in stockpiles and landfills, and the unsafe disposal of mercury and mercury-containing wastes. This anthropogenically discharged mercury, together with mercury that is emitted and released from natural sources, then cycles through the atmosphere, land, and oceans. Some of this mercury changes its form through chemical and biological processes during this cycling (box 3-3).
Scientists initially considered mercury a local pollution and exposure problem. In the 1970s, researchers made the first measurements of mercury in areas remote from anthropogenic point sources. Researchers who measured mercury in Greenland attributed increasing concentrations in glacial ice to human sources (Weiss et al. 1971), although another study conducted in Greenland a few years later found no evidence of anthropogenic increases (Weiss et al. 1975). Early mercury measurements were later found to have major contamination problems (Boutron et al. 1998). Nevertheless, in 1969, Göran Löfroth and Margaret E. Duffy (1969, 17) noted: “Mercury, like lead and the organochlorine pesticides, may turn out to be a global pollutant.” This, however, was not a widely accepted conclusion at the time. A 1972 report of the Joint Food and Agriculture Organization/World Health Organization (FAO/WHO) Expert Committee on Food Additives stated: “The sources of direct pollution due to man’s activities can have only local effects on the mercury levels found in fish, e.g., in estuaries and coastal areas. The largest reservoir of mercury is the open seas, and is not appreciably affected by pollution caused by man” (Joint FAO-WHO Expert Committee on Food Additives 1972, 12).
Scientists and policy-makers became increasingly aware by the late 1980s that mercury pollution could travel on a global scale before depositing into terrestrial and aquatic ecosystems. Studies of the human influence on mercury’s biogeochemical cycle relied on growing evidence from environmental archives such as ice cores, peat bogs, and lake sediments. These studies were made possible by the development and increased use of ultraclean analytical procedures for trace metal analysis (Vandal et al. 1993; Fitzgerald et al. 1998). The first International Conference on Mercury as a Global Pollutant was held in 1990, in Gävle, Sweden, reflecting growing scientific agreement on mercury’s global reach. Yet, some scientists in the late 1990s still debated whether the presence of mercury in remote areas was a result of human activities or of natural geological processes (Fitzgerald et al. 1998; Rasmussen 1998). A 2002 global mercury assessment synthesized the scientific literature and conclusively deemed mercury a matter of global-scale concern as a result of long-range transport and its potential hazardous impacts on the environment and human health (UNEP 2002).
The 2018 global mercury assessment estimated that human activities emitted roughly 2,500 tonnes of mercury to the air in 2015 (UNEP 2019). Global mercury emissions increased by 20 percent between 2010 and 2015 because of a growth in emissions in every region except Europe and North America. The 2,500 tonnes equaled about a third of total mercury emissions to air in 2015. Twice that amount, or about 5,000 tonnes, came from environmental processes that cycle previously released mercury from both anthropogenic and natural sources. These are sometimes referred to as legacy emissions. An additional (small) amount is from present-day natural sources, such as volcanoes and other geological processes. Emissions to air are generally considered to cycle globally.
Releases of mercury to water and land are less well quantified than emissions to air. Releases from ASGM to water and land together were estimated to total 1,220 tonnes in 2015 (UNEP 2019). Other mercury releases to water that researchers are able to quantify are from the mining sector, municipal sewage systems, leaks from mercury-added products, and wastewater from coal-fired power plants and coal washing; these sources totaled 580 tonnes in 2015. This inventory is incomplete, however, as data are lacking for additional sources. There are particularly high uncertainties regarding estimates for mercury releases to land beyond the combined estimate for ASGM to water and land. A very rough estimate put anthropogenic releases of mercury into soils at between 7,000 and 8,000 tonnes in 2015 (UNEP 2019). Large-scale mining and production of minerals such as gold and zinc, which shift large amounts of soil from one place to another, caused much of this release. Mercury-added products going into solid waste streams also add mercury to soils. It is unknown what fraction of present-day releases stays locally in soils compared to what enters waters and the air, and thereby adds to the global biogeochemical cycle.
Mercury in the atmosphere can travel longer or shorter distances, depending on its form. Much mercury is emitted as elemental mercury. Current research estimates that elemental mercury may stay in the atmosphere for an average of six months to a year before it returns to the surface (Horowitz et al. 2017). That is enough time for winds to carry it around the entire globe—a year is the average time that air takes to circulate between the Northern and Southern Hemispheres (Jacob et al. 1987). Elemental mercury lasts so long in the atmosphere mostly because it is relatively insoluble in water and does not get taken up into rainfall. But elemental mercury can settle out of the atmosphere through dry deposition (Jiskra et al. 2018). Some elemental mercury undergoes chemical reactions in the atmosphere that transform it into the more soluble form of gaseous oxidized mercury, which can then either more easily rain out or undergo dry deposition. The specific chemical composition of gaseous oxidized mercury, however, remains unknown (Jaffe et al. 2014). A fraction of the mercury emitted from anthropogenic sources is already in its soluble form, which can be attached to atmospheric particulate matter; these forms of mercury can deposit nearer to sources (tens to hundreds of kilometers).
Mercury continues to cycle among the atmosphere, oceans, and land long after it first enters the environment. Mercury falling out of the atmosphere through wet and dry deposition is taken up by land or water surfaces, where some of this mercury changes its form again in terrestrial and aquatic ecosystems. Because mercury is such a volatile substance, it can return from land and surface waters to the atmosphere as elemental mercury, and start the biogeochemical cycle all over again. In addition to its transport through the atmosphere, mercury moves from place to place with rivers and ocean currents, both across regions and between surface and deeper waters. Vertical transport of mercury to the intermediate and deep ocean occurs on timescales of decades to centuries. Returning to preindustrial levels of mercury in the atmosphere, oceans, and land would take centuries to millennia if anthropogenic emissions and releases stopped completely because the only way environmental processes can truly get rid of this legacy mercury is through burial in sediments, an extremely slow process (Selin 2009).
Specific ecosystem conditions and processes lead to the production of methylmercury (box 3-3). Only a small fraction of the elemental mercury that cycles through the environment is converted into methylmercury. This process largely occurs in aquatic environments lacking oxygen where bacteria transform inorganic mercury into methylmercury. The bacteria that do this share a common gene cluster, and include sulfate-reducing bacteria, iron-reducers, and methanogens (Hsu-Kim et al. 2018). Methylmercury, which is much more toxic than elemental mercury at low concentrations, bioaccumulates and biomagnifies in living organisms. (“Bioaccumulation” refers to the net accumulation of a substance over time in an individual organism from different sources. “Biomagnification” is the progressive buildup of a substance at successively higher levels of a food web.) Concentrations of methylmercury in ecosystems can consequently reach high levels that adversely affect living organisms (box 3-3). Methylmercury is taken up in multiple organs, including the brain, kidneys, and liver (Wolfe et al. 1998; Eagles-Smith et al. 2018). The highest risks are faced by top predators, which in many cases are humans and other large mammals, but can also be predatory birds and fishes (Scheuhammer et al. 2007).
Effects on wildlife are similar to—and maybe even greater than—those seen in humans (European Environment Agency 2018). (We discuss human health impacts in chapter 4.) Researchers base their knowledge of wildlife effects largely on laboratory studies, but have also observed some effects in the wild (Evers et al. 2008). At high exposure levels, fish can die, which happened in Minamata Bay. Non-lethal exposure levels can affect fish growth and their ability to reproduce (Depew et al. 2012). Swedish researchers trying to understand abnormal neurological signs in fish-eating birds in the late 1960s were among the first to identify wildlife impacts of methylmercury (Clarkson and Magos 2006). Exposure remains widespread; for example, 40 percent of the surface water bodies in Europe contain levels of mercury that exceed EU guidance intended to protect fish-eating birds and mammals from adverse effects (European Environment Agency 2018). Many Arctic species have methylmercury concentrations that may damage their health, including polar bears and whales (AMAP 2018). These impacts occur in the context of other stresses, including habitat loss, climate change, hunting, and infectious diseases.
Climate and Ecosystem Changes, Mercury Cycling, and Methylmercury Production
People alter ecosystems in multiple ways (box 1-3). These alterations influence the transport and distribution of mercury and the conditions for methylmercury production. That is, people’s interactions with the environment can affect the environmental cycling of mercury even where those interactions do not directly involve mercury use or discharges. Human activities that alter ecosystems change how mercury cycles through the atmosphere, land, and oceans, and also affect the biological and chemical processes that convert mercury between its different forms (box 3-3). This means that even if people stopped discharging mercury into the environment, human activities would continue to influence the ways in which mercury cycles through it. Human impacts on the environment are increasing in the context of industrialization and a rapidly urbanizing population, and are changing landscapes, affecting biodiversity, and altering the global climate system. Human-driven change will remain a major influence on global mercury cycling in the future (Obrist et al. 2018).
Human-induced land use changes such as deforestation and infrastructure development have altered land surfaces and their characteristics, influencing the biogeochemical cycling of mercury (Hsu-Kim et al. 2018). Changing land use influences how, where, and when different forms of mercury, often after long-range atmospheric transport, enter ecosystems, both through wet and dry deposition. Wildfires, which people can set intentionally and unintentionally, move mercury from terrestrial ecosystems into the atmosphere. Changes in the frequency and scope of wildfires can alter not only the amount of mercury that is emitted, but also the movement of mercury within ecosystems that are affected by fire (Kumar et al. 2018). Any process that creates soil erosion, such as vegetation removal and road construction, can lead to runoff of mercury from land, increasing mercury concentrations in streams and rivers (Hsu-Kim et al. 2018). Studies have shown, for example, that converting forested land to agricultural use can cause mercury to be released from soils and enter waterways (Kocman et al. 2017).
People alter environmental processes in ways that make ecosystem conditions and processes more or less favorable to producing methylmercury (box 3-3). In turn, this methylmercury in ecosystems adversely affects living organisms (box 3-3). The building of hydroelectric dams, for instance, creates aquatic environments where biological production of methylmercury can increase (Friedl and Wüest 2002). Burning coal and other fossil fuels increases deposition of sulfates to aquatic ecosystems, fueling the activity of bacteria that convert other forms of mercury into methylmercury (Gilmour et al. 1992). Where human activities affect organisms such as plankton, this can lead to changes in mercury bioaccumulation that propagate through food webs (Krabbenhoft and Sunderland 2013). Changes in the input of terrestrial organic matter and nutrients to aquatic ecosystems, for example, can alter the processes by which methylmercury is taken up by plankton (Jonsson et al. 2017). Other actions such as harvesting of seafood can alter the structure of food webs and affect wildlife and human exposure to methylmercury (Eagles-Smith et al. 2018). One study calculated that because of changes in food webs related to overfishing, Atlantic cod ate a diet higher in methylmercury in the 2000s than they did in the 1970s, resulting in a 23 percent increase in their methylmercury concentrations (Schartup et al. 2019).
Human-induced climate change, a central driver of ecosystem change, leads to changes in mercury cycling and methylmercury production (Obrist et al. 2018). Climate change increases the frequency and intensity of wildfires, which as mentioned above can lead to increased emissions of historically deposited mercury from land. Many other processes that control the remobilization of historically discharged and naturally occurring mercury from land, oceans, and contaminated sites are temperature-sensitive, and are thus affected by rising global, regional, and local temperatures. Permafrost contains a large amount of mercury, some of which may be emitted to the atmosphere when it melts (Schuster et al. 2018). The loss of sea ice in polar regions may increase the amount of mercury that cycles between the oceans and the atmosphere, because ice prevents sea-air exchange of mercury (UNEP 2019). Climate-induced changes also affect ocean ecosystems. For example, changes in temperature and ocean dynamics influence mercury cycling, and changes in the productivity of ecosystems affect methylmercury production. In addition, climate change affects food web structures by changing the presence and health of species, altering patterns of methylmercury production and bioaccumulation.
Mercury Cycling in Society
A biogeochemical cycling perspective focuses on the ways in which mercury transports and transforms in the environment, but mercury in commerce also cycles as it is traded, reused, or enters stockpiles (box 2-2). UNEP estimated that total global demand for commercial mercury in 2015 was 4,720 tonnes. This mercury demand covered a range of uses in products (31 percent), industrial processes (32 percent), and ASGM (37 percent) (UNEP 2017). Some, but not all, of this mercury is included in global inventories of emissions and releases once it enters the environment. Global mercury trade still shifts large quantities of mercury across societies, though this trade has recently declined: exports of mercury reported in 2015 totaled just over 1,300 tonnes, a 2.5-fold decrease since 2010 (UNEP 2017). However, official trade data are incomplete, and some mercury is also traded illegally. The uncertainty in how much mercury is traded or remains in mercury stockpiles underscores the importance of better tracking commercial mercury as well as the difficulty in quantifying its magnitude and impact.
During much of human history, primary mining of cinnabar from geological reservoirs provided mercury for commercial activities (box 3-2). Starting in the 1800s, as mercury use increased with its growing application in products and industrial processes, more commercially available mercury came from reuse. Only about a third of mercury demand in 2015 was sourced from primary mining, with the rest coming from recovery and recycling, the production of mercury as a byproduct of other mining, and the drawdown of stockpiles (UNEP 2017). Roughly half of all of the demand of commercial mercury occurred in East and Southeast Asia. China was the world’s largest producer of mined mercury in 2018 with an estimated 3,000 tonnes, representing 88 percent of globally mined mercury (US Geological Survey 2019). Most of the mercury mined in China was used domestically in industry. Primary mercury mining also occurred in the Kyrgyz Republic, largely intended for export to other countries. Previously closed mercury mines were recently illegally reopened in Mexico and Indonesia (UNEP 2017).
Historical changes in the demand and supply of mercury have resulted in large global price fluctuations and changes in the flows of elemental mercury in commerce. Mercury has been traded internationally for millennia, but mercury exports and imports increased sharply together with a growth in its industrial use. During the first half of the twentieth century, the international price of mercury spiked during both World War I and World War II (see figure 3.5). Some mercury uses during these wars were for purposes such as making explosives, but the 1943 US minerals yearbook noted that the principal use of mercury in wartime, like peacetime, was for manufacturing pharmaceuticals, and it reported sharp increases in mercury consumption for this purpose that year due to “the Army’s large requirements for prophylactics and antiseptics” (Meyer and Mitchell 1945, 719). Coupled with disruptions in imports from major supply centers in Europe, the increased demand by the US military drove a sharp increase in the price of mercury (Meyer and Mitchell 1941). The modern price of mercury peaked in 1965. Commercial mercury use was at its highest in the 1970s (Horowitz et al. 2014). Reductions in mercury use and growing awareness of mercury as an environmental pollutant led to a strong decline in the global market price of mercury between 1970 and the early 2000s.
Global mercury price, given in USD per tonne in 1998 dollars. Data source: US Geological Survey (2014).
Increased demand and trade controls in the early 2000s changed the dynamics of the global mercury market. The price increase starting in 2003 was in large part driven by a growth in ASGM. Anticipation and implementation of bans the EU and the United States placed on elemental mercury exports, which were adopted in 2008 and came into effect in 2011 and 2013, respectively, also affected mercury prices (Wilburn 2013). Because of these export bans as well as other trade restrictions instituted by a growing number of countries, there is no longer a globally uniform price for mercury, but rather several different markets. The current price of mercury is relatively low and stable in the EU and the United States, because in both of these closed markets demand is lower than supply. In contrast, mercury prices are higher in other places as a result of restricted supply and continuing demand mainly in the ASGM sector. After the EU and the United States export bans, other places emerged as major mercury trading hubs, including Hong Kong and Singapore (UNEP 2017).
Changes in the dynamics of mercury markets influence the supply and global distribution of mercury. This includes the presence of mercury stockpiles as well as the use of mercury-based production techniques, which influence the amounts of mercury in commerce (box 2-2). Much of the short-term increase in exports from the EU and the United States in the late 2000s and early 2010s—before their export bans on elemental mercury took effect—came from the decommissioning of old chlor-alkali plants that had used large quantities of mercury (see more about the process of chlor-alkali production in chapter 6). Some of this excess mercury made its way, both legally and illegally, to developing countries for use in the ASGM sector, as did the excess mercury from other countries experiencing a simultaneous decline in industrial mercury demand. Many countries also have mercury import bans, or restrict imports to specifically approved uses. The amount of mercury trade that occurs outside legal channels is difficult to document, but has likely increased concurrently with the decrease in legal mercury trade since 2010 (UNEP 2017). Illegal primary mining of mercury, particularly in Indonesia and Mexico, has also increased as a result of the growing demand for mercury in ASGM coupled with tighter restrictions on supply and export in the 2010s.
Much mercury in commerce is emitted and released to the environment (box 2-3). One estimate is that 540,000 tonnes of commercial mercury has entered the environment since 1850 (Horowitz et al. 2014). Some of this mercury was likely in forms that neither cycle further in the global environment nor form methylmercury, but this is still a much larger amount than some estimates of the anthropogenic contribution to the global biogeochemical cycle (underscoring the high degree of uncertainty in much mercury data). Discharges can occur shortly after its initial use, as in the case of ASGM, or after a time lag, for example after a mercury-added product such as a thermometer is discarded at the end of its useful life. Just over half of all global mercury demand in 2015 (2,490 tonnes of the total demand of 4,720 tonnes) was estimated to be discharged into the environment directly after its initial use (UNEP 2017). Nearly 70 percent of this discharged mercury came from ASGM. Of the remainder, 600 tonnes were from mercury used in industrial processes, and 150 tonnes originated from commercial products.
Interventions
The Minamata Convention, the primary global-scale intervention addressing mercury, is the outcome of scientific and political processes that date back to a UNEP Governing Council decision in 2001 to launch the global scientific assessment of mercury completed in 2002. The resulting assessment report published a year later concluded that there “was sufficient evidence of significant global adverse impacts to warrant international action to reduce the risks to human health and/or the environment” (UNEP 2002, paragraph 139). This led Norway, Switzerland, and the EU to call for an international legally binding agreement on mercury (Selin and Selin 2006; Eriksen and Perrez 2014). Other industrialized and major developing countries including the United States, Canada, Japan, Russia, China, India, and Australia opposed treaty negotiations at that time. Several of these countries were reluctant to negotiate yet another global treaty on hazardous substances, having recently adopted the 1998 Rotterdam Convention on the Prior Informed Consent Procedure for Certain Hazardous Chemicals and Pesticides in International Trade and the 2001 Stockholm Convention on Persistent Organic Pollutants (POPs). In addition, some countries opposed international mercury controls impacting mining, industrial manufacturing, and the energy sector (H. Selin 2014).
As a compromise between countries that supported and opposed treaty negotiations, the UNEP Governing Council in 2003 launched an international voluntary program to reduce mercury pollution, and in 2005 created the Global Mercury Partnership program. Countries agreed at the UNEP Governing Council meeting in 2007 to establish a working group to assess options for enhanced voluntary measures and to explore the possible role of existing and new legal instruments. There was enough political support by 2009 to launch treaty negotiations on mercury; in particular, the new Obama administration’s support for a new multilateral agreement was a major political trigger, causing first Canada and Australia and later India and China to remove their objections (H. Selin 2014). Treaty negotiations began in Stockholm in June 2010 and concluded in Geneva in January 2013 where, as we mentioned in chapter 1, organizers played Queen’s “We Are the Champions” to celebrate the historic moment. Current parties to the Minamata Convention include the EU, larger political powers such as the United States, China, India, Canada, Brazil, Nigeria, Indonesia, and Japan, and many medium-sized and smaller countries in Africa, Asia, Europe, and Latin America.
The Preamble of the Minamata Convention, consistent with the first global mercury assessment as well as with more recent assessment reports, recognizes mercury as a chemical of global concern. As stated in Article I, the overall objective of the Minamata Convention is to “protect the human health and the environment from anthropogenic emissions and releases of mercury and mercury compounds.” The treaty specifies a set of legal mandates that cover the entire lifecycle of production, trade, use, emissions, releases, handling, stockpiles, and disposal of mercury. When it comes to implementing its provisions, the individual parties that have joined the treaty hold ultimate responsibility: as with all international treaties under public international law, joining the Minamata Convention is voluntary, but implementation is obligatory for all parties. All parts of the Minamata Convention are legally binding for the parties, but some treaty provisions mandate action (using the directive “shall”) whereas other provisions adopt a more persuasive tone (using words such as “should” or “may”). The Minamata Convention includes control provisions that address specific aspects of the mercury issue in Articles 3–12 and enabling provisions in support of treaty implementation in Articles 13–24 (Selin et al. 2018).
Figure 3.6 identifies interventions in the global mercury cycling system, focusing on Articles 3–12 and Article 16 of the Minamata Convention. The figure’s bottom row identifies interveners: Minamata Convention parties, Minamata Convention bodies, and Global Mercury Partnership participants. The control provisions in Articles 3–12, together with Article 16, address nearly all aspects of the interaction pathways described in figure 3.4. In the following section, we refer back to figure 3.6, first as we summarize how each of the main treaty provisions applies to the aspects of the mercury issue that we examine in this and the next four chapters, and then as we discuss the provisions in the Minamata Convention on knowledge and institutions. We omit the additional enabling provisions found in Articles 13–15 and 17–24 from the intervention matrix in figure 3.6 because they address knowledge and institutional components that affect the entire mercury global cycling system.
Intervention matrix for the mercury global cycling system.
Provisions Addressing Mercury in Human-Technical-Environmental Systems
The Minamata Convention sets up several supply-oriented controls in Article 3 by addressing primary mining of, reuse of, and trade in mercury (boxes 3-2 and 2-2). The treaty prohibits the opening of new mercury mines, although parties with operating mercury mines may continue mining for up to 15 years after becoming a party. Historically large mercury mines in Idrija and Almadén had been closed in 1995 and 2002, respectively. China, by far the country with the most continuing primary mercury mining, announced in 2017 that it would prohibit primary mercury mining in existing mines in 2032. The only major legal exporting mine still operating when treaty negotiations began was the Khaidarkan mine in the Kyrgyz Republic, which generated roughly 250 tonnes of mercury in 2009 (Brooks 2011). The government of the Kyrgyz Republic in the late 2000s announced its intention to close the mercury mine in return for outside financial and technical assistance (Earth Negotiations Bulletin 2010). The mine, however, still produced an estimated 20 tonnes of mercury in 2018 (US Geological Survey 2019), and the Kyrgyz Republic had not yet become a party to the Minamata Convention by early 2020.
Article 3 mandates that parties identify individual mercury stocks exceeding 50 tonnes, and mercury supply sources generating over 10 tonnes per year. It prohibits the reuse of excess mercury from chlor-alkali facilities, the largest secondary source of mercury. The Minamata Convention bans the export of elemental mercury from one party to another unless it is intended for a use that is allowed under the treaty or for environmentally sound interim storage. The permitted trade in elemental mercury is governed by a prior informed consent (PIC) scheme. Under this PIC scheme, the government of a firm seeking to sell mercury to a buyer in another country must receive written approval from the government of the importing country before the trade can proceed. Parties are only allowed to export elemental mercury to non-parties that have measures in place to protect human health and the environment, and that follow treaty provisions on allowed uses, storage, and disposal. Parties can only import elemental mercury from a non-party if that country provides guarantees that the mercury comes from a source allowed under the treaty.
Minamata Convention parties that have enacted policies going beyond the treaty’s trade provisions have further influenced societal flows of mercury. Sweden took on a leading role when it banned elemental mercury exports in 1997. As noted above, the EU and the United States both adopted elemental mercury export bans in 2008. The EU ban entered into force in 2011 and the US ban took effect in 2013. The United States in 2016 and the EU in 2017 expanded their bans to include mercury compounds (not addressed by the Minamata Convention PIC scheme). The United States banned the export of several mercury compounds as of 2020, and the EU’s ban was implemented stepwise in 2018 and 2020. Many other parties also strengthened their export provisions in the 2010s as part of implementing the Minamata Convention, but some stopped short of total bans. For example, Switzerland announced in 2017 that it would allow export of elemental mercury for dental amalgam for another decade (Carey 2017). In addition, a growing number of countries have elected to ban all imports of mercury, or restrict it to a few uses such as in dentistry.
The Minamata Convention has a clear focus on human health protection in its overall objective, as well as under Article 16 on health, which deals with both environmental exposure (box 3-1) and occupational exposure (box 2-1). Implementing the treaty provisions would contribute to the protection of human health in varying ways. The preamble notes that mercury poses health concerns for vulnerable populations—especially women, children, and also future generations—particularly in developing countries. Under Article 16, parties are encouraged to promote the development and implementation of strategies to identify populations at risk from mercury exposure based on different exposure routes across different groups of people, countries, and regions. Parties are urged to promote the availability of health care services for the prevention, treatment, and care of populations who are affected by mercury exposure. Parties should establish and strengthen the institutional and professional capacities for the prevention, diagnosis, treatment, and monitoring of health risks from mercury. In chapter 4, we discuss human health aspects of the use of, and exposure to, elemental mercury and mercury compounds and related efforts to mitigate human health risks.
A major part of the Minamata Convention addresses mercury emissions to air and mercury releases to land and water. Articles 8 and 9 of the treaty introduce a set of mandates for parties to control mercury emissions and releases (box 2-3). These rely on technology-based control strategies (box 2-2) and are focused on large industrial point sources. Parties have some flexibility in defining and applying their own specific strategies to control emissions, but they are required to take action to address mercury emissions from both new and existing stationary sources for the purpose of controlling and, where feasible, reducing such emissions. Parties shall also identify and control releases from other relevant point sources that are not covered by the obligations for products, processes, and sources of air emissions. In chapter 5, we discuss mercury emissions to air from coal combustion and other industrial point sources, and examine efforts to address mercury emissions from such sources.
The Minamata Convention focuses on different areas of intentional mercury use that result in direct human exposure and environmental emissions and releases, including in commercial products and production processes, in Articles 4, 5, and 6 (box 1-2). Article 4 prohibits the manufacture, import, and export of nine mercury-added product categories, and states that parties should take steps to phase down the use of mercury in dental amalgam. Article 5 mandates the phase out of mercury use in two industrial processes and imposes mercury use restrictions in three others; parties shall discourage the manufacture and commercial distribution of new mercury-added products and the development of new facilities that use mercury in manufacturing processes. Parties can also apply for exemptions to phaseout dates for both products and processes under Article 6. Article 10 mandates that parties store and manage stockpiles of mercury in an environmentally sound manner (box 2-2). Article 11 addresses the disposal of mercury wastes (box 1-3). Article 12 requires that parties endeavor to develop strategies for identifying and assessing mercury-contaminated sites (box 3-3). We discuss the use of mercury in products and processes, its consequences (including for stockpiles and contaminated sites), and efforts to reduce and phase out such mercury use in chapter 6.
ASGM, an area of growing mercury use that leads to substantial environmental discharges and human health problems, is included in a separate article in the Minamata Convention. Under Article 7, parties with ASGM within their territory shall take steps to reduce (and where feasible eliminate) mercury use (box 1-2). They shall also take steps to reduce the emissions and releases of mercury in such activities. To this end, parties with “more than insignificant” ASGM are required to develop a national action plan. Among other things, such a plan must outline national objectives and reduction targets, actions to eliminate mercury-based amalgamation practices that are particularly damaging to the environment and human health, and strategies for promoting the reduction of emissions, releases, and human exposure to mercury. It must also include steps to facilitate the formalization of the ASGM sector (box 1-1). The parties that develop national action plans must submit them to the Secretariat, and every three years they also need to provide the Secretariat with progress reviews toward meeting their obligations under Article 7. In chapter 7, we discuss the ASGM and mercury issue, including different strategies for reducing mercury use, discharges, and exposure.
Provisions Addressing Institutions and Knowledge
The Minamata Convention identifies the Conference of the Parties (COP) as the treaty’s supreme decision-making body (Article 23) and stipulates that the Secretariat, hosted by UNEP Chemicals in Geneva, provide administrative services to all treaty bodies and parties (Article 24). The treaty also establishes a committee to promote the implementation of, and review compliance with, articles and provisions (Article 15). The COP can create additional bodies, and has set up a governing board for the treaty-specific funding mechanism—the Specific International Programme—that provides financial support together with the Global Environment Facility (GEF). The Minamata Convention explicitly identifies the importance of the World Health Organization (WHO) and the International Labour Organization (ILO) in treaty implementation. Other international organizations that support implementation include UNEP, the United Nations Development Programme (UNDP), and the United Nations Institute for Training and Research (UNITAR). Continuing work under the Global Mercury Partnership also involves national governments and many different non-state organizations.
The Minamata Convention contains language on support geared to helping developing countries meet their treaty-based obligations in Articles 13 and 14. Article 13 defines the treaty-based mechanism for providing financial resources to developing countries. Pursuant to Article 14, parties shall cooperate to provide capacity-building, technical assistance, and technology transfer to developing countries. These treaty-based mandates are practically and politically important to developing-country parties, which may struggle with a lack of domestic resources or see the fulfillment of these obligations by wealthier countries as an important indication of their commitment to effective and equal treaty implementation. In addition, during negotiations, developing countries considered the inclusion of strong treaty language on financial support, capacity building, and technical assistance as necessary for agreeing to the establishment of the implementation and compliance committee (H. Selin 2014).
Several Minamata Convention articles relate to knowledge provision. Parties are required to facilitate the exchange of scientific, technical, economic, and legal information on a number of topics (Article 17). These topics include the reduction or elimination of the production, use, trade, emissions, and releases of mercury; on technically and economically viable alternatives for mercury use in products and processes as well as control measures; and on mercury-related health impacts. Parties are also required to promote and facilitate public information, awareness, and education about mercury (Article 18). They must endeavor to cooperate to develop and improve: inventories of use, consumption, emissions, and releases of mercury; scientific information on the environmental behavior and human impacts of mercury; information on commerce and trade in mercury and mercury-added products; and research on control techniques (Article 19). Parties may develop an implementation plan for the entire Minamata Convention if they deem that helpful for domestic purposes, but they must report on national measures and their effectiveness (Articles 20–21). The COP is tasked with carrying out periodic evaluations of the effectiveness of the Minamata Convention, with the first one beginning no later than six years after the treaty entered into force—which is 2023 at the latest (Article 22).
The provisions of the Minamata Convention affect broader efforts to promote sustainability, including those under the Sustainable Development Goals (SDGs) (UNDP 2016). Goal 3 (Good Health and Well-Being) focuses on protecting human health, where mercury is an important element of a suite of pollution problems. Goal 14 (Life below Water) targets marine pollution, as methylmercury threatens the well-being of both marine animals and humans who consume seafood or who are exposed in utero. Food consumption also connects to Goal 2 (Zero Hunger), as many less affluent people rely on fish for much of their food and nutrition intake. Goal 8 (Decent Work and Economic Growth) draws attention to safety in the workplace, where workers who come in contact with mercury are at risk. Goal 1 (No Poverty) is relevant to ASGM miners and others who are driven into mercury-using sectors by poverty. Goal 12 (Responsible Consumption and Production) puts a focus on reducing the negative environmental and human health impacts of the use of hazardous substances, including mercury. Goal 7 (Affordable and Clean Energy) highlights the challenge of coal burning, which leads to mercury emissions, as a source of energy and driver of climate change.
Insights
The South American colonial mining story that began this chapter illustrates how a systems view of global mercury cycling comprises not only the quantities and fluxes incorporated in assessments of mercury’s biogeochemical cycle, but also societal flows, institutions, and knowledge. In this section, we examine insights from our analysis of the global mercury cycling system and illustrate some of the difficulties in chasing quicksilver in the environment and society. First, understanding important system dynamics requires considering a broad range of material and non-material connections. Second, it is difficult to define criteria for sustainability with respect to the global human-technical-environmental cycling of mercury, but incremental change is occurring. Third, the implementation and effectiveness of the Minamata Convention are shaped by the global human-technical-environmental cycling of mercury in the context of other efforts to govern sustainability.
Systems Analysis for Sustainability
A systems-level accounting for global-scale mercury cycling needs to consider mercury in the environment and society simultaneously. Focusing only on the biogeochemical cycle of mercury in the environment misses important societal and technical processes. Accounting for mercury’s cycling in society alone, in contrast, omits the extensive cycling of mercury through the atmosphere, land, and oceans. Some studies suggest that the global environmental cycling of mercury from human activities goes back at least five centuries, but most mercury from anthropogenic sources has been discharged during the industrial era. The trade of mercury across societies accelerated with the start of the Spanish colonial mining in Latin America in the 1500s, and industrialization further increased its societal flows. Commercial mercury may be reused multiple times, and excess mercury can be stored before it is traded, used, and discharged into the environment. Discharged mercury connects near and distant ecosystems as well as human health harms through its environmental cycling, but data on the quantities and locations of mercury in society and in the environment are incomplete. The ability to better analyze global mercury cycling would be aided by further and more comparable data on mercury in technical and environmental components.
The global mercury cycling system changed dramatically over time as a result of human activities. Concentrations of mercury in the atmosphere, land, and oceans are now greatly elevated, human-mobilized mercury has reached ecosystems in all regions of the Earth, and some of this mercury has been converted into methylmercury. This increase is consistent with trends in other human-induced environmental pressures, including global population and carbon dioxide emissions, as well as economic indicators such as world gross domestic product (Steffen et al. 2007). Mercury will continue to cycle in the environment over long timescales, but mercury methylation and bioaccumulation processes can change more rapidly along with ecosystem changes. Interventions targeting societal flows of mercury can also have relatively rapid impacts. Yet, people and wildlife are unable to adapt biologically to make methylmercury concentrations less damaging to their bodies. Human forces affecting the supply and demand for mercury have historically shaped its trade patterns as well as its price. The Minamata Convention sets out to further reduce the supply, trade, and use of mercury over the next few decades. It is too soon to say if this will happen, but the rapid decline in mercury use in some regions over the past 30 years shows that change is possible.
Evolving knowledge about the extent to which elemental mercury and mercury compounds cycle in the environment has changed perceptions of the scale of the mercury problem over time. Mercury was thought of as mainly a local, national, and regional pollution problem until the late 1900s based on the common understanding at the time of how mercury was dispersed in the environment. Global concern about mercury emerged with the realization that mercury can travel long distances in the atmosphere. Mercury remains both a local and a global pollution challenge, and its local and global dynamics are linked. Mercury that deposits locally may re-volatilize and begin to cycle in the environment later, posing future risks in other places. Local land use changes and global climate change may alter the form and availability of mercury compounds that cycle in the environment, further complicating systems-focused efforts to analyze the scale and scope of the mercury problem. Changing knowledge about the extent to which mercury travels globally in the environment has also influenced views of the appropriate scale of institutions to address mercury use and pollution. A comprehensive view of the mercury problem should account for its local and long-range aspects simultaneously.
Sustainability Definitions and Transitions
Defining whether the global mercury cycling system is becoming more sustainable is complicated because of the long timescales of mercury cycling in the atmosphere, land, and oceans. Definitions of sustainability focusing on hazardous substances often stress the importance of eliminating uses and discharges, but much mercury from anthropogenic (as well as natural) sources already exists in the environment. Societal measures to reduce discharges from human activities will lower the overall amount of mercury that will cycle in the environment in the future. Other human activities, however, increase the global environmental cycling of mercury. Human-induced trends of land-use changes and climate change contribute to the remobilization from environmental storage of mercury previously discharged from both human and natural activities. This means that merely lowering the levels of mercury uses and discharges will not solve the problem of mercury damaging the environment and human health. Assessing whether the global-scale human-technical-environmental system for mercury is moving toward sustainability will thus require attention to societal as well as environmental trends.
Societal efforts addressing the supply of mercury have gradually become more stringent over time with the closure of large primary mercury mines and tighter controls on the reuse of mercury, especially from industrial sources. Supply of new mined elemental mercury was seen as critical to meeting societal demand well into the second half of the twentieth century. Commercial mercury use only began to decline in the early 1970s, partially as a result of environmental and human health concerns. The adoption of elemental mercury export bans by the United States and the EU in the 2000s further affected the international supply and price of elemental mercury. The Minamata Convention provisions that phase out primary mercury mining, ban the reuse of excess mercury from chlor-alkali production, and permit exports of elemental mercury only for those few uses that are still allowed under the treaty are important global-scale interventions in an ongoing incremental transition process. The closing of mercury mines and expanded introduction of other supply restrictions, including the recent actions by the US and the EU to ban the export of mercury compounds, will reduce the environmental distribution and cycling of mercury and also have positive effects on human exposure and well-being.
Global-scale transitions involving mercury will occur over various timescales moving forward. Environmental concentrations of mercury will not return to preindustrial levels for centuries and perhaps millennia, but changes involving use and discharges will advance over the coming decades. The Minamata Convention’s control provisions on mercury use, emissions, and releases vary with respect to their deadlines and stringency. The bans and phase-downs of mercury use in many mercury-added products were relatively rapid, with an initial target date of 2020. Bans on uses of mercury in some industrial production processes are in effect as of 2018 and 2025, but mercury use can continue in other processes. Parties to the convention also have the ability to request extensions from the target dates for products and processes, and the controls on emissions and releases from point sources do not rely on universal numerical reduction targets. Parties must apply technology-based standards, but they are given much freedom in setting their own standards. This will, at least in the short-term, result in much national variation in regulatory stringency and mercury discharges. As a result, trends in environmental discharges may differ across countries and regions. Some environmental compartments will also respond more rapidly than others to varying changes in discharges.
Sustainability Governance
The global scope of the Minamata Convention, together with its lifecycle approach, is designed to fit both the socio-economic and environmental dimensions of the mercury issue. The treaty was adopted based on the scientific and political recognition that mercury transports globally, both in the environment and society. The trade of mercury across continents has been documented for centuries, but only after the release of the first global mercury assessment in 2002 did a global political forum officially recognize that mercury also travels worldwide in the atmosphere. The stated goal of the Minamata Convention to protect human health and the environment from anthropogenic emissions and releases of mercury and mercury compounds puts a clear focus on human well-being in the context of sustainability. To this end, the Minamata Convention sets out a global legal framework explicitly designed to address all aspects of the lifecycle of the mercury issue, including production, trade, use, emissions, releases, handling, stockpiles, and disposal.
Effectiveness evaluation is an important part of implementing the Minamata Convention, as mandated in Article 22, and the ability to conduct such evaluations is shaped by the fact that material components in the global human-technical-environmental system for mercury change over vastly different timescales. The long timescales of global environmental cycling of mercury, and the growing importance of remobilizing legacy emissions from environmental compartments, make it difficult to causally link changes in environmental concentrations with measures taken under the Minamata Convention. An increase in legacy emissions may result in additional mercury entering into global environmental cycling, offsetting some of the anthropogenic mercury emissions and releases that are reduced by measures related to the implementation of the Minamata Convention. A full analysis of the effectiveness of the Minamata Convention should also consider political and technological factors, such as the degree to which parties phase out mercury supply and use, mandate the application of pollution control technology on point sources, and fulfill provisions on financing, capacity building, and technology transfer.
The ability to protect the environment and human health from mercury is increasingly affected by the governance of other sustainability issues. Policies that address coal and other fossil fuel uses in the context of other forms of air pollution and climate change affect levels of mercury emissions from these sources. Material connections with other sustainability issues also influence the global environmental cycling of mercury. Human alterations to the carbon cycle through the burning of fossil fuel and deforestation change the ways in which mercury travels in the atmosphere, land, and oceans as well as the processes it undergoes in the environment. These include processes of methylation and bioaccumulation in aquatic environments, which have important implications for animals and seafood consumers worldwide. The Minamata Convention’s links to several SDGs show that mercury abatement is connected with human-centered efforts on addressing poverty, hunger, food safety, good health, work, consumption and production, and energy. In this respect, implementing the Minamata Convention is an important aspect of broader global governance efforts that aim to move societies toward greater sustainability.
The global cycling of mercury makes it necessary to chase quicksilver through both the environment and society. Mercury is discharged into the environment from natural events as well as by human activities. People have dramatically altered the global biogeochemical cycling of mercury in the environment over millennia, but especially during the last few hundred years. The international trade in mercury and mercury-containing goods increased during that same time period, resulting in large amounts of mercury cycling through society. Much of this mercury eventually ended up in the environment. Human-induced land-use and climate changes increasingly contribute to the re-release of historical emissions from both natural and anthropogenic sources, making it more analytically difficult, and less useful for informing sustainability transitions, to separate between natural and anthropogenic sources of mercury cycling in the environment. The Minamata Convention takes a lifecycle approach to mercury, addressing both societal cycling and environmental discharges. The legacy of past mercury discharges, and the impacts of today’s discharges, will affect ecosystems and people for generations, as it can take centuries, if not millennia, for discharged mercury to return to geological storage.
4 Human Health: Mercury’s Caduceus
Industrialization increased people’s exposure to a wide variety of hazardous substances, including mercury. Some adverse human health effects of this exposure, especially those that occur at high doses, are readily apparent to observers and have been known to science and medicine for centuries. Other effects can be more difficult to discern, especially at low levels of exposure, in part because health outcomes can be separated in time and place from the use and release of hazardous substances. Knowledge of the toxicity of specific substances and their human health impacts is distributed unevenly across the world and at different times. Societal risk perceptions and responses also differ: private sector actors and regulatory agencies assess costs and benefits and respond in varying ways to human health dangers. Hazardous substances such as mercury continue to pose a wide range of health threats, involving all parts of the planet that are inhabited by humans. Ensuring good health is a primary goal of sustainability, and addressing and managing health risks from the products of modern society will continue to be a central challenge for ensuring future human well-being.
Dr. Hajime Hosokawa and municipal health official Hasuo Itõ classified the first official case of Minamata disease on May 1, 1956, without knowing its cause (George 2001). Local fishers had complained for several years that wastewater dumped into Minamata Bay from a local factory was killing fish, and they observed how cats that had eaten fish would dance crazily, jump into the sea, or die (Harada 1995). The fishers and their family members suffered from numbness, visual and hearing impairments, and loss of motor control, among other symptoms, and some had died (Takeuchi et al. 1959). The local committee to address the unknown problem, known as the Strange Disease Countermeasures Committee, designated the first 52 certified victims on December 1, 1956. By that date, 17 victims had died. Leaders of the local factory denied all responsibility for causing the illnesses, and held back information on their use and releases of mercury; the factory, owned by the Chisso Corporation, had used mercury as a catalyst to produce acetaldehyde since 1932 and to manufacture vinyl chloride monomer (VCM) since 1941. As local tensions grew, the Minamata-born poet Gan Taginawa suggested a parallel between Dr. Hosokawa and the small-town doctor in Henrik Ibsen’s play An Enemy of the People, who was attacked for pointing out polluted water in the town spa, an enterprise critical to the tourist industry (George 2001).
City, prefectural, and national officials as well as many local residents who depended economically on the factory defended Chisso. One of those defenders was Hikoshichi Hashimoto, the mayor of Minamata, who had himself developed the mercury-based acetaldehyde production technique when he previously worked at the factory. The Japanese government did not officially acknowledge that pollution from the factory had caused Minamata disease until September 1968, a few months after Chisso had stopped using mercury in acetaldehyde production. The company continued to use mercury in VCM production until 1971. In 1969, 112 people representing 29 families filed a lawsuit against Chisso in Kumamoto District Court. Four years later, the court found Chisso responsible and established that all certified patients had a right to compensation. But many people who fell ill struggled to get certified. The legal process continued until 1988, when the Japanese Supreme Court found a former Chisso president and factory manager guilty of negligent homicide and gave them suspended two-year prison sentences. After an extensive remediation that involved removing contaminated sediments, the governor of the Kumamoto prefecture declared the fish in Minamata Bay safe for consumption in 1997, more than 40 years after the formal identification of the first Minamata disease patient.
The story of methylmercury poisoning in Minamata, where hundreds of people died, illustrates risks from the millennia-long relationship between mercury and human health. That relationship has manifested in two main ways. First, people have used mercury in medicine, with mixed results, in an attempt to improve well-being and longevity. Second, occupational and dietary exposure to mercury has caused severe health damages. In the title of this chapter, we echo the (often ill-advised) use of mercury in many medical therapies by referring to the irony in the mistaken use of the caduceus of Hermes (the Greek equivalent to Mercury) in place of the similar-looking rod of Asclepius as a symbol of the medical profession. Asclepius is the god of medicine, while Hermes/Mercury is the god of commerce and thieves. Asclepius’s rod features a serpent entwined around it; the caduceus features two serpents around a winged staff. Hermes’s caduceus was adopted in 1902 as the insignia for US Army medical personnel, for example. The mix-up between the two symbols goes beyond visual similarity, however, to suggest the complicated symbolism of the serpent throughout history, as a creature possessed of destructive and healing powers alike (Prakash and Johnny 2015).
Mercury harmed people in both preindustrial and industrial societies, and continues to adversely affect people throughout the world today. Mercury’s health impacts vary with both the forms and the amounts of mercury people are exposed to. The challenges of mobilizing actions to address mercury’s risks and impacts have changed with time. People adversely affected by mercury pollution have clashed with powerful economic and political interests when looking for support and compensation. In the case of Minamata, it took decades before the Chisso Corporation and relevant authorities took meaningful action to stop discharges of methylmercury into Minamata Bay. Negative health problems from mercury continue to affect populations living far away from any emission source—especially pregnant women and small children—who are nevertheless at risk from long-range transport of emissions and exposure because of the food they eat. Discussions about the burdens of human exposure and the strategies and costs of mitigation, from local to global scales, continue today in the context of the implementation of the Minamata Convention, which also recognizes future generations as a particularly vulnerable group of people.
In this chapter, we examine how human health is affected by mercury and mercury compounds, and we consider measures taken to reduce negative health impacts from mercury. First, in the section on system components, we outline how human, technical, and environmental components influence how people use and are exposed to mercury, and how institutions and knowledge are linked to mercury as a human health issue. In the section on interactions, we detail pathways by which the societal use of mercury and its presence in the environment harms human health through occupational, medical, and dietary exposure. Our discussion of interventions focuses on efforts to address mercury-related health problems, including those that have been taken to address high-dose occupational exposure in particular types of workplaces, to phase out mercury use in medicine, and to mitigate harms from low-dose dietary exposure from seafood. In the final section on insights, we look at how mercury’s inherent properties and system interactions influence mercury-related human health problems, how changing perceptions of the way mercury affects people’s health have led to largely incremental efforts to mitigate these impacts, and the need for multi-scale governance strategies to effectively address mercury’s human health dangers.
System Components
Mercury exposure has posed a threat to human health for millennia. It remains a current problem, and it will continue to be problematic for many generations to come. The forms of elemental mercury and mercury compounds that we discussed in chapter 3 have different levels of toxicity, with important implications for human exposure and health. People are exposed to varying levels of different forms of mercury. Exposure to both inorganic and organic mercury can be short-term or long-term and thus manifest as acute or chronic poisoning. The phrase “the dose makes the poison” applies to all forms of human exposure to mercury. That famous phrase itself is attributed to the Swiss physician Paracelsus (1493–1541), and has its roots in his laboratory work with mercury (Grandjean 2016). Figure 4.1 shows the main human, technical, environmental, institutional, and knowledge components for the mercury and health system.
Components in the mercury and health system (referenced in the text in italic type).
People have come in direct contact with mercury in production processes as workers in mercury-related sectors. Most of this exposure, going back thousands of years, was to inorganic mercury and its compounds, including elemental mercury. Knowledge of how different forms of mercury have affected human health has developed over time; health effects resulting from exposure have long been observed in miners and other workers. For example, hat-makers who started to use a mercury-based felting technique in the seventeenth century suffered from repeated and dangerous exposure to mercury. It is often thought that the character known as the Mad Hatter in the nineteenth century books of Lewis Carroll behaved strangely because of mercury poisoning. Others believe instead that Carroll modeled the character on an eccentric furniture dealer and amateur inventor named Theophilus Carter, but the saying “mad as a hatter” nevertheless remains a common colloquial expression in English (Waldron 1983). Additional workers who faced particular risks from mercury use included gilders, potters, tinsmiths, painters, glass workers, mirror makers, and scientists (Goldwater 1972). Industrialization increased the number of workplaces in which workers were exposed to mercury, where employers in mercury-related sectors largely determined workplace conditions and thus potential mercury exposure.
Medical professionals have prescribed and applied mercury-containing medicines and medical treatments to medical patients over a long history. Shen Nong, the mythological father of Chinese medicine who was credited with writing the 40-volume Great Herbal in the twenty-eighth century BCE, included mercury among the many drugs he listed (Hayes and Kruger 2014). Early writings indicate that mercury was also used for medical purposes in ancient India, Greece, and Rome, and later in the Arab world and in medieval Europe (Goldwater 1972). The Greek physician Hippocrates (460–370 BCE), known for the Hippocratic oath that still guides the actions of doctors, was likely to have prescribed mercury compounds as ointments. The use of mercury-containing salves for treating skin lesions continued into the second half of the twentieth century (Goldwater 1972). Calomel (mercurous chloride) and other mercury compounds were used to treat a wide range of illnesses, including syphilis beginning in the fifteenth century. Calomel was also used in laxatives. Using cinnabar to tattoo the surrounding area was a treatment against pruritus ani (intense anal itching) by medical doctors well into the twentieth century (Granet 1940).
Mercury and mercury compounds were also used in other medical areas. Mercuric chloride was applied as an antiseptic to disinfect wounds, including during World War I and World War II (Hylander and Meili 2005). Phenylmercury compounds were used as disinfectants based on their ability to prevent bacterial growth. They were also used as vaginal spermicides beginning in the 1930s (Baker et al. 1939; Löwy 2011). Dental use of mercury likely began in China in the first century CE, and physicians in China and Europe wrote about its use in amalgam in the sixteenth century (Bharti et al. 2010). Mercury-based dental amalgams are still used to restore teeth affected by dental caries. Ethylmercury thiosalicylate (thimerosal, or thiomersal outside the United States) was introduced into vaccines in the 1930s as a preservative to prevent growth of bacterial and fungal contaminants (Baker 2008). Thimerosal is still used when vaccines against diseases including diphtheria, hepatitis B, and influenza are distributed in multiple-use vials where repeated syringe insertions can cause contamination (Clarkson and Magos 2006; World Health Organization 2011b). Thimerosal and other mercury compounds have also been used as preservatives in very small amounts in pharmaceuticals such as ear and eye drops, contact lens solution, nasal spray, and hemorrhoid relief ointment (US Environmental Protection Agency 2020).
People around the world are exposed to methylmercury as consumers of food, predominantly seafood, whether harvested from ecosystems near mercury sources or ecosystems far from mercury sources. The mercury in fish, shellfish, and marine mammals sometimes comes from local sources, as was the case in Minamata, but it can also come from long-range transport. The fish that people consume in modern societies originate from many different locations, as producers of commercial market food may sell their fish and shellfish worldwide. People are also exposed to mercury by eating seafood caught by non-commercial harvesters. For example, consumers of community-harvested marine mammals and whales in places such as the Faroe Islands and the Arctic are exposed to particularly high doses of methylmercury, as are subsistence fishers who catch their food in waters near point sources and contaminated sites. Methylmercury has also been measured in rice, where rice plants that are cultivated in submerged or flooded paddies have the ability to take up methylmercury (Meng et al. 2014; Kwon et al. 2018). This can be the dominant source of dietary mercury for some consumers of large quantities of rice where mercury concentrations are elevated.
Understanding the human health impacts of mercury depends on knowledge of the properties of mercury, different human exposure routes of mercury, and mercury concentrations in people. In living people, measuring mercury levels requires taking samples of bodily fluids or tissues. Urine is often used to identify elemental mercury exposure, whereas hair concentrations are a preferred indicator of methylmercury exposure (Clarkson et al. 2007). Both elemental and methylmercury have a half-life in the human body of a few months (Clarkson et al. 2003). Elemental mercury is most dangerous when it is inhaled in its gaseous form: it largely passes through the body when ingested in its liquid form (Ha et al. 2017). In contrast, methylmercury is almost completely absorbed into the bloodstream via the gastrointestinal tract (Mergler et al. 2007). Methylmercury travels throughout the body, including to the brain and to a developing fetus (Clarkson et al. 2007). Mercury is present in all people, but those who live near artisanal and small-scale gold mining (ASGM) activities and indigenous peoples in the Arctic have relatively high methylmercury concentrations, and elevated levels have been measured in seafood consumers in the Asia/Pacific region and the Mediterranean (Sheehan et al. 2014).
Knowledge of the health impacts from mercury exposure has developed through time. The term “erethism” was used until the early nineteenth century to describe the impacts of inorganic mercury exposure (Clarkson and Magos 2006). Its principal features were excessive timidity, increasing shyness, a desire to be unobtrusive, and anxiety. H. A. Waldron (1983, 1961) notes that victims of mercury poisoning “had a pathological fear of ridicule and often reacted with an explosive loss of temper when criticized.” High exposure, for example at levels experienced by miners, led to fatalities. Symptoms of organic mercury poisoning are different. Starting with numbness of the hands and feet, subsequent symptoms include lack of muscle coordination, loss of vision and hearing, and other signs of rapidly increasing damage to the central nervous system (Clarkson and Magos 2006). High dose exposure to methylmercury can be lethal. Methylmercury at low doses can cause neurological effects on small children and developing fetuses. Other kinds of health effects, for adults exposed to low doses, include cardiovascular problems, impacts on endocrine function, risks of diabetes, and immunological impacts (Eagles-Smith et al. 2018). Knowledge of health protection techniques, including occupational safety measures such as increased ventilation and wearing gloves and masks, can help limit exposure to some forms of mercury.
Institutions such as national and local laws and regulations include provisions that address mercury use in workplaces and in medicine, and also set labor and food safety standards related to mercury exposure. Governments and non-governmental organizations have issued dietary recommendations in the form of advice on the consumption of specific species of fish and types of seafood. Recommendations like these are designed to reduce human exposure and mitigate mercury risks, especially among more vulnerable populations such as pregnant women, small children, and people who regularly consume food containing relatively high levels of methylmercury. Dietary exposure to methylmercury can be influenced by long-standing cultural norms, especially for people in indigenous and other communities who hunt and consume seafood and marine mammals as part of their traditions and traditional diets. The Minamata Convention acknowledges the important link between mercury and human health, and contains several health-related provisions that are intended to guide its implementation in countries.
Interactions
Mercury use and exposure affects human health in several different ways. Figure 4.2 shows interactions in the mercury and health system. We have selected three interactions in that matrix (the items in bold type in boxes 2-1 and 3-1) through which mercury affects people’s health; we then trace the pathways that influence these interactions, which we summarize in figure 4.3 (where the bold boxes correspond to the selected interactions). First, mercury in mining and production processes affects the health of workers (box 2-1), and this is determined by their employment in mercury-related sectors and use of mercury (boxes 1-1 and 1-2). Second, mercury-containing medical treatments affect patients (box 2-1), and this is influenced by the actions of medical professionals (box 1-2). Third, methylmercury-contaminated food affects consumers (box 3-1), as mercury is transported and transformed through ecosystems where human health impacts also depend on biological and socio-economic factors (boxes 2-3, 3-3, 1-3, 1-1, 3-1).
Interaction matrix for the mercury and health system.
Pathways of interactions for the mercury and health system. Bold box indicates focal interaction for each subsection.
Occupational Exposure and Health Impacts
Mercury in mining and production processes has affected the health of workers for millennia (box 2-1). As we mentioned in chapter 3, cinnabar may have been mined in Turkey at least as early as 6300 BCE, making miners some of the earliest workers employed in mercury-related sectors (box 1-1). Mercury mining in the Wanshan district in southwestern China goes back two millennia. The mine in Almadén, similarly, is believed to have been in operation for 2,000 years—the first known recorded reference to mining in the area dates back to the fifth century BCE (Coulson 2012)—and may have produced one-third of all mined mercury in the world. Mercury mining in Idrija began in the late fifteenth century. The various operators of the Almadén and Idrija mines used slaves, convicts, and salaried workers at different times to mine for cinnabar under extremely harsh conditions. One reason for the hazardous working conditions was that the mercury in the mines was not only embedded in cinnabar but also present in the ores as droplets of liquid elemental mercury large enough to be visible to the naked eye. This liquid form of elemental mercury was quick to volatilize into its much more dangerous gaseous form under the very warm conditions in mine shafts, with mercury vapor quickly reaching dangerous levels in the narrow and crowded shafts deep underground (Hamilton 1943).
Much human suffering also took place in the mercury mine in Huancavelica, Peru. Colonial Spanish rulers appropriated this mine in 1563 from the Inca, who had used it as a source of vermilion (Robins 2011). The Spanish introduced a mandatory system called the mita to conscript Indian labor into the mercury mine. This devastated indigenous populations through a combination of high mortality rates in mining and the flight of laborers to avoid conscription (Robins 2011). Potential miners considered a two-month stint at Huancavelica a death sentence: mercury exposure combined with accidents, the inhalation of silica dust, and carbon monoxide poisoning gave Huancavelica a reputation as the mina de la muerte (the mine of death) (Brown 2001, 468). Mercury mining expanded in the United States starting in the 1800s, including in the mines in New Almaden and New Idrija in California, feeding a growing demand from the gold rush. Mercury from large mercury mines further exposed many additional workers in the mining sector when it was subsequently used in silver and gold mining (box 1-2). We further discuss mercury use in contemporary ASGM in chapter 7.
Adverse human health impacts of mercury exposure were also seen in workers in other sectors, going back at least five hundred years, as workers used mercury in production processes (box 1-2). The doctor Ulrich Ellenbog expressed one of the earliest known concerns in a 1473 pamphlet, writing about the risk to goldsmiths of inhaling mercury vapor in his city of Augsburg, Germany (Goldwater 1972). In the German city of Fürth in 1885, 72 percent of the 7,500-plus sick days taken by mirror makers were reportedly the result of mercury poisoning (Teleky and Kober 1916). Effects of mercury poisoning were also frequently observed in hat makers who used a mercury-based fur-felting technique that was developed in France in the 1700s. This revolutionary technique for making fur hats subsequently spread to other European countries and continents. In the United States, Danbury, Connecticut, became known as “the Hat City of the World” in the mid-1800s (Wajda 2019). The tremors that workers in the many hat factories there experienced from mercury exposure gave rise to the expression “the Danbury Shakes” (Hightower 2009).
Worker exposure to mercury in several manufacturing industries continued, and in some cases increased, during the twentieth century. These industries included hat making as well as the production of mercury lamps and several kinds of manufacturing processes, which we discuss further in chapter 6. Incidents occurred in other workplaces as well. Several people at a seed packing facility in Norwich, England, in the 1930s were poisoned by methylmercury that was used as a disinfectant and preservative to protect seeds against mold (Hunter et al. 1940). Furthermore, members of the Lancashire Constabulary in England who specialized in taking and developing fingerprints using a mixture of mercury and chalk powder were found in 1949 to suffer from the effects of mercury exposure. Their symptoms included tremors in their hands, lips, tongue, and eyelids as well as loose teeth and “irritability and embarrassment which caused the men to blush easily” (Anonymous 1949, 231).
Health problems from industrial mercury use continue in more recent times. In one high-profile case, workers were exposed to mercury in a thermometer factory that was built in 1983 in Kodaikanal in the Indian state of Tamil Nadu. This factory was built with equipment from a decommissioned US plant, and was initially operated by the US company Chesebrough-Pond’s. Former workers from the factory show symptoms of mercury vapor poisoning, and this exposure has been linked to premature deaths (Dev 2015). The Tamil Nadu Pollution Board forced manufacturing to shut down in 2001 after public protests. Advocates fought for compensation for exposed workers from the Indian subsidiary of the British-Dutch conglomerate Unilever, which had acquired the factory from Chesebrough-Pond’s in the 1990s. An out-of-court settlement was eventually reached in 2016, providing an undisclosed amount of compensation to 591 former workers (Agnihotri 2016).
Alchemists and scientists are another category of workers extensively exposed to mercury. Paracelsus, Jan Baptist van Helmont (1580–1644), Blaise Pascal (1623–1662), and Michael Faraday (1791–1867) are all thought to have suffered from chronic mercury poisoning without realizing what caused their condition (Giese 1940; Goldwater 1972). The difficulty in identifying mercury as the source of illness is influenced by the fact that mercury vapor is colorless and odorless, and symptoms can be caused by many different factors. Another person whose health has been alleged to have been affected by mercury is Isaac Newton (1643–1727), an avid alchemist who used mercury extensively in his experiments. Some scientists have speculated that the psychological illnesses Newton suffered in 1693 were a result of mercury poisoning (Broad 1981). Analysis of Newton’s hair centuries after his death revealed levels of mercury high enough to suggest that Newton suffered from chronic mercury poisoning (Johnson and Wolbarsht 1979). Other scientists, however, have questioned not only these measurements but also whether Newton’s symptoms were consistent with mercury poisoning or stemmed from other causes (Ditchburn 1980).
The documentation of health effects in scientists from mercury use and exposure in laboratories increased in the twentieth century. In 1926, the German chemist Alfred Stock wrote a vivid firsthand account of “insidious mercury vapor poisoning” that he and his colleagues suffered from for decades without knowing what caused their illness. Symptoms included memory loss; headaches; nervous restlessness; strong vertigo and visual disturbances; nose, throat, and sinus infections; loosening of teeth; sudden bladder pressure; and isolated bouts of diarrhea (Stock 1926). Scientists nevertheless continued to work with mercury. Clark Goodman at the Massachusetts Institute of Technology noted in 1938: “Mercury is such a common laboratory companion that little consideration is usually given to the possibility of the toxic effects which may result from handling it or from breathing the vapor which is inevitably emanating from the liquid metal” (Goodman 1938, 233). Gradually, scientists became more aware of the health risks. Arthur Giese at Princeton University warned in Science in 1940 about the dangers of mercury vapor in air in closed laboratories (Giese 1940).
Much of the human health concern expressed about the laboratory use of and exposure to mercury involved its metallic and inorganic forms, but scientists were also among the first workers who were exposed to organic mercury. When methylmercury compounds were first synthesized in London in the 1860s, two laboratory technicians died from poisoning (Clarkson 2002). In a more contemporary case with a lethal outcome, Karen Wetterhahn, an organometallic chemist and professor at Dartmouth College, died in 1987 from exposure to one or two small drops (less than half a milliliter) of dimethylmercury (Science News Staff 1997). This highly dangerous form of organic mercury penetrated not only the latex gloves she wore in the laboratory but also her skin. Her illness became apparent five months after the accident as it affected her balance, speech, vision, and hearing. Her condition worsened; she fell into a coma and then passed away 10 months after the minuscule spill (Clarkson and Magos 2006).
Medical Use and Health Impacts
Over long periods of time, mercury-containing medical treatments have affected patients (box 2-1). The intentional use of mercury in medicine began more than 2,000 years ago, and persisted through time. Exposure occurs when medical professionals prescribe, and patients use, mercury-containing medical treatments for various ailments (box 1-2). Chinese emperor Qin Shihuang, looking to discover an elixir of immortality, ingested a large quantity of cinnabar (Dubs 1947). This may have contributed to his death at age 49 in 210 BCE (Wright 2001). US president John Adams complained about mercury treatment for smallpox causing his teeth to loosen (US National Archives 2019); some historians have hypothesized that his contemporary, George Washington, may also have lost his teeth in part because of calomel use for smallpox or other ailments (George Washington Foundation 2017). Members of the Lewis and Clark expedition that started in 1804 from St. Louis carried 50 dozen laxative pills containing calomel made by Benjamin Rush, a renowned colonial physician and a signer of the US Declaration of Independence. The effectiveness of these pills earned them the nicknames “Thunderbolts” and “Thunderclappers” (Woodger and Toropov 2004). Two hundred years later, their use helped researchers trace part of the route of the expedition, by identifying latrine pits with elevated mercury levels (Fessenden 2015).
Mercury-containing medicines were extensively used in the past against syphilis. Calomel was administered to syphilis patients beginning in the fifteenth century by rubbing it on the skin, as well as by fumigation or in oral form (Goldwater 1972). Patients were often treated while sitting in a tub, and the children’s rhyme “rub-a-dub-dub, three men in a tub” is thought to be a reference to syphilis treatment (Magner and Kim 2017). Another remedy included wearing underpants coated on the inside with mercurial ointment (Parascandola 2009). High-dose applications of mercury for syphilis treatment led to mercury poisoning, but doctors and patients often mistook the symptoms for those of syphilis itself. It was also thought that these highly toxic and agonizingly painful treatment methods for syphilis were “peculiarly appropriate for a disease that was commonly regarded as the wages of sin” (Snowden 2006, 144). Drugs for syphilis were also prescribed for other ailments. Novasurol, for example, containing almost 34 percent mercury, and first introduced by Bayer in the early 1900s to treat syphilis, became widely used as a diuretic starting in the 1920s (Anonymous 1926). It was seen as an effective part of treatment for liver cirrhosis and kidney failure despite reports of fatalities from the 1930s onward. Novasurol may not have caused all of these deaths, however, because the drug was largely given to people with already severe and life-threatening conditions (Goldwater 1972).
Mercury compounds had several other medical uses in the twentieth century. Mercury solutions and ointments were used, for example, by US soldiers beginning in World War I to protect against the spread of venereal diseases such as syphilis and gonorrhea. Soldiers were required to report to army prophylactic stations no later than three hours after sexual contact (Tone 2002). As part of the standardized treatment process, their genitals were washed with a solution of bichloride and mercury, liberally smeared with a calomel ointment, and wrapped in wax paper (Farwell 1999; Shaffer 1920). One treatment for those afflicted with gonorrhea involved injecting a solution containing mercury compounds into the urethra (Young et al. 1919). Starting in the 1930s, phenylmercury compounds were active ingredients in contraceptive suppositories, gels, and foams used by women. The product Volpar, for example, became commercially successful, and contraceptive uses of mercury compounds continued for decades (Löwy 2011). In addition, mercurochrome, the trade name for the phenylmercury compound merbromin, a red-colored disinfectant, was widely applied to prevent infection from minor cuts and scrapes.
In one particularly ill-fated study with human subjects, mercury was administered in an attempt to combat malaria (Snowden 2006). Two Italian researchers—Giacomo Peroni and Onofrio Cirillo—gained Mussolini’s personal approval in 1925 to carry out an experiment on workers in Apulia and Tuscany, two areas where malaria was endemic. The effort to eradicate malaria was a central part of the Fascist revolution, and the two researchers were convinced that mercury was a better remedy against malaria than quinine. Against established medical expertise, in a four-year project ending in 1929, a first group of workers received no treatment even though many of them suffered from life-threatening malaria. A second group of workers received mercury through intramuscular injection. In total, 395 people with malaria were administered mercury as an alleged treatment. Peroni and Cirillo claimed that their study was a great success, and wanted to treat the entire Italian army with mercury injections. However, an outside medical expert hired by the Italian authorities forcefully rejected all their findings, and their suggestion of mass vaccination with mercury was never carried out.
The use of mercury in medicine is linked to many additional unintended health problems. This includes the disease acrodynia in children, which was caused by chronic exposure to calomel and other mercury compounds in teething powders, in treatments against intestinal worms, and as diaper disinfectants. Also known as pink disease, acrodynia manifested itself through pink discoloration of hands and feet as well as painfully inflamed nerves and sensitivity to light—“a typical picture is that of a child with head buried in a pillow and continually crying” (Clarkson 2002, 16). Cases of acrodynia were recorded in Europe beginning in the late 1800s, and later also in Australia and North America, with documented fatalities up until at least the 1950s (Dally 1997). It remains unclear exactly why, but only some of the mercury-exposed children developed acrodynia. Symptoms could last for weeks and months, and the disease had an estimated mortality rate of 10 percent in the early twentieth century. It took roughly half a century for researchers to make the connection to calomel, and evidence suggests that at least some adult survivors suffered from chronic chest disease and infertility (Dally 1997; Black 1999).
Acute health effects have also been observed when people have taken mercury-containing medicines without medical prescriptions and recommendations (Goldwater 1972). This included people swallowing mercuric chloride tablets, having mistaken them for other (less harmful) pills. In other cases, people intentionally swallowed mercury-containing tablets for suicidal purposes. One study noted that in 1934, mercury was the fifth most common substance detected in poisoning cases at the Montreal General Hospital, behind lead, morphine, carbon monoxide, and alcohol (Rabinowitch 1934). In addition, pregnant women have taken cinnabar and other mercury compounds in attempts to induce abortions (Goldwater 1972; Severyanov and Anisimova 2013). People have even committed murders using highly toxic mercury salts such as mercuric chloride (Blum 2011). In Germany in 2019, a worker was sentenced to life in prison for using methylmercury and other toxic substances to poison his coworkers’ lunch sandwiches. One of his victims was in a coma with serious brain damage for four years before passing away; others suffered lasting kidney damage (Schuetze 2019; Stegemann 2019; Anonymous 2020).
Some mercury-containing medicines and medical treatments, together with the use of mercury-containing medical devices such as thermometers and sphygmomanometers, have had positive impacts on human health (see chapter 6). Mercury use in dental amalgam provided an effective treatment for dental cavities, greatly improving the ability of dentists to repair damaged teeth with many benefits for oral health. The antimicrobial properties of thimerosal and other mercury compounds have made them effective preservatives for different kinds of medical products, including vaccines as well as eye and ear drops. Historically, expanded vaccination has had tremendous health benefits in preventing the spread of serious and sometimes lethal diseases worldwide, and the presence of very small amounts of mercury facilitates the transport to, and use of, vaccines in remote areas. The application of eye and ear drops addressed a wide range of conditions for a large number of patients. All of these largely beneficial uses of mercury continued into the twenty-first century.
Dietary Exposure to Methylmercury
Seafood and rice consumption can lead to methylmercury-related health damages to consumers (box 3-1). As was the case in Minamata, industrial uses of mercury can contaminate ecosystems near sources (box 2-3). People who do not live near a major point source can still be exposed to dangerous levels by consuming seafood containing high levels of methylmercury because ecosystem processes transport mercury and lead to methylmercury production (box 3-3). As a result of such long-range transport, aquatic ecosystems far from point sources can contain much methylmercury. Non-commercial harvesters as well as commercial food market producers harvest mercury-containing food from ecosystems (box 1-3). Whale consumers in places such as the Faroe Islands and indigenous peoples in the Arctic can be particularly highly exposed, because they eat marine mammals that are high on the food chain, and methylmercury biomagnifies and bioaccumulates. People in all regions of the world who purchase and consume seafood from commercial markets are exposed to methylmercury, but in some places like China, exposure from contaminated rice can also be important (Rothenberg et al. 2014).
A recent study from the United States showed that roughly 45 percent of methylmercury exposure to the US population comes from consuming fish from the open ocean, 37 percent from domestic coastal systems, and 18 percent from aquaculture and freshwater fisheries (Sunderland et al. 2018). More than 95 percent of mercury in predatory fish is methylmercury, while the fraction that is methylmercury in shellfish can be lower (Bloom 1992; Sunderland et al. 2018). Methylmercury concentrations are particularly elevated in marine mammals and large fish, such as tuna and swordfish, near the top of food webs. Data from adult American women suggested in the early 2000s that more than 300,000 babies were born annually to women whose mercury levels exceeded the US guidelines intended to protect against adverse neurodevelopmental effects (Mahaffey et al. 2003). More recent studies suggest this number may have declined: although data from 1999 to 2000 showed that 7 percent of women had mercury concentrations above guideline levels, only 2 to 3 percent of women had concentrations that high in subsequent studies up to 2010 (Birch et al. 2014).
Ingesting very high doses of methylmercury through eating contaminated fish leads to symptoms like those seen in the victims of Minamata disease. A Swedish expert group, assessing evidence from Minamata and a similar poisoning case in Niigata, Japan, concluded that clinical symptoms of methylmercury poisoning occurred at blood levels above 200 micrograms mercury per liter, and with concentrations in hair as low as 50 parts per million (Swedish Expert Group 1971). These clinical symptoms include severe neurological symptoms such as numbness and paralysis and permanent damage to the nervous system (Clarkson and Magos 2006). In some other places that were not contaminated by a local point source, people who consumed large amounts of high-mercury fish were reported to have experienced deleterious effects (Korns 1972; Silbernagel et al. 2011). In a well-publicized but unverified case, the actor Jeremy Piven in 2008 stepped down from his role in the Broadway show Speed-the-Plow due to fatigue and exhaustion, which he claimed stemmed from high levels of mercury from eating large quantities of sushi and other forms of fish (Itzkoff 2008).
Exposure to methylmercury at lower doses also has health impacts, especially for fetuses and newborn children whose mothers were exposed to methylmercury during pregnancy. Much scientific evidence on the dangers of low-dose exposure comes from epidemiological studies in the Faroe Islands, where people have harvested and consumed large amounts of pilot whale meat and blubber since at least the sixteenth century (Fielding et al. 2015). In the present day, whale meat and blubber contain high levels of methylmercury. Studies that tracked children in the late 1990s linked prenatal exposure to methylmercury to cognitive deficits years later (Grandjean et al. 1997). Two other similar large-scale studies were also conducted around the same time. One of these (in New Zealand) found evidence of neurological impacts from methylmercury exposure while the other (in the Seychelles) did not (US National Research Council 2000). An integrated analysis of data from all three studies found a relationship between increased mercury exposure and decreased IQ (Axelrad et al. 2007). More recent epidemiological data show that methylmercury exposure may lead to neurological impacts at even lower doses than previously thought (Grandjean 2016). No threshold has been identified below which methylmercury exposure is safe (Sunderland et al. 2016).
Developing research since the 2000s shows that low-dose exposure to methylmercury can also harm adult non-pregnant fish consumers. Knowledge of low-dose methylmercury effects in adults is less certain than the effects that have been scientifically documented in newborns and small children in the epidemiological studies in the Faroe Islands and elsewhere. Nevertheless, there is scientific evidence that methylmercury is also damaging to adults (Sunderland et al. 2016). Evidence for methylmercury’s cardiovascular impacts continues to grow (Roman et al. 2011; Genchi et al. 2017). Studies have also demonstrated that methylmercury can cause damage to the immune system and the reproductive and endocrine systems, and increase risks for diabetes (Eagles-Smith et al. 2018). In addition, methylmercury has been identified as a possible carcinogen (US National Research Council 2000).
Health impacts from the dietary intake of methylmercury are shaped by biological and socio-economic factors (box 1-1). Scientific knowledge about such relationships is relatively recent, and still emerging (Eagles-Smith et al. 2018). Studies reveal that certain genetic characteristics—variations in a single element of a deoxyribonucleic acid (DNA) sequence—can either enhance or decrease the impact of toxic substances (Basu et al. 2014). This has been shown to be important for mercury, where certain genetic variations are associated with higher and lower mercury levels in exposed populations, and thus with differing adverse health outcomes. Because the timescale of human health impacts from methylmercury can stretch across generations, a growing area of research involves epigenetics, which refers to genetic changes that can be inherited without underlying alterations in DNA (Baccarelli and Bollati 2009). Epigenetic changes as a result of environmental contaminants can have long-lasting, multigenerational impacts (Feil and Fraga 2012). Evidence of epigenetic effects is emerging in the case of mercury (Basu et al. 2014).
A number of studies in different parts of the world have estimated the population-wide impacts of low-dose exposure to mercury in different countries on IQ deficits as well as cardiovascular damages. Some researchers have extended this work to calculate monetary costs as a result of these exposures, or the monetary benefits of action to reduce exposure. One study estimated the burden of mercury pollution for population-wide IQ damages in Europe to be between 8 and 9 billion euro (Bellanger et al. 2013). In the United States, median cumulative benefits estimated in monetary terms to the year 2050 as a result of policies implemented under the Minamata Convention could reach over USD 300 billion (Giang and Selin 2016). For China, the benefits of reducing mercury exposure via emission reduction policies by 2030 were calculated to exceed USD 400 billion (Zhang et al. 2017). These estimates use different methods of analysis, and are not strictly comparable, but taken together they suggest that although the economic burden of mercury exposure in multiple regions of the world is large, it can be reduced. These benefits can far exceed the costs of reducing mercury emissions (Sunderland et al. 2018).
Seafood and rice also provide many health benefits to consumers, as these foods can be critical sources of important nutrients (box 3-1). These nutrients, including n-3 polyunsaturated fatty acids (n-3 PUFAs), have been shown to have positive benefits for brain and visual system development in infants and reduce risks of certain forms of heart disease in adults (Mahaffey et al. 2011). If people stop eating fish or other forms of seafood, the reduction in the consumption of fatty acids, antioxidants, vitamins, and protein must be made up for with other food choices (Fielding 2010). In many indigenous communities, such as in the Arctic and around the Great Lakes on the US-Canadian border, fishing and eating fish and other kinds of seafood are not only important from a dietary perspective, but also economically, socially, and culturally (AMAP 2011; Gagnon 2016). In addition, for many people in the Faroe Islands, the communal hunting of pilot whales (the grindadráp) and the consumption of whale meat and blubber is a proud tradition linked to their national identity (Fielding et al. 2015).
Interventions
In varying ways, interveners including industries, governments, and professional organizations have aimed to reduce mercury-related health damages and improve human well-being by targeting different routes of mercury exposure. Figure 4.4 identifies key interveners and their efforts to address the human health impacts of mercury. First, we discuss actions to address exposure to elevated levels of mercury in specific locations (boxes 1-2, 2-1, and 1-3). We next examine efforts to restrict mercury use in medicine (box 1-2). We then discuss interventions to mitigate the harms of exposure through dietary consumption, including to lower doses from long-range transport (box 3-1).
Intervention matrix for the mercury and health system.
Addressing Elevated Exposure to Mercury in Specific Places
Industries as well as national and local governments have taken measures to protect workers from mercury exposure (box 2-1). Mining is one major sector of mercury exposure where interventions to reduce health risks have been applied (see chapter 7 on ASGM for a related discussion). Some early human health–related interventions in the mercury mines in Almadén and Idrija focused on prolonging the ability of miners—many who were slaves and convicts, and thus forced into mining—to labor under brutal conditions. These interventions included actions to limit each miner’s exposure to mercury vapor in the underground mining shafts: daily working hours in the mercury mine in Idrija were reduced to six hours in 1665 due to health concerns (Goldwater 1972). Working hours were gradually limited in other mercury mines as well: one system in Almadén counted eight days of four-hour shifts in the mines as equivalent to a month’s work (Hamilton 1943). In addition, the royal miners’ hospital in Almadén opened in 1752, and the first doctor in Idrija was hired in 1754.
Spanish colonial authorities in the early 1600s debated how to address the dangers to indigenous workers in the mercury mine in Huancavelica, and in the silver mine in Potosí in Bolivia. Arguments made for and against action appealed to conscience, on the one hand drawing attention to the moral obligations of protecting indigenous lives (even as they worked as slaves), and on the other hand weighing the loss of those workers as a labor force relative to the benefits of mercury in the silver mining economy (Brown 2001). Spanish authorities closed underground shafts and returned to open pit mining in Huancavelica in 1604 (Robins 2011). The economic benefits of silver production, however, prompted authorities to reintroduce shaft mining just a few years later, trumping any human health concerns about the risks to the forced workers (Brown 2001). Rotations among jobs in the mine area were introduced to prevent workers’ continuous exposure to the most toxic areas underground (Brown 2001). The opening of new tunnels increased the productivity of the mine as well as the ventilation, but only modestly improved the very harsh (and often lethal) conditions for workers, who continued to inhale mercury vapors and other hazardous materials such as silica dust (Robins 2011).
With more workers exposed to mercury and other hazardous substances in manufacturing and industrial production came calls for better worker protections. In the United States, Alice Hamilton played a pioneering role in advocating for workers’ rights in the early twentieth century (Sicherman 1984). Her research was among the earliest in the United States to document many occupational risks, including from mercury (Hamilton 1943). Because of her groundbreaking work, Hamilton became in 1919 the first woman hired to the faculty at Harvard University, where she took up a position in industrial health. Hamilton expanded her work at Harvard to address the risks to workers in mercury mining and mercury-using industries (Hamilton 1943). She visited the mercury mines in New Almaden and New Idrija, and traveled to workplaces that produced mercury lamps and felt hats using a mercury-based technique. The US Post Office issued a 55-cent stamp featuring her image in 1995 in recognition of her contributions to society.
Some of the actions Alice Hamilton and other early advocates called for to protect workers in the manufacturing sectors from mercury exposure were taken by governments long after the occupational dangers of mercury use were first known by health professionals and factory owners. Public authorities, consistent with Minamata Convention provisions, today interact with workers in multiple sectors to develop guidelines for the handling of remaining mercury use, consistent with International Labour Organization (ILO) guidance on occupational exposure. Governments also increasingly require firms that use mercury to put procedures in place for the environmentally safe storage and disposal of excess mercury to prevent human exposure as well as environmental discharges. Scientific laboratories and dental practices in many countries are required, as part of worker safety standards and codes, to ensure good ventilation to protect against mercury vapor, to immediately clean up mercury spills, and to provide appropriate protective clothing such as face masks and rubber gloves.
In some cases, industries and national governments have taken action to restrict mercury use in mining and production processes (box 1-2), and we discuss many of these actions focused on the use of mercury in products and processes in chapter 6. For example, the use of mercury in the hat industry was eventually banned in the United States in 1941 (Goldwater 1972). Some actions included addressing the mining of mercury itself. The phaseout of primary mercury mining helped mitigate much damage to workers’ health. This process included the closings of the world’s two leading mercury mines in Idrija in 1995 and Almadén in 2002, but also mines in Huancavelica in 1974, in Monte Amiata in Italy in 1982, and in the United States and elsewhere during the late twentieth century. The last mercury mine in the US, the McDermitt Mine in Nevada, closed in 1992 (Tepper 2010). Yet many environmental and human health consequences of mercury mining persist. A sign in the municipal museum in Idrija, which is largely dedicated to the city’s mining history, notes: “River Idrijca is still flushing away mercury-laden slime, burdening the environment all the way to the Gulf of Trieste.” Some of this mercury may be converted into methylmercury and continue to cause harm to seafood consumers.
Closed mercury mines are increasingly seen as historical sites, although some mining continues. The two mines at Idrija and Almadén were jointly given World Heritage Site status in 2012 by the United Nations Educational, Scientific, and Cultural Organization (UNESCO), noting the worldwide importance of mercury extraction to gold and silver mining and to industry, finance, and technology. In 2019, local authorities in China applied for World Heritage Site status for the Wanshan mercury mine, which closed in the early 2000s. Formal mercury mining is ongoing in a few places, including in China and the Kyrgyz Republic, and illegal mining occurs in Indonesia and Mexico. This results in continuing exposure to miners. Because the Minamata Convention allows for existing mercury mining up to 15 years after a country becomes a party, China, as mentioned in chapter 3, plans to continue mercury mining until 2032.
Some national and local government interventions included bans on harvesting seafood from specific waters (box 1-3). The detection of high mercury levels in fish in the Great Lakes region caused both Canadian and American authorities to act in 1970 (Anonymous 1970). The Canadian government first placed an embargo on all fish from Lake St. Clair and the St. Clair River, banning commercial and sport fishing (unless it was for catch and release). Authorities in Michigan and Ohio shortly thereafter also stopped all fishing in Lake St. Clair as well as in the Detroit River and parts of Lake Erie. The need for North American governments to ban the harvesting of seafood because of mercury contamination is not just a thing of the past. In 2014, the Department of Marine Resources in the US state of Maine banned the harvesting of lobster and crab from a seven-square-mile area of the Penobscot River due to elevated mercury levels. The size of the ban area was further expanded in 2016 (Overton 2016).
Lack of scientific knowledge and economic and political interests at times affected responses to mercury pollution, as in the case of Minamata. Researchers at Kumamoto University put together in 1957 a list of 64 possible substances (including mercury) that might cause Minamata disease (George 2001). The researchers, unaware of prior work on organic mercury poisoning, did not pay much attention to mercury initially because they assumed that the factory would not waste such a valuable substance. The British neurologist Douglas McAlpine, however, who visited Kumamoto University in 1958, speculated that the patients’ symptoms were similar to those of methylmercury poisoning, also referred to as Hunter-Russell syndrome. These effects had been described in 1940, and the name Hunter-Russell syndrome came from the 1930s study of workers at the seed packing facility in Norwich, England, who were exposed to methylmercury (Hunter et al. 1940; Rice et al. 2014). Kumamoto researchers paid more attention to organic mercury after McAlpine’s suggestion because of a possible link between Minamata disease and Hunter-Russell syndrome (Takeuchi et al. 1959).
Laboratory experiments by researchers at Kumamoto University showed that methylmercury and ethylmercury produced Minamata disease–like symptoms in cats. One puzzling factor, however, was that the Chisso factory used inorganic (not organic) mercury as a catalyst in its chemicals production. Not until a few years later did the researchers figure out that the inorganic mercury was converted into methylmercury inside the factory during the manufacturing process and then subsequently discharged with the wastewater, something that people at the factory were aware of but hid from the researchers and the public. The finding that methylmercury was discharged from the factory was published in an English-language article in the Kumamoto Medical Journal in 1962, and was picked up by the Japanese media in early 1963 (Irukayama et al. 1962). A former factory manager testified during the trial against Chisso, which started in 1971, that he had already detected a causal connection between the wastewater and the damage to fish around 1954, but that no one took any steps to further investigate the exact cause (George 2001). Instead, Chisso attempted to discredit researchers and resisted regulatory controls.
Phasing Out Medical Uses of Mercury
Professional organizations and national governments have taken measures to restrict mercury use in medicine (box 1-2), yet heated arguments have taken place for centuries over continuing applications. Medical societies in Europe in the sixteenth and seventeenth centuries opposed mercury-based syphilis treatments (Crosland 2004). These treatments were largely carried out by alchemists, barber-surgeons, and “an array of charlatans” rather than by formally trained doctors (Goldwater 1972, 220). Therapeutic uses of mercurial drugs increased in the eighteenth and nineteenth centuries, and this “resulted in the production of a literature of prodigious proportions” (Goldwater 1972, 244). In an article from 1930, three scientists at Boston City Hospital and the Harvard Medical School noted that mercury and its salts ranked “among the most widely used drugs in medicine” and that their therapeutic value was “well established” (Young et al. 1930, 539). Almost all medical doctors and governments agree today that most mercury uses in medicine should be eliminated, but evidence exists that cinnabar is still included in some traditional medicine, in China for example (Liu et al. 2008).
On some occasions, doctors voluntarily phased out certain medical uses of mercury when they believed that there were better and (sometimes) safer alternatives for treating patients. Many doctors began to use arsenic or bismuth instead of mercury for treating syphilis beginning in the 1910s. Penicillin, a much superior treatment option for syphilis and other illnesses, became the common choice in the medical profession by the 1940s (Svidén and Jonsson 2001). Regulatory interventions by governments drove the phaseout of medical uses of mercury in some cases, especially in the second half of the twentieth century. For example, public authorities in the 1950s began to ban the use of mercury compounds in teething powders to address problems with acrodynia in children (Black 1999). In 1980, the US Food and Drug Administration (FDA) identified over-the-counter vaginal contraceptives containing phenylmercuric acetate or any other mercury compound as “not generally recognized as safe” to use (US Food and Drug Administration 1980). These were formally removed from the US market in 1998, together with mercurochrome and other mercury-containing topical antimicrobials and diaper disinfectants (US Food and Drug Administration 1998). Phenylmercury compounds have been phased out in eye drops and other antibacterial applications, but some uses continued into the 2010s (Kaur et al. 2009; Ezenobi and Chinaka 2018). Mercurochrome and other mercury-containing antimicrobials were also still in use in some countries outside North America and Europe in the 2010s (Bell et al. 2014). The Minamata Convention mandated the phase out of mercury in topical antiseptics by 2020.
The continuing use of mercury, both in dental amalgams and in vaccines, remains a high-profile issue. A growing number of dentists began to use mercury-containing amalgams in the early nineteenth century, but some who preferred the older gold-based method of filling cavities resisted the change. This led to the “Amalgam War” in the United States in the mid-1800s, as dentists who used mercury-based amalgams were expelled from the American Association of Dental Surgeons. At that time, if affected teeth were not removed, cavities were often filled with gold foil that was “pounded into cavities, a process which was time-consuming and painful” (Goldwater 1972, 279). Use of mercury-containing amalgams increased around the world in the late 1800s with the development of more reliable amalgams. A second round of amalgam-based disputes started in the 1920s when some chemists who were concerned about mercury vapor, including Alfred Stock, argued that mercury amalgam constituted a serious health threat to patients and dentists (Goldwater 1972). Nevertheless, mercury amalgam remained common because of its durability even as other mercury uses were phased out during the twentieth century. Dental amalgam accounted for one third of all mercury use in Sweden, for example, by the late 1990s (Hylander and Meili 2005).
Current scientific evidence does not support the argument that the typically very small amount of mercury vapor inhaled after being released from mercury amalgams is dangerous to patients’ health, except in a very small number of people developing contact allergies (Clarkson and Magos 2006). However, dentists can be highly exposed if they do not take appropriate measures to protect themselves, and mercury waste from dentistry can enter the environment if not properly disposed of. Dental interest groups continue to weigh in on both sides of the debate. Large organizations such as the World Dental Federation and the American Dental Association support the continued use of mercury in some instances. In contrast, smaller groups such as the World Alliance for Mercury Free Dentistry advocate for banning all mercury amalgams (Mackey et al. 2014). A substantial argument against bans is the cost of substitutes, which tend to be more expensive. The World Health Organization (WHO) argues that in low- and middle-income countries, the extra cost could put necessary dental treatment out of reach for people who need it (World Health Organization 2010). Based largely on the WHO’s position that mercury-based amalgam still plays an important role in many parts of the world, the Minamata Convention stipulates a phase-down of dental amalgam use, but without setting a deadline (H. Selin 2014). However, discussions continue, with some parties in favor of taking stronger action under the Minamata Convention on dental amalgam.
Governments in some countries and regions including Europe have taken steps to phase out mercury in dental amalgam to protect the environment as well as for precautionary reasons related to human health. In 2009, Sweden introduced a national ban on mercury in products, but kept an exception for the use of dental amalgam for special medical reasons. This exception was removed in 2018, but dentists can continue to apply for dispensation for dental amalgam on a case-by-case basis (Swedish Chemicals Inspectorate 2017). A European Union (EU) regulation prohibits the use of mercury-based amalgams for vulnerable populations (pregnant or breastfeeding women and children under the age of 15). The EU also mandates the use of pre-dosed encapsulated amalgam and amalgam separators in dental clinics to prevent mercury releases into sewage systems and water bodies. After other mercury uses were phased out, dental amalgam was the largest category of mercury use in the EU by 2018 (European Environment Agency 2018). The European Commission is required in 2020 to report to the European Parliament and the member states in the Council of the European Union on the feasibility of ending all dental amalgam use by 2030 (European Commission 2017b).
The contemporary discourse on mercury in vaccines is similar in focus to debates about the use of dental amalgam: how to appropriately balance clear and important health benefits of specific mercury uses in the medical sector with sensible precautionary actions to protect human health. Specifically, this issue concerns the use of very small amounts of thimerosal as a preservative in vaccines to remove the need for refrigeration. The addition of thimerosal, as noted above, makes it much easier to store, transport, and safely use life-saving vaccines, especially in remote and less populated areas. Ethylmercury, the type of mercury in thimerosal, is different from the other mercury forms, such as methylmercury, that are well known for their toxic effects. As a result, it distributes differently in human tissues and metabolizes at a different rate from methylmercury (Clarkson and Magos 2006). The low levels of ethylmercury that US infants were exposed to through vaccines exceeded health guideline levels set for the different form methylmercury (Baker 2008), but no comparable guideline for ethylmercury exists.
Mercury is intertwined in a growing public discourse about vaccine safety. Vocal parents and advocacy groups surrounding children with autism have influenced public controversies about mercury, which are connected to a discredited but publicly influential study in 1998 by the British gastroenterologist Andrew Wakefield. This study, which was retracted in 2010 after it was found to be falsified, linked autism with the measles-mumps-rubella vaccination. It did not specifically focus on mercury, as that vaccine never contained thimerosal. Yet, some US parents who connected the features of autism with those of mercury poisoning published a study alleging a link between thimerosal and autism in the controversial journal Medical Hypotheses (Bernard et al. 2001; Kirby 2006). This publication reflected an organized movement against the use of mercury in vaccines. One example of an advocacy organization focused on this issue is the US-based SafeMinds, created in 2000 to argue that toxic substances (including mercury) play a role in autism. American attorney and environmental activist Robert F. Kennedy Jr. has also repeatedly alleged that mercury in vaccines is poisoning American children, a controversial position sharply rebuked by other members of his famous family (Mnookin 2017; Epstein 2019).
Some medical associations and authorities acted on thimerosal starting in the 1990s. The American Academy of Pediatrics and the United States Centers for Disease Control and Prevention proposed in 1999 that despite no conclusive evidence of harm, thimerosal should be removed from vaccines (Baker 2008). This precautionary measure prompted manufacturers to eliminate thimerosal from routine childhood vaccines in the United States by 2001 (Halsey and Goldman 2001), but it also contributed to the continued public debate over the safety of vaccination more generally. Thimerosal is still used in the United States in some common vaccines, including sometimes against influenza. The European Agency for the Evaluation of Medicinal Products in 1999 recommended that although no evidence exists of harms from thimerosal in vaccines, thimerosal-free vaccines should be used for infants and toddlers based on the precautionary principle (EMEA 1999). In Australia, childhood vaccines have been thimerosal-free since 2000, with the exception of a minute amount in vaccinations against hepatitis B (Australia National Centre for Immunisation Research and Surveillance 2009).
The international debate about the use of thimerosal in vaccines continued in the 2010s. During the negotiations of the Minamata Convention, a group called the Coalition for Mercury-free Drugs argued that allowing continued use of thimerosal reflected a double standard where children in developing countries were not protected by the precautionary principle applied to children in developed countries (Sykes et al. 2014). Yet, eliminating all multi-use vials containing mercury could jeopardize critical public health interventions in developing countries, where vaccine distribution faces challenges because cold storage is not readily available in all areas (Tavernise 2012). In response to arguments about the need for its continued use in global health protection, the use of mercury in vaccines is specifically exempted from requirements on mercury in products under the Minamata Convention. This decision was in large part influenced by the continued support for the use of thimerosal in multi-dose vaccines by the WHO, GAVI (The Vaccine Alliance), and the United Nations Children’s Fund (UNICEF), three organizations that collectively argued strongly against a ban (GAVI 2012; Earth Negotiations Bulletin 2013a; Vaccine News Net 2013).
Addressing Exposure through Dietary Consumption
National and local government interventions that addressed dietary mercury exposure included bans on the sale of food containing mercury, including fish (box 3-1). Fish bans began in the 1960s, but food-focused interventions addressing mercury go back to at least 1938, when the US Department of Health, Education and Welfare set a “zero” tolerance for mercurial pesticide residues in food (Goldwater 1972). The Swedish Medical Board in 1967 halted the sale of fish from 40 lakes and rivers due to high levels of methylmercury, and warned that people should moderate their consumption of freshwater fish (Barnes 1967). The US FDA in 1969 set an action level for banning the sale of fish that contained more than 0.5 ppm mercury. In 1970, the FDA removed tuna and later swordfish from the market because of mercury contamination (Mazur 2004; Bell 2019). A lawsuit by swordfish distributors challenged the limit, arguing that mercury was naturally occurring in fish and should not be seen as a contaminant (US Court of Appeals 1980). Partly as a result of industry pressure, the FDA raised the limit to 1 ppm in 1979. The FDA stopped routine testing for mercury in 1998, though many fish on the US market exceeded 1 ppm (Braile 2000). The EU maximum safe limit for mercury is 0.5 ppm for most fish species, but concentrations of 1 ppm are allowed for select species, including swordfish, tuna, and shark (European Union 2006).
National and local governments have recently focused on publishing guidelines on dietary consumption (box 3-1). These guidelines are issued either as a complement to or as a replacement for setting allowable concentrations of mercury in commercial seafood. The WHO develops guidance on balancing the risks and benefits of fish consumption, together with the UN Food and Agriculture Organization (FAO) (FAO/WHO 2011). Domestic dietary guidelines also weigh the risks of methylmercury against the health benefits and cultural importance of seafood consumption. Many national authorities in Europe have issued varying dietary guidelines to minimize methylmercury exposure. In the United Kingdom, pregnant women and children under 16 are advised to avoid eating shark, marlin, and swordfish, and minimize consumption of tuna to four medium-sized cans or two steaks per week (European Environment Agency 2018). Swedish authorities recommend that pregnant or nursing women avoid eating high-mercury fish more than two or three times a year (Sweden National Food Agency 2019). In France, pregnant and breastfeeding women are cautioned to limit their consumption to one portion (defined as 150 grams) per week of fish likely to contain high levels of methylmercury, including tuna, sea bream, halibut, and monkfish (French Agency for Food 2016).
Authorities set dietary guidelines using a process that combines information on methylmercury concentrations in fish, fish consumption, and body weight. A person’s intake of methylmercury is calculated by multiplying the concentration of mercury in food by the total intake of mercury-containing food, and dividing that number by body weight. A concentration of 1 ppm is equal to 1 microgram of methylmercury per gram of food. If a person who weighs 50 kilograms (110 pounds) eats 100 grams (3.5 ounces) of fish with a concentration of 1 ppm, it would result in a dose of 2 micrograms of methylmercury per kilogram of body weight. This individual methylmercury dose can then be compared to a reference dose: an amount derived by calculating the lowest level at which effects are observed in epidemiological studies and then reducing that level for safety to account for variability among exposed individuals. The US National Research Council in 2000, using epidemiological data from the Faroe Islands study, set a reference dose at 0.1 microgram of methylmercury per kilogram body weight per day (US National Research Council 2000). This equals 0.7 micrograms per week. The meal described above would exceed this guideline. Some researchers argue that this reference dose should be halved based on more recent data on the dangers of methylmercury (Grandjean and Budtz-Jørgensen 2007; Grandjean 2016). The existing US level, however, is lower than some international guidelines. The Joint FAO/WHO Expert Committee on Food Additives in 2003 set its estimate of a provisional tolerable weekly intake of methylmercury to 1.6 micrograms per kilogram for childbearing women.
The US FDA and Environmental Protection Agency (EPA) in 2017 agreed on coordinated advice for pregnant women and children; the advice highlights which fish are “best choices,” “good choices,” or “choices to avoid” based on the differences in methylmercury levels between species. Some US states also formulate their own recommendations on the consumption of fish from local waters that contain elevated levels of methylmercury. The 2017 guidelines were the latest revisions of federal-level voluntary guidelines; previous versions met much opposition from the private sector. In the mid-2000s, the tuna industry lobbied the FDA to exclude canned tuna from dietary guidelines, and funded a $25 million campaign to make the case for the benefits of eating fish. The industry’s efforts included placing newspaper ads targeting the public, and funding scientific work at the Harvard Center for Risk Analysis that questioned the relative importance of mercury risks. In a related effort echoing others that have questioned risk-based government policies, the Center for Government Freedom, a nonprofit organization founded by the tobacco industry, created a website to argue that standards for mercury in food were unwarranted (Mencimer 2008).
Well-intended efforts to implement sound dietary advice can have unintended consequences. A study in the United States found that a 2001 federal advisory on mercury content in fish resulted in an overall decline in total fish consumption by pregnant women (Oken et al. 2003), but consuming fish during pregnancy can have important nutritional benefits. To minimize potential unintended consequences, today’s communication on the risks of methylmercury consumption for pregnant women and children emphasizes balancing the benefits and risks of fish consumption. People are encouraged to eat fish low in mercury to maximize positive benefits and minimize negative impacts. A point made by Pál Weihe, a local physician and researcher who worked on many of the Faroe Islands studies, sums up the importance of dietary choice: “For every portion of whale you could eat 100 portions of cod” (Fielding 2010, 436). More recent dietary advice also acknowledges the complexity and variability of risk, including approaches to protect sensitive populations. Emerging scientific knowledge about the genetic markers that influence a person’s sensitivity to mercury may be used in the future to better identify susceptible subpopulations, and thus guide intervention efforts (Basu et al. 2014).
Insights
The Minamata pollution story that opened this chapter captures the dangers to human health that mercury and mercury compounds pose, as well as the societal struggles to effectively address them. In this section, we draw insights from the multiple ways that mercury has affected human health. First, the dangers that mercury poses are determined by its inherent properties as a hazardous substance as well as its interactions with technology and society. Second, understanding and implementing transitions toward greater human well-being relate to how harms from mercury to human health are valued, and transitions focused on enhancing human health protection have largely been incremental to date. Third, governance to protect human health from mercury involves integrating risk reduction strategies at levels from local to global, using various types of interventions.
Systems Analysis for Sustainability
Understanding how people are harmed by mercury requires examining the ways in which people’s exposure to differing forms and amounts of mercury is influenced by technologies, knowledge, institutions, and environmental processes. Interactions between workers and employers, for instance, led to changes in working conditions that affected mercury use and exposure. In some cases, technological change, such as increased ventilation in mines and workplaces and the use of protective equipment, lowered people’s exposure to mercury. In other cases, the use of scientific and technical knowledge about mercury’s properties to develop new mercury-based products and manufacturing processes increased the number of workers who came in contact with mercury. But as knowledge of mercury’s toxic properties and techniques for health protection improved, local exposure to mercury in laboratories and other workplaces decreased. The dispersal of mercury through the environment, however, connects sources of mercury to health impacts in remote locations. Environmental processes transform mercury into methylmercury, which contaminates fish; dietary choices to eat or not eat certain species of fish influence people’s intake of methylmercury; and dietary recommendations from governments or agencies can influence these consumption choices.
The mercury health system has shown a resistance to change over time, even though continuing mercury use has largely resulted in harms to human well-being. Mercury mining, and uses of mercury in silver and gold mining, other workplaces, and in medicine, continued for centuries despite much evidence of health dangers. The environment responds slowly to changes in discharges, and people (and other organisms) are not able to biologically adapt to higher exposures to mercury. Some resistance to change, however, can be seen as beneficial to human health. The WHO and many dentists and doctors oppose calls for immediate bans on the use of mercury, both in dentistry and vaccines, on the grounds that such measures would end up harming human well-being. However, some adaptations, like dietary changes, can have short-term health benefits by reducing methylmercury exposure. All such changes are more supportive of human health when implemented carefully, as less-informed changes can be detrimental. This was the case when pregnant women ate less fish because of methylmercury advisories, thereby forgoing nutritional benefits from eating fish.
Mercury is a global-scale pollutant, but its health impacts are largely local. Furthermore, the severity of local health impacts differs greatly. Mercury is an inherently dangerous substance, but different forms of mercury have highly varying levels of toxicity; as a result, the “dose makes the poison.” Vapor from elemental mercury in ambient air does not constitute a direct threat to human health, but concentrations can reach acutely toxic levels in unventilated workplaces and underground mine shafts. The same amount of mercury deposition in distinct geographical areas can cause different degrees of damage to local populations, either because the combination of chemical and biological processes in the environment can convert more or less of the mercury into methylmercury, or because people do not make the same choices about seafood consumption. Individual genetics furthermore influence the ability of mercury exposure to cause health damages. Although some health-based guidelines for maximum tolerable intake such as those issued by the WHO provide global guidance, there is variability in both their uptake by and applicability to local communities and individual people across the world.
Sustainability Definitions and Transitions
Defining sustainability focused on human well-being, now and for future generations, requires assessing health impacts and valuing them appropriately. The mercury health system illustrates that both the knowledge of mercury’s adverse health effects and the perceived importance of those harms has changed over time. Mercury’s toxic effects were long documented in miners, and were known to harm goldsmiths in the 1400s. Medical associations in Europe raised concerns about mercury use in medicine in the 1500s. Nevertheless, much mercury use and exposure continued in workplaces and in medicine into the late twentieth century, not only harming people but also adding to the mercury in the environment that converts into methylmercury. Dangers of high dose dietary exposure to methylmercury became well known in the 1950s, effects of low dose methylmercury exposure were discovered late in the twentieth century, and knowledge about effects at even lower doses continues to grow. The value placed on mercury relative to the health damages it causes is influenced by the context of power dynamics. The effects of mercury on miners and other workers were known for centuries, but their lives were often not highly valued by those who had the ability to control exposure. More recently, lobbyists for the seafood industry argued that mercury standards in food to protect consumers were unwarranted or too strict.
Improvements in human health from reduced mercury exposure have mostly occurred as a result of incremental change. As we discussed earlier in this chapter, these include the application of worker protection measures and the implementation of dietary guidance. Many interventions targeted toward human health by governments, including under the Minamata Convention, emphasize efforts to protect populations from exposure through dietary guidelines, stressing changes that people can make in their own lives by choosing fish lower in mercury. While these efforts do not eliminate exposure, they can have substantial health benefits, especially for pregnant women and small children. However, historical efforts to protect human health from the dangers of mercury did not follow a clear linear path of improvement toward a steady strengthening of restrictions on the mining and occupational handling of mercury. Throughout most of the history in which mercury has affected human health, those few measures that were taken in occupational settings were dwarfed by the increased use of mercury, especially since the beginning of the Industrial Revolution. Similarly, the use of mercury in medicine continued to grow centuries after the first warnings from medical societies.
Transitions in the mercury health system were driven by a variety of factors, with innovation and regulations playing important and interacting roles. Many early efforts to mitigate human mercury exposure in workplaces were largely ad hoc. It was not until the mid-twentieth century that governments started to take on a more active and coordinating role in regulating mercury uses to protect human health. New scientific knowledge, growing societal concerns about mercury’s impact on human health, and technological development drove more recent initiatives to protect workers from mercury exposure. Some substitutions and bans in medicine were triggered by mercury-specific concerns, such as the switch away from using calomel in teething powders as the result of its observed negative impact on small children. In other instances, mercury was phased out because of the availability of new and better treatment options. For example, the penicillin doctors began to use for syphilis instead of mercury was introduced as a superior treatment for a range of serious illnesses, not primarily to reduce a patient’s exposure to mercury compounds.
Sustainability Governance
The Minamata Convention is the first multilateral environmental agreement to include a separate article on health (World Health Assembly 2014). The treaty links the WHO and ILO guidelines on dietary intake and occupational exposure, respectively, with on-the-ground implementation that is targeted to specific local conditions. This approach is intended to address risks in ways that correspond with the multi-scale nature of the mercury health system. People eat seafood that is sourced from international and national commercial markets as well as from local waterways, and their consumption patterns are affected by personal preferences and culture. Local workplace conditions, as well as international markets for goods made by using mercury, influence occupational exposure to mercury. Targeting mercury’s health impacts in ways that correspond to the multi-scale nature of the mercury health system requires governments and other possible interveners in all parts of the world to have both the knowledge and capacity to act. To that end, information sharing and capacity building are important to better protect human health from mercury.
Governance strategies need to consider interventions at different points along the causal pathways of mercury use and exposure. Interventions that prevent human mercury exposure directly can have substantial benefits. Phasing out mercury mining and mercury use in manufacturing, and using protective clothing in workplaces where mercury is still used, are two methods of protecting workers from harmful health effects. Carefully implemented dietary advice can dramatically reduce methylmercury exposure to vulnerable populations. At the same time, interventions at earlier points on pathways of mercury use and environmental discharges can prevent longer-term harm before it occurs. Controlling the amount of mercury that enters ecosystems from major point sources and that converts into methylmercury is necessary in the longer term to protect the health of future generations. Some such efforts can address multiple pathways simultaneously. Reducing or eliminating industrial uses of mercury not only helps prevent negative health impacts to workers, but also stops mercury discharges from entering the environment and ultimately affecting the health of populations both nearby and far away.
Many risk-reduction measures that target the dangers from mercury exposure to human health are more effective if the government agencies or industries that develop and implement them consider the influence of socio-economic factors. Reducing mercury use in dental amalgam and childhood vaccines can be appropriate where there are safe alternatives, but such options are not readily available in all parts of the world. Precautionary measures must also be carried out carefully to avoid feeding misinformation about the safety of life-saving vaccines. Scientific evidence of health damages from low-dose exposure to methylmercury supports the necessity to set standards, not only when formulating maximum allowable content in seafood but also when targeting dietary advice to particularly vulnerable populations, including pregnant women and small children. At the same time, because benefits for cardiovascular health and neurological development in children come from the important nutrients provided by fish, the dietary guidelines focusing on methylmercury exposure need to be communicated carefully to ensure they do not inadvertently cause harm by changing people’s diets in a negative way.
The history of mercury’s impacts on human health shows repeated efforts to dress up a dangerous trickster as a beneficent deity, similar to the mistaken use of the caduceus as a symbol for the health profession. Employers disregarded the health of their workers who came into contact with mercury, doctors prescribed damaging mercury-containing treatments to their patients, and governments only recently began to respond to the human health dangers of mercury exposure. Many (but not all) mercury uses in workplaces and medicines have been phased out. Remaining mercury uses in dental amalgam and vaccines still have positive consequences for human well-being, but methylmercury in food remains a health challenge. All people on Earth carry the signals of industrialization in the form of concentrations of mercury and other toxic substances in their bodies. For people who are highly exposed or particularly vulnerable to methylmercury, the persistence of mercury in the environment and its continuing conversion into methylmercury will have severe and long-lasting consequences for many generations to come.
5 Energy, Industry, and Pollution: Mercury, the Winged Messenger
The large expansion in the use of fossil fuels in the industrial era increased access to energy and supported economic growth. Yet, the burning of fossil fuels, especially coal, emits the hazardous substances they contain into the atmosphere. These substances include mercury, other heavy metals, sulfur, and carbon dioxide. Hazardous byproducts of combustion that travel via air currents harm populations both nearby and far away. Past regulatory efforts to mitigate air pollution reduced emissions of mercury and other harmful substances in some places. These efforts had measurable benefits for the environment and human health, and are sometimes hailed as local and regional regulatory successes. Challenges remain in other places, however, and for other pollutants such as carbon dioxide. Efforts to control mercury emissions and deposition illustrate that there can be tradeoffs between incremental actions with local and regional benefits and efforts that seek to address the fundamental activities that ultimately produce pollution. However, interventions aimed toward incremental changes are not always in conflict with those that aim to fundamentally restructure underlying processes. In some cases, these two approaches can be synergistic.
The US Environmental Protection Agency (EPA) began measuring mercury in Steubenville, Ohio, in 2002. Data there showed elevated levels of mercury in rainfall, and nearly 80 percent of this mercury was estimated to come from nearby coal-fired power plants (Keeler et al. 2006). Researchers and pollution-control advocates have referred to places like Steubenville, where local sources cause elevated mercury deposition, as “hot spots” (Beusse et al. 2006). This was not the first time that Steubenville became known for its severe pollution. A group of Harvard University researchers began to study the effects of air pollution in Steubenville and five other locations in the United States in 1974. These sites were the so-called six cities in a groundbreaking study that sought to quantify the mortality risks of inhaled fine particulate matter. The researchers found that risk of death in Steubenville, the city among the six with the worst air quality, was 26 percent higher than in the least polluted city in the study (Dockery et al. 1993). Steubenville was called a “test lab” for dirty air and its impact on human health and the environment (Barringer 2006).
Air quality has improved in Steubenville and many other US cities since the 1970s, but air pollutants remain a problem. Researchers analyzed changes in air pollution in the six cities in a follow-up study in the early 2000s, and found that concentrations of fine particulate matter in Steubenville had nearly halved (Laden et al. 2006). Current pollution levels, including mercury deposition, are nevertheless still elevated. Steubenville’s air quality improvement is also embedded in a larger socio-economic context. The city’s predominant industries in the 1970s were coal mining and steel production; economic stagnation and declines in industrial production beginning in the 1980s deeply affected its residents. In 2006, one resident wondered aloud to a New York Times reporter whether cleaner air was worth the trade-offs (Barringer 2006). As mercury emissions from US coal burning have declined, decreasing deposition from domestic sources has in part been offset by increases in mercury coming from elsewhere. In the early 2000s, scientists at the top of Mount Bachelor in Oregon measured mercury in air transported across the Pacific Ocean that had chemical signals characteristic of industrial air pollution from China (Weiss-Penzias et al. 2006).
The story of air pollution in Steubenville is not unique to Ohio or the United States. As we highlight in the chapter title with a reference to the god Mercury as an airborne messenger, atmospheric mercury emissions from industrial point sources in many regions of the world connect geographically distant places across the globe. Like Steubenville, many cities in other industrialized countries have suffered pollution problems and undergone difficult economic transitions as once-dominating and prosperous industries closed down. Contemporary atmospheric mercury emissions from large stationary point sources mostly occur in developing countries, and a large fraction of these emissions results from burning coal to produce energy and industrial goods. Industrialization and rapid economic development in many developing countries over the last few decades, in particular in urban areas in China and India, led to increased emissions of mercury and other air pollutants. Fossil fuel–based energy production is at the same time coming under growing regulatory scrutiny worldwide due to its effect on local air quality as well as its influence on global climate change.
Contributions from local and distant emission sources to mercury deposition in any given region have varied in the past, and will continue to change. These variations result from the adoption of pollution prevention laws, the application of pollution control technology, transnational economic forces, and changes in weather patterns and climate conditions. The relative contribution of nearby and faraway sources is also a matter of definition. The statistic that 80 percent of mercury deposition in Steubenville in the early 2000s came from nearby sources is contingent on how “nearby” is defined, whether on scales of tens or hundreds or thousands of kilometers. Regardless of the definition, it is clear that long-range atmospheric transport is important to mercury deposition. For example, for the region of the United States that includes Ohio, Illinois, Indiana, Michigan, and Wisconsin, one study from the early 2010s estimated that 25 percent of mercury deposition came from sources beyond those states, located either in other US states or in other countries of the world (Lin et al. 2012).
We focus in this chapter on atmospheric mercury emissions from coal burning and other major point sources, and on the development of strategies to mitigate these emissions. In the section on system components, we discuss the human, technical, and environmental components that influence emissions from point sources to the atmosphere, and the institutions and knowledge that affect the amount of mercury emitted to air. We trace how industrial activities lead to pollution, examine how pollution controls influence mercury emissions, and address the transport and fate of mercury in the atmosphere in the section on interactions. Our discussion of interventions explains how governments have mandated, and the private sector has applied, new pollution abatement technology for mercury without, in most cases, making fundamental changes to the energy and production processes that result in mercury emissions. In the final section on insights, we discuss how atmospheric transport and socio-economic factors connect mercury from local to global scales, how reductions in mercury emissions have come largely from incremental changes, and why cross-scale action is important when further addressing mercury emissions to air.
System Components
Much of the mercury that has been historically emitted to the atmosphere by human activities has come from industrial point sources. Industrial energy production based on fossil fuels contributed greatly to human development by providing an expanded supply of energy to billions of people. This had many societal benefits, but also led to sharply reduced air quality and ecological damages, including from mercury emissions. Other industrial activities producing a range of different products similarly provided material benefits to individuals and modern societies while causing much harmful pollution. Mercury pollution from contemporary industrial sources continues to be a global problem, but with important regional variations in emission levels. Figure 5.1 shows the human, technical, environmental, institutional, and knowledge components in the atmospheric system for mercury.
Components in the atmospheric system for mercury (referenced in the text in italic type).
People have mined coal in geological storage and used this extracted coal as an energy source for thousands of years. During most of this time, coal burning was small in scale. This could cause major indoor air quality problems, but contributed relatively little to atmospheric pollution worldwide. The Industrial Revolution led to a massive increase in coal use and associated mercury emissions—enough to increase mercury emissions from coal burning by 100-fold over the past 150 years (Streets et al. 2018). Present-day coal burning and mercury emissions to the air in many countries all over the world are deeply embedded in a long-standing fossil fuel–based economy: coal burning has been essential to the production of energy and industrial goods during the past three centuries, and people play important roles as producers and consumers of energy and industrial goods. Often, markets for energy and goods cross multiple spatial scales, and are influenced by forces of supply and demand. Many markets for energy are domestic or regional, and shape the prevalence of coal and other energy sources in the energy mix. Markets for goods have become more global over time given increased trade across international borders and continents.
Present-day anthropogenic sources make up roughly a third of total mercury emissions to the atmosphere, as noted in chapter 3, with the remainder coming from natural sources and reemission of historically mobilized mercury (legacy mercury). Human activities emitted approximately 2,500 tonnes of mercury to air globally in 2015, according to the most recent global mercury assessment (UNEP 2019). Table 5.1 summarizes total mercury emissions to air by region, the fraction contributed by fuel combustion and industry in each region, and each region’s contribution to global emissions. Artisanal and small-scale gold mining (ASGM), which we discuss further in chapter 7, is thought to be the largest source globally, at 38 percent of total emissions. Stationary coal combustion contributed 21 percent of total emissions. Other types of industrial point sources of mercury emissions are also important, including production of non-ferrous metals such as copper, zinc, and lead (15 percent), cement production (11 percent), and production of ferrous metals (iron and steel) (2 percent). Emissions from mercury-added product waste contributed 7 percent, with other sources such as biomass and large-scale gold production contributing the remaining 6 percent. Emissions from some smaller sectors were not quantifiable.
Mercury Emissions to Air by Region for 2015
One study estimates that 38,000 tonnes of mercury has been mobilized over all time through coal combustion (Streets et al. 2018). The vast majority of that mercury has entered the environment after 1850, with 70 percent being emitted to the atmosphere. In the early 1970s, a back-of-the-envelope calculation—made by multiplying the average value of mercury in coal by the total amount of coal burned—estimated that some 3,000 tonnes of mercury were being emitted globally to the atmosphere by coal burning each year (Joensuu 1971). This estimate was too large by an order of magnitude because of errors in the average value of mercury in coal: different kinds of coal contain varying trace amounts of mercury (although this variability does not generally track with particular types of coal or regional origin). More recent estimates suggest that the amount of mercury emitted to the atmosphere from coal combustion in 1970 was between 300 and 400 tonnes (Streets et al. 2018). Estimates still vary about the amount of mercury emitted from coal for the present day—an estimate for 2010 quoted an uncertainty range of 221 to 1,473 tonnes (Streets et al. 2018).
Atmospheric emissions of mercury and other air pollutants affect humans and the environment both near and far away from sources. Mercury in air from nearby industrial point sources does not reach levels that typically cause health impacts from inhalation, but other air pollutants from the same sources can and do. Some forms of mercury remain in the atmosphere only a short time, and deposit to ecosystems near emission sources; other forms travel long distances through the air before undergoing chemical reactions and depositing to ecosystems far from emission sources. A fraction of the mercury deposited both locally and far from point sources is converted into methylmercury and accumulates in aquatic food webs. People’s health is affected by eating fish with elevated methylmercury concentrations, including people living near industrial point sources and people living far from industrial point sources. Air pollution control devices prevent varying amounts of mercury and other pollutants from point sources from entering into air. Many of these are end-of-pipe technologies that capture mercury emissions right before they would be emitted (Mukherjee et al. 2008).
Scientific knowledge about mercury concentrations in the atmosphere, the chemical behavior of different mercury compounds, and the propensity for long-range transport of different mercury compounds has developed over time. Some of the first measurements of atmospheric concentrations of mercury date back to the 1960s, when researchers detected high concentrations of mercury in the air in urban areas, such as around San Francisco (Williston 1968). These elevated mercury concentrations often coincided with high levels of other air pollutants. The first routine atmospheric mercury measurements began at a station in 1980 in Rörvik, Sweden (Iverfeldt 1991). Researchers at other sites began to measure atmospheric mercury concentrations in the 1990s, including at Wank Mountain in Germany in 1990, Cape Point in South Africa and Alert in Canada in 1995, and Mace Head in Ireland in 1996 (Slemr et al. 2003). Increasingly accurate measurements from these stations helped to document and determine regional and global atmospheric transport patterns of mercury and trends over time.
Today, atmospheric mercury monitoring stations exist in all regions of the world (Sprovieri et al. 2016). However, measurement data remain sparse in several regions, especially in the tropics and in the Southern Hemisphere (Obrist et al. 2018). Analytical techniques could be improved, specifically for measuring different forms of mercury in the atmosphere (Jaffe et al. 2014). The exact chemical composition of some of these forms of atmospheric mercury also remains unknown. Several measurement networks generate knowledge about mercury deposition, with most sites in the United States and Europe (Lindberg et al. 2007; Prestbo and Gay 2009). Historical records of mercury levels in environmental archives such as lake sediment cores are used to understand atmospheric deposition in the past (Biester et al. 2007). Measurements of mercury isotopes (atoms of mercury with different numbers of neutrons) are increasing in accuracy, and can help identify different sources of natural and anthropogenic mercury emissions as well as environmental processes such as chemical transformations in the atmosphere (Blum et al. 2014).
Institutions such as national and local laws and regulations address mercury emissions from various point sources. International air pollution agreements started to tackle mercury emissions in the 1980s. The Convention on Long-Range Transboundary Air Pollution (CLRTAP), originally developed in the 1970s to reduce pollution from sulfur dioxide and associated acid rain issues, began to consider mercury in the late 1980s (Selin and Selin 2006). Efforts under the Global Mercury Partnership have not only prompted increased awareness of mercury emissions, but also generated detailed technological information on control options for power generation and other major atmospheric sources. International expert groups, working under the Global Mercury Partnership and the Minamata Convention, develop and update technical guidelines for pollution controls. These guidelines communicate knowledge about techniques for air pollution control, including options for mercury controls and associated costs, and technical conditions and economic feasibility influence their application in different countries and situations (UNEP 2016).
Interactions
Mercury emissions from stationary sources to air are distributed widely in the environment. Figure 5.2 shows interactions in the atmospheric system for mercury: we have selected three interactions in the matrix (the items in bold type in boxes 1-1, 2-3, and 2-2) to focus on in this section; we then trace the pathways that influence these interactions, which we summarize in figure 5.3 (where the bold boxes correspond to the selected interactions). First, producers and consumers interact in socio-economic systems (box 1-1), producing energy and industrial goods that benefit society, and at the same time lead to emissions of mercury and other air pollutants (boxes 1-2, 2-1, 3-2, and 2-3). Second, industrial point sources emit mercury and other pollutants (box 2-3), and this mercury travels through the atmosphere and deposits in both nearby and remote ecosystems, where some is transformed into methylmercury that harms people (boxes 3-3 and 3-1). Third, air pollution control devices capture mercury and other air pollutants (box 2-2), affecting both emissions and costs to producers and consumers, while some of the captured mercury can be reused in other applications where it may be emitted to the atmosphere (boxes 2-3, 2-2, and 2-1).
Interaction matrix for the atmospheric system for mercury.
Pathways of interactions in the atmospheric system for mercury. Bold box indicates focal interaction for each subsection.
Industrial Production and Air Pollution
Industrial production and air pollution originate with producers and consumers interacting in socio-economic systems (box 1-1). The industrial era marked the beginning of a dramatic expansion of production, consumption, and trade worldwide, which accelerated further after 1950 (Steffen et al. 2007). These interactions, through supply and demand, influence the production of energy and industrial goods (box 1-2). Between 1850 and 2017, global energy production increased by almost a factor of 20 (Ritchie and Roser 2019). During the same period, world gross domestic product (GDP)—the monetary value of goods and services in the economy—increased by a factor of more than 50 (Roser 2019). Energy and industrial goods provide benefits to producers and consumers (box 2-1). Increased production raised material standards of living and enabled dramatic improvements in health and educational attainment. But the beneficial impacts of these changes were not evenly distributed globally: the Global North industrialized earlier and faster than did much of the Global South.
The availability and extensive use of fossil fuels, especially relatively cheap coal, enabled the operation of industrial point sources and production of energy and industrial goods (box 3-2). Changes in production in different regions over time altered the location and quantity of coal use (Streets et al. 2018). Coal use in Western Europe peaked in the 1950s, and declined thereafter. In the United States, coal use increased from the 1970s to the 1990s, but declined in the 2000s. Most of the growth in coal consumption since the 1960s was in developing countries, with dramatic increases particularly in China. These trends are related to patterns of industrialization and a shift in energy-intensive production away from North America and Europe to other rapidly industrializing regions, mainly Asia. Global coal-fired power capacity doubled between 2000 and 2018, to 2,000 gigawatts (Carbon Brief 2018). After declining from 2014 to 2016, coal production increased again in 2017 (International Energy Agency 2018). Coal’s share of the world’s energy mix was 27 percent in 2016 (International Energy Agency 2018). There are an estimated 1.1 trillion tonnes of identified coal reserves worldwide, which translates into another 150 years of coal use at current production rates (World Coal Association 2019).
Industrial point sources emit mercury and other pollutants (box 2-3). Because of an early expansion of coal-based manufacturing and energy generation, point sources in Europe and North America were the dominant contributors of mercury emissions to air from 1850 to the late 1900s (Streets et al. 2018). By 2015, however, the European Union (EU) and North America contributed only 6 percent and 2 percent, respectively, to global mercury emissions from these sources (see table 5.1). Instead, most mercury emissions from fuel combustion and other industrial point sources came from East, Southeast, and South Asia (62 percent), where China and India, by far, are the largest emitters. North and Sub-Saharan Africa were responsible for 9 percent, and Russia and other countries formerly part of the Soviet Union contributed 8 percent. Some mercury emissions are related to the production of exported goods. One estimate is that 33 percent of China’s mercury emissions and releases for the year 2010 were a result of production for export (Hui et al. 2016). Thus, the decline in North American and EU mercury emissions has been offset by increases elsewhere that are in part driven by consumption in these two regions.
Atmospheric Transport of Air Pollutants
Industrial point sources emit mercury and other air pollutants (box 2-3). The atmosphere transports air pollutants to nearby and remote ecosystems (box 3-3), where they harm people living near and far from industrial point sources (box 3-1). The influence of local air pollution on human health has long been recognized. For example, coal use in London and other British cities in the nineteenth century led to frequent episodes of dense “fog”—essentially coal smoke that turned the sky ash grey (Fouquet 2011). Extreme pollution events in cities such as London and Donora, Pennsylvania, in the 1940s and 1950s led to cardiovascular and respiratory problems and mortalities (Davis 2002; Jacobs et al. 2018). Awareness of atmospheric long-range transport of pollutants expanded with the acid rain issue in the 1960s and the recognition that substances like sulfur can travel up to thousands of kilometers, crossing national borders (Odén 1967; Odén 1976). People can be exposed to air pollutants like fine particulate matter at dangerously high levels when they breathe air in urban areas, but, as noted above, mercury is not present in ambient air in concentrations that cause health concerns for exposure via inhalation, even downwind of industrial point sources.
As we explained in chapter 3, mercury from industrial point sources is emitted in different forms, and the properties of these different forms determine how far they can travel through the atmosphere. Coal-fired power plants emit both elemental and oxidized (more soluble) forms of mercury. Some oxidized mercury is attached to atmospheric particulate matter. Mercury in its elemental form can travel worldwide, but mercury in oxidized form, including the fraction on atmospheric particles, largely deposits near to sources. Experts are still uncertain about the proportion of these different kinds of mercury emitted from different sources: the fraction of mercury emitted in each form from an industrial point source depends on the characteristics of the fuel, operational procedures, and the control technologies applied (Muntean et al. 2018). Emitted mercury, depending on its form, transports via the atmosphere to nearby or remote ecosystems (box 3-3), where it is deposited. Ecosystem processes then lead to production of methylmercury (box 3-3). Methylmercury in ecosystems, in turn, harms people (box 3-1).
Mercury deposition to ecosystems originates from a combination of local and far away sources. But it was not possible for a long time to attribute measured mercury concentrations to source regions because sophisticated mercury transport models and data on emissions, transport, and deposition were unavailable. Researchers had advanced computer modeling capabilities and conducted enough measurement studies on mercury transport by the early 2000s to be able to get a clearer scientific picture of mercury atmospheric transportation and deposition patterns. Several of the initial studies attempted to connect emission sources to remote concentrations for the first time; some used atmospheric models to calculate the percentage of deposition resulting from domestic sources, particularly in the United States (Seigneur et al. 2004; Selin and Jacob 2008). Other studies calculated intercontinental and interregional transport for different regions, including between Asia and North America (Travnikov 2005; Corbitt et al. 2011). Researchers also used the fraction of different mercury isotopes in environmental measurements to differentiate some of the mercury coming from coal combustion versus other sources (Sherman et al. 2015).
The relative contribution of industrial sources in any given region to mercury deposition in the same region is both uncertain and variable. Nearly all mercury deposition in the Arctic comes from beyond the region, but there are also a few sources within the Arctic that contribute (UNEP and AMAP 2015). In contrast, some models suggest that over half of the mercury deposited in Europe came from within the region, although estimates differ (Kwon and Selin 2016). Estimates for Asia are that 23 to 55 percent of mercury deposition comes from sources within the region (UNEP and AMAP 2015). One study calculated that 80 percent of nationwide deposition of mercury in the United States originated from sources in other parts of the world (Selin and Jacob 2008). Variation exists within regions as well: the percentage of domestically emitted mercury depositing to areas of the northeastern United States could reach as high as 60 to 80 percent, though many other US areas predominantly receive deposition that originates from outside North America (Seigneur et al. 2004; Selin and Jacob 2008). Steubenville, the city whose story begins this chapter, is one of the US locations that receive a large amount of deposition from nearby sources.
Pollution Control and Mercury Emissions
The operation of air pollution control devices captures mercury and other pollutants before they are emitted to the atmosphere (box 2-2). These control devices on industrial point sources often exist in the form of end-of-pipe technologies. One of the simplest examples of an end-of-pipe pollution control technology dates back to at least ancient Egypt and uses fabric, such as a piece of cloth or a bag, to filter out particles from an effluent stream (Billings and Wilder 1970). Starting in the nineteenth century, another action to mitigate the impacts of air pollution from industrial sources in urban areas was to build taller and taller smokestacks that were high enough to route the emission out of industrializing and expanding cities (Fenger 2009). Although higher smokestacks mitigated some of the pollution’s local effects on air quality and human health, they simply shifted the impacts of pollutants to other geographical areas.
Air pollution control technologies have become more efficient and effective over time. Many of these are still end-of-pipe technologies. More modern fabric filters made of advanced materials designed to optimize airflow were applied in the twentieth century to control emissions of sulfur as well as lead and arsenic (Billings and Wilder 1970). Electrostatic precipitator technology, in which an electrical current is used to attract and capture particles, emerged in the late 1800s, but its first larger-scale applications on point sources were in the early twentieth century (Parker 1997). Other technologies chemically treat or “scrub” the flue gas produced by the burning of fossil fuels to reduce harmful emissions, such as emissions of sulfur dioxide or nitrogen oxides. Flue gas desulfurization, during which sulfur dioxide undergoes a chemical reaction to remove it from the flue gas before being emitted into the atmosphere, began to be applied at large scale in the early 1970s (Lefohn et al. 1999). Other air pollution control techniques that are not installed at the end-of-pipe include processes to wash the coal before it is burned (UNEP 2016). This is often done to reduce sulfur dioxide emissions or to increase combustion efficiency, but the washing can reduce mercury content as well. More recent technologies that control mercury specifically include activated carbon injection, a process that can capture 90 to 98 percent of mercury emissions (Srivastava et al. 2006).
Different air pollution control devices capture different forms of mercury, and this has implications for how far emitted mercury can travel in the atmosphere. Some control technologies, especially those applied earlier on for controlling other air pollutants, preferentially capture more soluble (oxidized) or particulate forms of mercury that tend to travel regionally. For example, control equipment that captures particulate matter such as fabric filters and electrostatic precipitators also reduces emissions of particle-associated mercury. Similarly, flue gas desulfurization captures mercury in its oxidized form. This was the case historically in North America, and is also the case in contemporary application of mercury controls in rapidly industrializing economies such as China and India (Giang et al. 2015). More recent controls such as activated carbon injection can control elemental mercury emissions, which travel globally. The performance of modern air pollution control devices in capturing mercury depends on several factors, including the type of coal, operating conditions such as temperature and air-to-fuel ratio, and other components affecting the chemical reactions that mercury undergoes in the burning process (UNEP 2016).
The application of air pollution control devices reduces mercury emissions (box 2-3). Atmospheric mercury emissions in the United States decreased by nearly 80 percent from 1990 to 2011 because of the implementation of air pollution control technologies (US Environmental Protection Agency 2015). In the EU, mercury emissions in 2016 were 71 percent lower than they were in 1990 (European Environment Agency 2018). Mercury emissions have not always risen and fallen proportionally with coal use over time. David G. Streets and colleagues (2018, 133) note that the level of mercury releases “at any given time is determined by competition between production growth and technology improvement.” For example, coal use increased in the United States in the 1970s and 1980s, but its mercury emissions stayed constant. Increases in the number and output of new point sources in recent years have nevertheless outpaced the installation of air pollution control devices: global anthropogenic mercury emissions rose 20 percent from 2010 to 2015 (UNEP 2019).
End-of-pipe controls prevent mercury emissions to the atmosphere, but they do not change the total amount of mercury removed from fossil fuel reserves. The fraction of mercury emitted to the air globally out of the total amount of mercury in burned coal (including power generation and industrial production driven by coal) dropped from 77 percent in 1950 to 55 percent in 2010 (Streets et al. 2018). Because the amount of emitted mercury went down, the amount of captured mercury increased. Byproducts of combustion that contain captured mercury are sometimes reused in other industrial applications (box 2-2). Mercury-containing fly ash from a coal-fired power plant, for example, can be later reused. When fly ash is heated to high temperatures as a component in making cement, mercury can be emitted to the atmosphere unless appropriate control technology is present in the cement factory (Wang et al. 2014). Thus, if byproducts are not properly disposed of or used in environmentally safe ways, at least some of the previously captured mercury can be emitted from these industrial point sources (box 2-3).
The installation of air pollution control devices incurs costs to producers and consumers (box 2-1). For producers, those include the fixed capital costs of the equipment itself as well as variable operating and maintenance costs once the equipment is installed. At least some of these increased production costs are passed on to consumers in the form of higher energy prices and more expensive goods. Government regulations can help drive down pollutant control costs by providing incentives for technological innovation. This was, for instance, the case for the US federal cap-and-trade system for sulfur dioxide (Schmalensee and Stavins 2013), which led to lower costs for air pollution controls that also reduced mercury emissions. Some people, like the Steubenville resident who wondered whether cleaning up the air was worth the cost to jobs, may view costs of pollution control as a tradeoff against their environmental and human health benefits. Several studies that have attempted to monetize the benefits of mercury controls, as mentioned in chapter 4, find those benefits to be substantial (Trasande et al. 2005; Bellanger et al. 2013; Giang and Selin 2016; Zhang et al. 2017). In the US, such benefits have been found to be greater than economic costs of mercury reductions (Sunderland et al. 2018).
Interventions
Interveners such as national and local governments, industries, and international bodies have taken a number of intentional actions to address atmospheric emissions of mercury at varying scales. Figure 5.4 highlights interventions in the atmospheric system for mercury. First, we discuss standards that regulate mercury emissions through technological and other approaches targeting pollution controls and mercury emissions; emission-control approaches include developing, mandating, and optimizing relevant technologies (boxes 2-2, 2-3, and 3-1). Second, we examine mercury controls involving industrial production, focusing on efforts to reduce dependence on fossil fuels (box 3-2).
Intervention matrix for the atmospheric system for mercury.
Laws and Regulations Addressing Mercury
Laws address atmospheric mercury emissions in different ways. Some of the earliest mercury-specific regulations set by national and local governments were ambient air and environmental quality standards (box 3-1). Ambient air quality standards identify a maximum permitted concentration of mercury in air, and environmental quality standards introduce a maximum allowable mercury concentration in other environmental media such as water, soil, or fish. But these regulatory efforts on industrial point sources were not the first ones that led to the reduction of mercury emissions. Initial efforts that reduced mercury emissions in many countries instead took the form of legislation and regulations that were primarily developed for the purpose of controlling other air pollutants. Although air pollution controls implemented during the 1800s and much of the 1900s aimed to reduce atmospheric emissions of sulfur dioxide and particulate matter from industrial sources, they also captured mercury, even though the capture was largely unintended. Governments began specific interventions to address atmospheric mercury emissions in the 1970s.
National and local governments have set air emission standards to regulate the amount of mercury emitted from a particular source (box 2-3). Regulatory approaches can take several different forms. Emission limit values (ELVs) set the maximum allowable amount of mercury (or another pollutant) that can be emitted from an individual point source. National and local governments have also mandated the use of air pollution control devices on specific sources (box 2-2). These control devices are then deployed by industries (box 2-2). One specific type of technology-based approach is setting best available techniques (BAT). BAT is often defined as the techniques most effective to prevent or reduce emissions and releases, taking into account both economic and technical considerations. The use of best environmental practices (BEP) is defined as the most appropriate combination of environmental control strategies and measures for reducing pollution. Applying BEP, for example, can help ensure the appropriate management of mercury captured as a byproduct of coal combustion so that it is not reemitted elsewhere.
Policies and regulatory standards that both indirectly and directly reduce mercury emissions can be, and have been, strengthened over time. ELVs can be lowered, and the suite of technologies that constitute BAT can be made more stringent. Correspondingly, and often prompted by regulatory actions, engineers and industry have developed and deployed new and more effective devices and techniques for emission controls. Combinations of these techniques applied together can lead to different rates of mercury capture, and the performance of emission controls for reducing mercury emissions can be enhanced (UNEP 2016). Multiple pollutants including mercury can also be captured simultaneously as part of a broader approach to controlling air pollution. Studies point out that there is not one single approach or best solution for mercury control from stationary sources such as coal-fired power plants; the choice depends in part on plant-specific characteristics (Sloss 2008).
The United States adopted some of the earliest policies that specifically addressed mercury emissions. Regulations under the 1970 US Clean Air Act named mercury, along with asbestos and beryllium, to an initial list of regulated hazardous air pollutants (National Emission Standards for Hazardous Air Pollutants 1973). The US EPA established emission limits in 1973 for two types of mercury emission sources—mercury ore processing facilities and mercury cell chlor-alkali plants—but it did not address emissions from coal burning. The formulation and implementation of regulatory standards at the time were hampered by lack of scientific knowledge on emission sources and levels. The 1973 regulation listing mercury as a hazardous air pollutant notes: “Current data on the environmental transport of mercury do not permit a clear assessment of the effect of mercury emissions into the atmosphere on the mercury content in the aquatic and terrestrial environments” (National Emission Standards for Hazardous Air Pollutants 1973, 8825). Few actions on atmospheric mercury emissions in the United States were driven by concerns about deposition until more scientific data emerged two decades later.
The United States strengthened its mercury emission controls in the 1990s and into the 2000s. The US Clean Air Act Amendments of 1990 mandated controls on mercury emissions from waste incinerators. However, language on regulating mercury emissions from power generation in an earlier draft of the amendments was dropped in favor of a clause that merely called for the EPA to conduct further study before issuing regulations (Lee 1991). The amendments require a Maximum Achievable Control Technology approach (a type of BAT standard) to hazardous air pollutants whereby the EPA determines a technology-based standard by averaging the best-performing 12 percent of facilities. Yet, the EPA initiated no regulatory action on mercury emissions from the power sector at that time. In contrast, states in New England took further action on mercury emissions, also working together with eastern Canadian provinces on an action plan on mercury dating back to 1997 (Selin and VanDeveer 2005). This plan set aggressive goals that went beyond national commitments in both the United States and Canada at the time, aiming for a 50 percent reduction in regional mercury emissions by 2003 and a 75 percent reduction by 2010, which were also achieved (Smith and Trip 2005; New England Governors and Eastern Canadian Premiers 2011).
Environmental groups used legal means in the 1990s to pressure the US federal government to adopt regulations on mercury emissions from coal-fired power plants. This included litigation by the Natural Resources Defense Council (NRDC) and other advocacy groups to force the EPA to control such emissions under the Clean Air Act (Walke 2011a). This litigation led the EPA, following a protracted process and a settlement agreement, to determine in 2000 that regulation of mercury emissions from power generation was “appropriate and necessary” (US Environmental Protection Agency 2000). The Clean Air Mercury Rule, introduced in 2005, was an effort by the George W. Bush administration to meet the requirement to control mercury emissions from coal-fired power plants. Rather than mandating technology-based control standards, the administration proposed a cap-and-trade scheme similar to that used to reduce emissions of sulfur and nitrogen oxides. The administration argued that this would result in a more economically efficient outcome, and its relatively weak requirements were crafted with strong influence by the power generation industry (Walke 2011b).
Many US states and environmental groups argued that differential applications of control technologies to power plants under the Clean Air Mercury Rule would create mercury “hot spots” in areas such as those around Steubenville, resulting in harm to people who lived near power plants. Shorter-lived forms of emitted mercury travel a distance comparable to sulfur dioxide, for which cap-and-trade approaches were successfully implemented, but the fact that methylmercury is a toxic substance that bioaccumulates in ecosystems made the “hot spot” issue an effective argument. The US Court of Appeals for the District of Columbia Circuit in 2008 vacated the Clean Air Mercury Rule, finding that it did not adequately control mercury emissions based on requirements under the Clean Air Act. Under President Barack Obama, the EPA in 2013 finalized new Mercury and Air Toxics Standards that set technology-based limits on coal-fired power plants. These standards survived repeated court challenges by industry groups, and utilities invested in pollution control measures to comply with them by 2015. In late 2018, the EPA under the administration of President Donald Trump proposed to roll back these standards. The EPA reversed the “appropriate and necessary” finding in spring 2020 (Friedman and Davenport 2020).
Canada introduced federal standards related to mercury emissions in 1996 with the adoption of national guidelines on the use of wastes, including mercury-containing wastes, as supplementary fuels in cement kilns (Government of Canada n.d.). Two years later, the federal government set mercury emission guidelines for cement kilns. The federal government in 2000 formulated technology-based control standards for mercury emissions from smelting and roasting processes in non-ferrous metal production, and ELVs for mercury emissions from waste incineration (Canadian Council of Ministers of the Environment 2000; Canadian Council of Ministers of the Environment 2019). The province of Manitoba had adopted its own standards on waste incinerators two years earlier. The federal government set nationwide limits and provincial caps on mercury emissions from coal-fired power plants in 2006, consisting of overall mercury emissions goals as well as requirements for technology-based controls on new sources (Canadian Council of Ministers of the Environment 2006). Canada took these measures shortly after the United States had introduced the Clean Air Mercury Rule in 2005.
The EU adopted its first regulation to address atmospheric mercury emissions in the late 1980s: a 1989 directive on new waste incineration plants set ELVs for mercury. This directive was superseded by stricter regulations in the 2000 Waste Incineration Directive. Like the United States, the EU did not take action on mercury emissions from power generation in the 1990s, aside from capturing mercury as a side effect of controls that were mandated for other pollutants. The EU’s Industrial Emissions Directive from 2010 introduced technology-based standards to control mercury emissions from coal-fired power plants together with emission limits for waste incineration plants and cement kilns. Germany was the only EU member state that had specific mercury emission limits for power generation sources prior to the 2010 directive, which it originally set in 2004 as part of its large combustion plant ordinance. These standards were further revised in 2013 (Mayer et al. 2014). The revised German standard, however, is still roughly five times less stringent than the current US standard (Lin et al. 2017).
Some countries outside of North America and Europe also began to set mercury emission limits starting in the 1990s. For example, in a 1999 air pollution control law, the Philippines set mercury emission limits from industrial sources (Republic of the Philippines 1999). China, by far the world’s largest user of coal, established a technology-based standard for mercury emissions from coal-fired power plants in 2011 that was set at the same level as the German standard (Chen et al. 2017; Lin et al. 2017). This emission standard was easily met by most Chinese power plants with basic emission controls, and more advanced air pollution controls for sulfur dioxide and nitrogen oxides capture an even greater percentage of mercury in coal (Sloss 2012). Indonesia introduced mercury-specific emission standards for coal-fired power plants starting in 2020, but these were set at a modest level. Benefits from these control measures will be dwarfed by an increased use of coal, however, if coal use increases as expected over the next decade.
Some countries recently strengthened their legislation on mercury emissions, while others continue to rely on capturing mercury as a result of controls on other pollutants. South Korea strengthened its national mercury emission limits in 2010 (Sloss 2012). These limits, however, are less stringent than both the German and US standards (Sloss 2012). Japan amended its air pollution control act in 2015 to include a mercury emission control system, including technology-based standards (Government of Japan n.d.). India, the world’s second largest user of coal, is increasing its coal capacity without mercury-specific emission controls. Similarly, South Africa relies on technology-based controls for particulate matter, sulfur dioxide, and nitrogen oxide to reduce mercury emissions. This may result in a capture of 6 to 13 percent of mercury emissions by 2026 compared to a 2011 to 2015 emissions baseline (Garnham and Langerman 2016). However, an increase in coal use could result in a net increase in mercury emissions in South Africa. Russia is another country that lacks mercury-specific controls on coal-fired power plants, but has standards for non-ferrous metals production.
International bodies have developed guidelines for the use of air pollution control devices (box 2-2). Some mercury air pollution controls are included in regional agreements covering North America and Europe. Canada, the United States, and Mexico, acting under the Commission for Environmental Cooperation that was set up as part of the implementation of the North American Free Trade Agreement (NAFTA), adopted a joint action plan on mercury in 1997 with general commitments to address pollution (Commission for Environmental Cooperation 1997). A second phase of the action plan, launched in 2000, set an aspirational goal to reduce national mercury emissions by 50 percent from 1990 levels by 2006 (Commission for Environmental Cooperation 2000). The US and Canada both exceeded this goal. The parties to CLRTAP adopted a protocol on heavy metals in 1998 that entered into force in 2003 (Selin and Selin 2006). Parties to the protocol, which was made more stringent in 2012, include the United States, Canada, the EU, and a few other European countries. The protocol targets mercury emissions from large stationary sources and mandates that parties reduce their mercury emissions below their levels in 1990 (or an alternative year between 1985 and 1995). It sets ELVs and stipulates that parties apply technology-based controls in the form of BAT.
The existence of national and regional regulations and the availability of effective end-of-pipe control technology facilitated the decision to include industrial atmospheric emission sources in the Minamata Convention. The Global Mercury Partnership built on this information to produce a summary of available control technology for power plants, informing treaty negotiations (Krishnakumar et al. 2012). The Minamata Convention mandates the application of controls on new and existing emission sources in five different categories: coal-fired power plants, coal-fired industrial boilers, non-ferrous metals production, waste incineration facilities, and cement production. The regulatory approach is similar to the one under the CLRTAP heavy metals protocol. Parties must apply BAT, BEP, or ELVs to new point sources to control emissions, and where feasible reduce them, no later than five years after they join. Parties must also control, and where feasible reduce, emissions from existing point sources through BAT, BEP, or ELVs, or a multi-pollutant control strategy no later than 10 years after the treaty becomes legally binding for them.
The Minamata Convention largely leaves it up to each party to define BAT, BEP, and ELVs for stationary sources based their own socio-economic and technical context, but the treaty’s Conference of the Parties (COP) is tasked to develop technical guidance documents to assist this process. This decision was based on the recognition that some parties had already set their own (and sometimes diverging) standards. It was also a way to allow developing countries to initially adopt standards that may not be as stringent as in industrialized countries. As a result, different “best available” domestic standards will capture varying amounts of mercury. Countries may also formulate standards using different metrics. For example, the United States currently uses performance metrics (lb/Btu), while others including China and the EU apply concentration limits (μg/m3). In addition, the language in the Minamata Convention regarding “control, and where feasible reduce” mercury emissions from stationary sources represents a compromise that allowed for increases in coal use—and may, even with stringent application of BAT, result in increasing mercury emissions globally. Increased waste incineration, cement production, and mining may also result in higher mercury emissions despite the introduction of stricter emission controls.
Industry resistance to mercury emission controls is strong in some countries, and lobbying by industry can influence government positions, including on joining the Minamata Convention. Australia’s decision so far to not ratify the Minamata Convention is attributed to opposition from the fossil fuel sector to stricter controls on mercury emissions (Bramwell et al. 2018). Australia lacks a federal standard on mercury emissions. Some Australian states have set no mercury-specific standards on coal-fired power plants while other states have only lax ones—some plants in New South Wales are allowed to emit 33 times more mercury than they would under the German and Chinese standards and 666 times more mercury than if they operated under the US standard (Environmental Justice Australia 2017). New Zealand, which similarly is not a party to the Minamata Convention, also has not set any mercury-specific emission standards. New Zealand’s largest energy retailer, Genesis Energy, announced in 2015 that it would close the country’s last two coal-fired power plants in 2018, but this decision was later revisited, and coal burning is expected to continue until at least 2025 and maybe longer (Coughlan 2018).
Scientific data show that stringent emission controls on industrial sources can reduce the environmental and human health burden of mercury emissions. Domestic and regional controls through the 1990s and 2000s reduced atmospheric mercury emissions, concentrations, and deposition near regulated point sources in North America. A study of mercury air concentrations from two sites in Vermont and New York found declines of a few percent per year from 1992 to 2014, with faster declines in the beginning and then slowing down or leveling off (Zhou et al. 2017). The study attributed these declines to reduced mercury emissions from regional sources, and correlations with declines in sulfur dioxide indicate that reductions in emissions from coal-fired power plants contributed to these reductions in atmospheric mercury concentrations. Declining emissions are also linked to reductions in mercury concentrations in fish (Hutcheson et al. 2014). Another study reported that mercury concentrations in rainfall declined overall between 1998 and 2005 in the northeastern United States (Butler et al. 2008). Much of this decline was attributed to the domestic controls on municipal waste incineration that were implemented in the 1990s.
Measurement studies carried out outside of North America also find declines in atmospheric mercury emissions, concentrations, and deposition in some regions starting in the 1980s, concurrently with the introduction of domestic and regional emission controls. Records from a few long-term stations in Europe show that atmospheric mercury concentrations declined substantially from 1980 to 1993 together with regional mercury emission reductions (Tørseth et al. 2012). Atmospheric concentrations at the monitoring site in Sweden with the longest time series of data declined about 60 percent between 1980 and the early 1990s (Tørseth et al. 2012). Another study showed a 7 percent yearly decline in atmospheric concentrations at Wank Mountain in southern Germany between 1990 and 1996 (Slemr and Scheel 1998). In addition, scientists have attributed measured decreases in atmospheric mercury concentration in the early 2010s in parts of China to declining mercury emissions from nearby domestic sources (Tang et al. 2018). Declines in mercury emissions also have longer-term benefits, as the amount of mercury available to remobilize and cycle later on is reduced (see chapter 3).
Trends in mercury concentrations and deposition at other sites, including those farther away from point sources, are less consistent. Measured mercury deposition in rainfall has increased at some sites—even in the United States where national emissions have declined—complicating interpretation of overall trends (Butler et al. 2008; Weiss-Penzias et al. 2016). Variations in weather patterns also affect trends in mercury deposition (Giang et al. 2018). Scientists debate whether observed atmospheric concentration trends in past decades at remote monitoring sites in North America and Europe—as opposed to those directly downwind of controlled sources—reflect regional or global emission declines (Zhang et al. 2016; Obrist et al. 2018). Global mercury emissions were relatively stable between 1980 and 2000, and increased slightly after that, but their regional distribution changed (Streets et al. 2017). The timescales of these changes are also affected by the cycling of historical emissions in the oceans (Soerensen et al. 2012). Some evidence suggests that concentrations in the Southern Hemisphere may have begun increasing again after 2007 (Martin et al. 2017). The more recently reported 20 percent increase in global emissions between 2010 and 2015, driven by emissions in Asia, may also affect future trends in atmospheric concentration and deposition.
Efforts to Reduce Dependence on Fossil Fuels
International bodies, national and local governments, and industries influence fossil fuel use in different ways (box 3-2). These types of interventions are often associated with efforts to address carbon dioxide emissions, such as those under the Paris Agreement. Substituting the underlying activity leading to pollution differs from efforts to reduce pollution that increase the efficiency of coal-fired power plants and other stationary sources or that apply end-of-pipe controls to capture emissions. Moving the world’s energy system away from fossil fuels—necessary from a climate change perspective—would prevent mercury mobilization from this source entirely, including air emissions and releases to land and water. It would also eliminate the need to properly dispose of captured mercury. Future mercury emissions from combustion and industrial production will largely be determined by how much coal is used, in Asia in particular, and the implementation of pollution controls in countries with the highest coal use (Streets et al. 2009). The benefits of climate policy for mercury pollution are thus likely to be largest in places that rely heavily on coal (Rafaj et al. 2014).
Few policy-makers so far have shown an appetite for linking mercury reduction efforts with the more contentious politics of fossil fuel reductions. China and India stressed the importance of coal burning for economic development during the Minamata Convention negotiations, and India linked coal use to its push for greater electrification. Negotiators from the United States and the EU who were pushing for action on atmospheric emissions also noted the continuing need for coal burning in some places. Moving away from coal completely would eliminate its associated mobilization of mercury, but state-of-the-art, end-of-pipe technologies can reduce atmospheric mercury emissions by 90 percent or more. China, India, and Indonesia are projected to significantly increase their use of coal from today’s levels despite their climate change commitments under the Paris Agreement (Edenhofer et al. 2018). In these and other countries, the control technologies that address mercury can be implemented far more cheaply than large-scale changes to a fossil fuel–free energy supply. But provisions under the Paris Agreement and the Minamata Convention can be synergistic, as they can result in reductions of mercury from different sectors (Mulvaney et al. 2020).
Mandates to apply end-of-pipe technologies can either extend or shorten the lifetime of polluting sources. With less environmental burden due to the application of pollution control technology, more modern coal-fired power plants may remain in the energy system for longer than they otherwise would. In China, for example, new coal-fired power plants are being built that accommodate state-of-the-art, end-of-pipe pollutant control technology to capture mercury and other air pollutants (but not carbon dioxide), reducing reasons to close them down. In contrast, technologies can shorten the lifetime of some, especially older, power plants. In the run-up to the Mercury and Air Toxics Standards taking effect in 2015 in the United States, anticipation of future regulatory actions reportedly prompted the retirement of several older coal plants, whose operators cited the cost of compliance with federal regulations as a reason for their premature closure (Storrow 2017). Mercury standards are also thought to have been a factor in the closure of coal-fired power plants in Canada, or their conversion to other fuels such as natural gas or wood (Sloss 2012).
Insights
The story of air pollution in Steubenville at the beginning of this chapter illustrates both the ability and difficulty of addressing mercury emissions to the atmosphere from the large point sources that are integral to industrial and energy production in contemporary societies. In this section, we draw insights from the interactions and interventions that characterize the atmospheric system for mercury. First, atmospheric mercury connects places across the world not only through its environmental transport but also through connections facilitated by socio-economic factors and institutions. Second, actions to address mercury have largely involved incremental transitions, but these have had substantial benefits for human well-being in particular places. Finally, efforts to govern mercury emissions should consider their multi-scale, complex nature.
Systems Analysis for Sustainability
Understanding how mercury emissions to air disperse in the environment and impact human well-being requires paying attention to local as well as long-range dynamics. Mercury from industrial point sources is emitted in different forms, which can deposit either nearby or far away. Mercury emissions that deposit regionally in the near term can be remobilized and cycle further through the environment, later affecting other populations far away in time and space. End-of-pipe control technologies change both the total amount of mercury emitted and the relative fraction of emissions in shorter- and longer-lived forms. Mercury captured in air pollution control technology creates mercury storage needs, and this mercury can be further distributed when using coal-combustion byproducts in industrial processes. The introduction of stricter mercury-specific pollution controls primarily in North America and the EU beginning in the late 1900s resulted in emission reductions. In contrast, in Asia, mercury emissions from coal burning and industrial production continue to rise.
A systems perspective on atmospheric mercury emissions from industrial point sources should take into account how the locations and levels of such emissions have changed over time, as the provision of energy and consumer goods has increased worldwide. Interventions to reduce mercury emissions in North America and Europe have accomplished their goals through setting technology-based emission controls from large point sources. This allowed the production of energy and consumer goods to continue providing benefits to human well-being, without altering underlying processes of coal burning and industrial manufacturing. Governments in other regions of the world to date have intervened less to target mercury emissions from industrial point sources. This allows mercury emissions to continue in these regions, and also shifts the relative importance of different regions for global emissions. Mercury emissions between 2010 and 2015 increased in all regions outside North America and Europe, but Asian mercury emissions are particularly high. China has introduced mercury-specific emission controls, but India has yet to move in this direction.
Mercury travels globally, but global average concentrations alone do not reflect the harms posed by mercury to the environment and human well-being. This is because the different forms of mercury emitted to the atmosphere from large point sources can either disperse globally or deposit regionally and locally. Ecosystems downwind from coal-fired power plants and other industrial sources may experience high levels of mercury deposition, leading to exposure to nearby populations. These “hot spots” of mercury emissions and deposition are a political issue of importance to human health and the environment in many regions of the world. Trends in environmental concentration and deposition of mercury track national and global emission trends in some places, but not in other locations. Even in the United States, where national mercury emissions declined dramatically over the past three decades, there remain places where measured mercury deposition increased during the 2000s. As a result, studies of environmental and human health impacts of mercury emissions from large point sources must consider local, national, regional, and global trends in emissions and deposition simultaneously.
Sustainability Definitions and Transitions
The underlying production and consumption processes resulting in atmospheric mercury emissions lead both to benefits and harms to human well-being that have been valued differently in different places over time. This complicates efforts to define what constitutes progress toward greater sustainability. The production of fossil fuel–based energy and industrial goods has had substantial material and health benefits to people for over 250 years. At the same time, mercury that was emitted into the atmosphere through these processes has damaged human health and the environment, and created a legacy of long-lasting environmental pollution. The burning of fossil fuels and industrial manufacturing, and associated mercury emissions, continue decades after mercury was identified as a major air pollutant. Some governments and private sector actors have attempted to reduce the amount of mercury that is emitted into the atmosphere together with other air pollutants, but governments in other countries do not view mercury emissions to be dangerous enough to warrant the economic costs of mandating pollution controls. As a result of this and other factors, the negative impacts of mercury emissions are unevenly distributed across the planet and influence future generations.
Most national and regional action on mercury emissions from large point sources have relied on an incremental introduction of stricter pollution control technologies rather than on seeking shifts in underlying activities of coal burning and industrial production. Such incremental transitions toward reducing mercury emissions facilitated the continued burning of fossil fuel and industrial manufacturing with fewer environmental and public health burdens. These actions had substantial benefits in regions that took action, but mercury remains a global problem. The Global Mercury Partnership and the Minamata Convention largely codify this vision of a technology-based approach to addressing atmospheric mercury emissions at the global level. Neither the Global Mercury Partnership nor the Minamata Convention has encouraged the deeper systemic change of rapidly phasing out the use of fossil fuels. Pollution prevention has reduced the quantity of mercury that would otherwise have entered the atmosphere, with both near-term and long-term benefits, but the limits of a technology-based approach to controlling mercury emissions are evident by the fact that global mercury emissions still grew in the early 2010s.
The atmospheric mercury system shows that incremental, technology-based change and long-term systemic change can be both conflicting and synergistic, sometimes simultaneously. Technology-based approaches can, under some conditions, lead to more fundamental change. Mercury standards in the United States and Canada accelerated the closing of at least some coal-fired power plants that were too old or unprofitable to warrant the addition of new end-of-pipe technology. This illustrates how dynamics that lead to gradual progress toward sustainability and to more disruptive change can be simultaneously present, and potentially reinforcing. In the near-term, however, there is a potential for tension between policies that support incremental change and those that call for quicker and more radical change. The introduction of emission standards and control technology on industrial sources can mitigate mercury emissions and other local pollution problems, but the resultant longer operability of modern coal-fired power plants can leave the longer-range effects and broader implications of carbon dioxide emissions on climate change largely unaddressed.
Sustainability Governance
Efforts to reduce atmospheric mercury emissions rely on creating and adapting institutions that fit the multi-scale nature of the problem. Addressing only national and regional mercury emissions—illustrated by government-led actions in North America and Europe in the 1990s and early 2000s—can lead to emission reductions, but both regions still have problems with mercury deposition from the long-range transport of mercury emissions from sources located elsewhere. This shows the importance of a global governance approach to controlling mercury emissions. The Minamata Convention covers mercury emissions globally, but also attempts to balance its global scope with regional and national flexibility in formulating air pollution laws and setting mercury emission standards. It requires all parties to control, and where feasible, reduce their mercury emissions from certain categories of point sources, but it is largely left to the individual parties to define their own standards and approaches to mercury and multi-pollutant controls. International cooperation helps diffuse knowledge about regulatory practices and different air pollution control techniques.
A range of regulatory strategies can reduce mercury emissions. Multi-pollutant control technology can increase the efficiency of pollutant capture and reduce implementation costs. Some end-of-pipe technologies allow countries to control mercury emissions using strategies that are primarily designed to address other air pollutants such as fine particulate matter. Taking advantage of material synergies can be politically attractive in some cases, but not in others. Reductions in mercury emissions from industrial point sources during the twentieth century came as an unintended side effect of efforts to reduce emissions of other pollutants. But links between addressing mercury emissions from coal-fired power plants and the more politically contentious issue of climate change mitigation create governance challenges. Reducing mercury emissions from industrial sources is both technically feasible and politically attractive in many countries across the world, but phasing out coal is less so. Countries decided during the negotiations of the Minamata Convention that it was preferable to have a treaty that merely mandates end-of-pipe measures for large stationary sources without any further restrictions on coal burning than to have no mercury treaty at all.
It is difficult to assess the ultimate effectiveness of governance efforts to protect the environment and human health from mercury emissions from large point sources. Mercury emissions from these sources can decrease due to factors other than regulatory controls, including market-driven changes in coal burning and industrial manufacturing. Variations in weather patterns and ecosystem processes furthermore make interpreting mercury concentration trends in the environment difficult. This affects the ability to monitor the impacts of implementation and compliance with pollution standards. Mercury captured by pollution control technology can also later be discharged into the environment through reuse in other industrial manufacturing processes unless there are proper standards in place. In the absence of a large societal shift away from fossil fuels—whether driven by economic factors in energy markets, by concerns about air pollution and climate change, or by a combination of those factors and concerns—the greater application of technology-based controls addressing mercury emissions as mandated by the Minamata Convention remains critical to protecting human well-being.
Mercury, the winged messenger god, conveys a mixed message in terms of efforts to control mercury emissions and deposition. Industrialization resulted in emissions of mercury to the atmosphere from coal burning and other point sources. Some early efforts to address other pollutants from these sources also reduced mercury emissions, but governments have taken specific actions targeting mercury emissions only over the past few decades. Regulatory efforts to control emissions of mercury and other harmful pollutants to date have focused on technology-based approaches that have both near-term and long-term environmental and human health benefits. Mercury emissions have declined in North America and Europe, but emissions have grown elsewhere, particularly in Asia. The geographical origin of emissions and their local impacts have thus shifted, but atmospheric transport carries much mercury across borders. Future policy efforts that focus more aggressively on eliminating fossil fuel use by restructuring energy systems could ultimately prevent industrial mercury emissions at their source.
6 Assets and Liabilities: Mercury, God of Commerce
Those who study environmental science and governance are familiar with a historical evolution common to many substances: they are at first highly valued by society, then progressively seen as liabilities through their societal and environmental distribution, as their dangers to human and ecosystem health become increasingly appreciated. Useful properties of such substances, including mercury, supported scientific and technological advances and provided many other social and economic benefits to people and societies. However, some substances like mercury also caused severe human health damages in occupational settings and through their local and global dispersion in the environment. Changes in perceptions of hazardous substances, and societal responses to their dangers, occurred at different times and in different ways in places across the globe. Understanding the benefits and harms that stem from the intentional uses of hazardous substances is important for better managing societal uses of materials toward greater sustainability.
Daniel Gabriel Fahrenheit constructed the world’s first mercury thermometer in 1714 in Amsterdam. This groundbreaking invention was a significant improvement over existing, much less accurate, temperature-measuring devices. More than a century earlier, in the 1590s, Galileo Galilei had developed a thermoscope, or air thermometer, as a crude way to measure changes in ambient temperatures (Camuffo and Bertolin 2012). The thermoscope consisted of a glass tube that was submerged in water at one end; the rise and fall of the water line indicated relative atmospheric temperature differences. This construction of the thermoscope built on the fact that air expands when it is heated, a scientific discovery made by Philo of Byzantium in the third century BCE. Galileo was not able to measure temperatures against a fixed degree scale, however, and his rudimentary thermoscope was largely unreliable because its measurements varied with atmospheric pressure (Rasmussen 2012). The invention of the first modern thermometer is often credited to Santorio Santorio, who applied a simple measurement scale to Galileo’s thermoscope (Middleton 1966).
The introduction of fully sealed liquid-based thermometers using alcohol—developed beginning in the 1640s by several people including Evangelista Torricelli and the Grand Duke of Tuscany Ferdinand II—represented another important technological step forward (Wright and Mackowiak 2016). But these alcohol-based thermometers did not solve the fundamental problem: a lack of measurement precision and comparability. This all changed with the invention of the mercury-in-glass thermometer, which allowed Fahrenheit to conduct and record measurements with much more accuracy and detail. With his new thermometer, Fahrenheit was also able in 1724 to devise the first standardized scale to measure temperatures: the Fahrenheit scale where water freezes at +32 degrees and boils at +212 degrees. Using the new mercury thermometer, Anders Celsius in 1742 invented an alternative scale that reversed the hot and cold ends and set the water boiling point at 0 degrees and the water freezing point at +100 degrees. Proposals to invert this scale came a year later, resulting in the contemporary Celsius scale where water freezes at 0 degrees and boils at +100 degrees (Bolton 1900).
The story of the invention of the mercury thermometer is one example of how mercury has been an important component in a broad range of consumer products and production processes. Electronic thermometers are increasingly replacing the basic mercury thermometer, but the mercury thermometer was the dominant technology for nearly 300 years because of its simplicity, precision, and reliability. It was successfully used to advance scientific knowledge in meteorology and climatology, to develop new manufacturing techniques that required the ability to read accurate temperature measurements, and to diagnose and treat illnesses in patients all over the world. Many other commercial products and production methods also relied on the unique properties of mercury to provide a wide range of social and economic benefits. But as the chapter title, referring to Mercury, the god of commerce, indicates, societal attitudes about mercury fundamentally shifted over time, from seeing the element as a valuable asset that can be beneficially used, to viewing it as a liability whose intentional uses should be regulated and eventually phased out altogether.
Many governments have introduced increasingly strict controls on the use of mercury, both in consumer products and production processes. Their efforts to phase out mercury uses mirror other attempts to regulate the commercial use of toxic substances. Some of these regulated substances are naturally occurring elements like mercury, whereas others are synthesized in laboratories. Well-known examples include other heavy metals such as lead and cadmium and organic chemicals like DDT, PCBs, and CFCs. Plastics—a building block of modern consumer societies and now ubiquitous in landfills and oceans—are in the process of a similar transition. Other substances that societies currently place high value on—such as rare earth elements—might become the next generation of liabilities. Continuing uses of mercury and other hazardous substances may be warranted in some applications, at least in the short term, where decision-makers judge that societal benefits outweigh risks and liabilities. Ultimately, these decisions reflect broader issues of how societies identify and govern risks from materials, which vary in their utility as well as their hazard.
In this chapter, we examine intentional uses of mercury in products—excluding medicine, which we discussed in chapter 4—as well as in production processes, and societal efforts to reduce and eliminate such use. In the section on system components, we outline the human, technical, and environmental components that influence the use of mercury in products and processes, and the institutions and knowledge that surround these uses. We cover in the interactions section how the development of technologies for mercury-added products and processes led to social and economic benefits as well as negative environmental and human health consequences. We discuss efforts to reduce and eliminate mercury uses in products and processes, and address as well the negative consequences of related mercury discharges, in the section on interventions. In the final section on insights, we discuss how mercury’s benefits and costs to different populations were affected by system interactions over time, how largely incremental transitions reduced or eliminated mercury in products and processes, and how policy efforts can more effectively govern products and processes across scales.
System Components
Mercury that has been used in consumer products and production processes originated from two main sources: primary mercury mining and the reuse of mercury already in commerce. Of the 1 million tonnes of elemental mercury estimated to have been extracted from cinnabar and other ores since the year 1500, roughly half was used in a multitude of products and processes, while the other half was used in gold and silver mining (Hylander and Meili 2003). Much commercial mercury has been recycled and reused, sometimes multiple times, in other products and production processes. This means that some of the mercury in products and processes has cycled through society for long periods. The present-day main human, technical, environmental, institutional, and knowledge components for the products and processes system for mercury are summarized in figure 6.1.
Components in the products and processes system for mercury (referenced in the text in italic type).
Humans have been producers and consumers of mercury-added products and other goods made using mercury for millennia. Globally, annual use of mercury in commerce peaked in 1970, associated with a peak in annual mercury mining of 10,000 tonnes (Hylander and Meili 2003). Commercial mercury demand has declined since then, but mercury is still used in a variety of mercury-added products as well as other goods made using mercury. An estimated 2,040 to 3,600 tonnes of mercury were consumed in mercury-added products and production processes in 2015 (UNEP 2017). This estimate excludes mercury use in artisanal and small-scale gold mining (ASGM), which can also be considered a process-based use (we address that use separately in chapter 7). The term “mercury consumption” refers to the mercury content of all mercury-added products used, as well as the gross mercury input into all industrial processes during a given year. Production processes consumed 46 percent of this non-ASGM mercury; 44 percent was used in a variety of products, including batteries, measuring and control devices, lamps, and electrical and electronic devices; and the remaining 10 percent was used for dental amalgam.
Human uses of mercury in products and processes relied on the availability of mercury in geological reservoirs as well as knowledge about the properties of mercury and mercury-based product development and production techniques. Some of the earliest uses of cinnabar, connected to individual and societal beliefs, had religious and mystical connections in Asia, Africa, and Latin America (Mahdihassan 1985). Vermillion, a pigment made from grinding cinnabar powder, was applied to preserve human bones in graves from the Neolithic period in Spain in 3000 BCE (Martín-Gil et al. 1995). Cinnabar, which has a deep red hue, was also used as a coloring agent. Asian uses of “Chinese Red,” a cinnabar-based color for painting vases made from lacquer, go back at least to the first millennium BCE (Gettens et al. 1972). The Roman author Pliny the Elder (23–79 CE) noted that “the ancients” used to paint with cinnabar that was “adulterated by the agency of goats’ blood, or of bruised sorb-apples” (Pliny the Elder n.d., chapter 32: Quicksilver). Romans used mercury as an ingredient in makeup and other beauty products. For example, women used cinnabar as a rouge to heighten the color of their cheeks (Stewart 2014). People today use skin-lightening creams that contain mercury.
Alchemy, an ancient branch of natural philosophy and the forerunner of modern chemistry, focused on ways to improve, purify, or otherwise transform certain materials; mercury was central to alchemical concepts and work, and alchemists were the ones who gave the name quicksilver to mercury (Goldwater 1972). Attempts to unify the physical world linked the sun, the moon, and the five nearer planets to seven metals, including mercury, more than 2,000 years ago in Europe (Crosland 2004). Alchemy included a long-standing search for the philosopher’s stone—an elusive but potentially very valuable substance capable of turning base metals such as mercury into much more valuable gold (Goldwater 1972). Alchemical efforts continued at major universities well into the 1900s. As late as 1924, two chemists at Berlin Technical University claimed to have turned mercury into gold (Anonymous 1924). Alas, the search for the philosophers’ stone and efforts to change other metals into gold have proved unsuccessful.
Workers and employers in mercury-related sectors have used mercury and mercury compounds extensively. Mercury use in the silver-plating industry dates back at least to Roman times (Pliny the Elder n.d.). The use of mercury in production processes expanded beginning in the fourteenth century, first in Europe and then elsewhere (Svidén and Jonsson 2001). These early mercury uses included the production of mirrors and hats. Mercury use also grew in laboratories as science progressed. Industrial applications of mercury increased in the nineteenth century. Mercury fulminate was used in percussion and blasting caps starting in the 1800s. Mercury was a component of lamps beginning in the 1800s, and of batteries in the second half of the twentieth century. Mercury compounds were used in agricultural pesticides beginning in the 1910s (Novick 1969). In the 1900s, the pulp and paper industry added phenylmercury acetate to prevent the growth of fungi in the pulp during manufacturing, and to protect wood pulp during storage and shipment (Löfroth and Duffy 1969; Novick 1969). Phenylmercury was also applied as a biocide in indoor and outdoor paint (including in antifouling paint for ships).
The chemicals industry developed several different production processes that involved mercury to transform extracted fossil fuels such as coal and oil to make societally important high-volume chemicals. These included vinyl chloride monomer (VCM, a building block of plastic polyvinyl chloride, or PVC), acetaldehyde (an intermediate in the production of chemicals and plastics), and polyurethane (polymers used in many products). The chemicals industry also used mercury in processes that produced chlorine and alkali (caustic soda and sodium hydroxide used to make soap, textiles, and chemicals) from brine (sodium chloride solution). In the mid-twentieth century, mercury was used to make enriched lithium-6 for the development of thermonuclear weapons. In the nuclear power sector, lithium-7—a byproduct of mercury-based lithium-6 production—is a key component in the fluoride cooling systems of molten salt nuclear reactors developed in the 1950s.
Mercury that is no longer in commercial use either exists as mercury in stockpiles and landfills or has been discharged into the environment. Industrial point sources of mercury discharges have historically been a large source of releases of mercury to land and water as well as emissions to air. Some of the mercury releases first entered ecosystems near mercury uses. Mercury from industry, agriculture, and leaks and wastes from mercury-added products have combined to create a large number of contaminated sites. It is estimated that there are currently over 3,000 mercury-contaminated sites in different parts of the world (Kocman et al. 2013). Releases of mercury have created health risks to some people living near mercury discharges or contaminated sites. In addition, a portion of the discharged mercury that was used in products and processes has entered the atmosphere, where it can travel long distances before depositing in ecosystems far from mercury uses. As a result, people living far from mercury discharges are also exposed to mercury in the environment that originates from its use in products and processes.
Mercury’s use in a growing number of products and processes depended heavily on the development of knowledge of its properties. As markets for mercury-added products and goods made using mercury diffused these products and goods throughout societies, knowledge began over time to include information about negative environmental impacts from mercury discharges as well as health impacts from mercury exposure. The formulation of labor standards was facilitated by knowledge of health protection techniques for workers. Governments also adopted national and local laws and regulations on mercury uses and discharges. Uses of and human exposure to mercury were reduced through new knowledge of mercury-free product development and production techniques, especially since the 1970s. The development and commercialization of alternative products and processes that did not rely on the use of mercury have had a large impact on mercury markets by significantly reducing the demand for mercury. At the international level, the Global Mercury Partnership supports the further development and introduction of mercury-free alternatives, while the Minamata Convention mandates reductions and phaseouts of mercury use in products and processes.
Interactions
Intentional uses of mercury in consumer products and production processes have had both positive and negative influences on human well-being. Figure 6.2 shows interactions in the products and processes system for mercury: we have selected two interactions (the items in bold type in boxes 2-1 and 2-3) to focus on in this section; we then trace the pathways that influence them, which we summarize in figure 6.3 (where the bold boxes correspond to the selected interactions). First, mercury-added products and other goods using mercury provide benefits for producers and consumers but also harm them (box 2-1), and mercury uses affect and are affected by market dynamics and resource availability (boxes 3-2, 2-2, 1-1, and 1-2). Second, mercury-added products and industrial point sources discharge mercury into ecosystems (box 2-3), where it is transported and transformed into methylmercury and subsequently affects people (boxes 3-3, 3-1, and 1-3).
Interaction matrix for the products and processes system for mercury.
Pathways of interactions in the products and processes system for mercury. Bold boxes indicate focal interaction for each subsection.
Commercial Mercury Benefits and Harms
Mercury-added products and other goods made using mercury have provided benefits to as well as harmed people (box 2-1). Primary mining of cinnabar ores provided much of the mercury for early uses in products and processes (box 3-2). Mercury has been mined in all regions of the world, but much extracted mercury from cinnabar during preindustrial times came from a smaller number of mercury mines (see chapter 3). As the commercial demand for mercury in the chemicals industry and other sectors grew in industrial times, recycling of mercury from its original use became an increasingly important source of supply for both domestic use and trade. Mercury in production processes influences quantities of mercury in commerce and the amount of mercury stored in stockpiles (box 2-2). The gradual closing of previously large mercury mines coupled with the US and European Union (EU) elemental mercury export bans that were adopted in the 2000s made recycling and reuse a more important source of commercial mercury. At the same time, the amount of excess industrial mercury grew as industries switched to mercury-free manufacturing alternatives, which increased the amount of mercury in stockpiles in many countries.
Changes in the supply and demand for commercial mercury have been influenced by producers and consumers interacting in socio-economic systems (box 1-1). Producers and consumers for thousands of years have sold and bought mercury-added products and other goods made by using mercury (box 1-2). In addition to mercury’s use in traditional medicine (see chapter 4), ancient texts suggest that mercury was used in magico-religious rituals in China and India going back millennia. Mercury was important in Hinduism, including as a representative of the seed of Lord Shiva, and it was also discovered in Egyptian tombs (Masur 2011). Aristotle wrote in the fourth century BCE about the use of mercury in religious ceremonies (Nriagu 1979). In Caribbean religions with African roots such as Santeria, Palo, and Vodou, sprinkling mercury inside homes or mixing it into perfumes, lotions, or soap and water for ritualistic purposes is thought to bring good luck and ward off evil spirits (Wendroff 2005; Newby et al. 2006; Wexler 2016). Some of these practices continue in the Caribbean and in other countries where followers have relocated, including the United States (Yehle 2011).
Many early commercial mercury uses were associated with social status and affluence. Cinnabar imported from Spain and India was used in ancient Rome, where cinnabar-containing products were scarce and associated with prosperity (Stewart 2014). The expanded use of mercury in manufacturing that began in the fourteenth century not only increased the amount of mercury in commerce, but also solidified the metal’s links to prominence and wealth. Processes involving mercury were used to produce relatively expensive goods such as large mirrors and fur hats, whose ownership conferred social status, as only people with financial means could afford them. Mercury-based manufacturing techniques also provided economic advantages for producers. The technique of using mercuric nitrate in the fur-felting process in hat making, developed in France, was initially kept a trade secret because it helped French hat makers corner the market for a superior and highly desirable product. As the knowledge of how to use mercuric nitrate spread, many hat makers in other countries switched over to the new mercury-based production method (Svidén and Jonsson 2001).
Mercury and mercury-added products were important to the development of new scientific knowledge and capabilities that had societal benefits, particularly beginning in the seventeenth century. As Leonard J. Goldwater argues: “Without mercury some of the most significant advances in chemistry would have been delayed for years and possibly for centuries” (Goldwater 1972, 98). Experiments using mercury and mercury-added instruments facilitated the discovery of more than 20 chemical elements. In perhaps the most important of these discoveries, Joseph Priestly and Carl Wilhelm Scheele, in the mid-1770s, independently used mercury to identify oxygen—also referred to as “fire air”—which represented a major turning point in the history of modern science. Mercury-containing instruments also facilitated the development of dialysis and osmosis. The mercury thermometer, described at the beginning of this chapter, advanced both meteorology and medicine. The mercury barometer, invented by Evangelista Torricelli in 1643, greatly enhanced the ability to accurately measure atmospheric pressure (Middleton 1963; West 2013). In 1896, Scipione Riva-Rocci revolutionized medicine when he introduced the mercury-based sphygmomanometer for measuring blood pressure by wrapping an inflatable cuff around the upper arm (Roguin 2005).
Mercury continued to provide benefits to more modern societies. Mercury fulminate in blasting caps, including those invented by Alfred Nobel in the 1860s, helped build roads, bridges, and dams. Mercury was also a key component in the development of lighting technology. E. H. Jackson took out the first patent for a mercury-containing lamp in London in 1852, building on scientific discoveries that mercury could produce light when vaporized in an electric arc (Perkin 1911). Commercialization of this technology began in 1901 with a design by the engineer Peter Cooper Hewitt, whose company was acquired later by the General Electric Company (Cleveland and Morris 2014). Higher-intensity mercury lamps were introduced in 1934, and their efficiency and long life made the mercury-vapor lamp useful in public lighting, including for streets and highways (Freeman 1940). Mercury lamps were also used to light the large workspaces required for airplane factories and hangars (Anonymous 1945). Mercury was a key component in the first commercially viable fluorescent lamp, patented in 1926 (Cleveland and Morris 2014), and continues to be used in fluorescent bulbs and compact fluorescent lamps (CFLs). In addition, mercury was added to neon tubes to produce a blue light.
Mercury-containing batteries were first used in the 1940s. Samuel Ruben, the cofounder of Duracell, submitted a patent in 1945 for a new battery containing mercury (Ruben 1945). In zinc–mercuric oxide batteries, mercury is part of the electrode reaction (Naylor 2002). Using mercury allowed for the production of a dry cell battery that had a high capacity-to-volume ratio and could be stored under tropical conditions, criteria that were important to the US military during World War II (Ruben 1947). Mercury was also added to other kinds of batteries to enhance their performance. In small button-cell batteries, including alkaline manganese oxide batteries as well as zinc air and silver oxide batteries, mercury prevented the buildup of hydrogen gas from zinc corrosion (Northeast Waste Management Officials Association 2010).
The development of mercury-based production processes in the chemicals industry during the 1900s helped firms to produce more profitable products that protected human health and improved living standards. One example of such a process is in the production of chlorine and caustic soda (chlor-alkali production). It involves applying an electrical current to sodium chloride to separate positively charged sodium from negatively charged chlorine to make alkali. Initial technologies set up two reservoirs with opposite electrical charges separated by a permeable membrane—the so-called diaphragm-cell process (Crook and Mousavi 2016). In 1895, Hamilton Castner and Karl Kellner commercialized an alternative—the mercury-cell process—whereby sodium forms an amalgam with the mercury while the chlorine gas volatilizes (O’Brien et al. 2005). Mercury-based chlor-alkali technologies were more energy efficient than other techniques, and were widely adopted in Europe and Japan (Crook and Mousavi 2016). The use of chlorine benefited public health. Chlorination of London’s water supply in the early 1900s, for example, protected against water-borne diseases (MacKenzie 1945). The mercury-cell process also made it possible to produce a higher quality caustic soda, which beginning in the 1940s was used to make new popular kinds of synthetic fibers such as rayon (O’Brien et al. 2005).
The mercury-cell technology for chlor-alkali production gained ground in the United States as well, but the older diaphragm-cell process remained in use in the majority of US plants throughout the twentieth century. Masaru Yarime (2007) cites two main reasons for this. First, there were abundant brine wells in the United States that provided the raw material for chlorine and alkali in the liquid form used by the diaphragm-cell process; the mercury-cell process in contrast requires beginning with solid salt. Second, because energy was cheaper in the US compared with other regions, it was less advantageous for manufacturers to switch to the more energy-efficient mercury-cell technique. The diaphragm-cell process, however, relies on asbestos, another highly hazardous substance. The mercury-cell process was also used in a few other places, but in countries where chlorine production was developed later, it was more common to rely on a newer membrane-cell technology that needed neither mercury nor asbestos. There were roughly 75 plants in 40 countries that still used the mercury-cell process in 2015, accounting for 8 percent of the global chlorine production capacity of 60 million tonnes (UNEP 2017).
Mercury was applied in other chemical production processes as well. In VCM manufacturing, mercury is a catalyst for a reaction between acetylene and hydrochloric acid that produces the VCM, which is in turn used to make PVC. China is currently the world’s largest manufacturer of PVC, and its domestic use of PVC is increasing rapidly. A reported 85 percent of all VCM production in China as of 2014 still used a mercury-based production technique (UNEP 2017). Mercury-based technology was also adopted widely in the chemicals industry for the production of acetaldehyde, a technique that began in Germany in 1912 (Eckert et al. 2006). In this process, a sulfuric acid/mercury sulfate solution is used as a catalyst. The Chisso factory in Minamata used a slightly different method that was developed locally starting in 1932 (George 2001). The mercury-based technique that produced acetaldehyde from acetylene was the dominating production technique for acetaldehyde manufacturing until the early 1960s (Eckert et al. 2006). By the time of the negotiations of the Minamata Convention, there was no longer any known mercury-based manufacturing of acetaldehyde.
While some uses of mercury were beneficial, others caused harm. Many workers suffered, and the use of mercury-added products in some instances also harmed consumers through mercury exposure. In Iraq in 1956, 1960, and 1972, people used imported seeds treated with organic mercury compounds, which had been intended for planting, to make bread; thousands of people fell ill and hundreds died (Jalili and Abbasi 1961; Bakir et al. 1973; Rustam and Hamdi 1974). Other known fatalities from people eating mercury-treated seeds occurred in Pakistan in 1961 and 1969, in Guatemala from 1963 to 1965, and in Ghana in 1967 (Haq 1963; Bakir et al. 1973; Derban 1974). In the United States, three members of a New Mexico family were poisoned in 1969 after eating meat from hogs that had been fed methylmercury-treated seeds (Waldron 1970).
The use of mercury also had mixed societal implications in other ways. Many of the percussion and blasting caps containing mercury fulminate were put toward violent ends. Mercury was also used in the production of thermonuclear weapons. To make enriched lithium-6 for such weapons in the United States, Soviet Union, and China, mercury was run against a solution of lithium hydroxide in a column exchange process whereby lithium-6 accumulated in the mercury phase. Between 1950 and 1963, an estimated 11,000 tonnes of mercury—an amount more than four times greater than today’s global annual anthropogenic emissions—was used in Tennessee at the Oak Ridge National Laboratory in this process (Brooks and Southworth 2011). The United States stopped making lithium-6 in 1963, and the major mercury-based production of lithium-7 is currently in China and Russia (Mazur et al. 2014). Recent reports that North Korea acquired large quantities of mercury fueled speculation about the country’s capacity to produce thermonuclear weapons (Albright et al. 2017). In addition, chlorine made from mercury-based processes was used in chemical weapons production.
Commercial Mercury and the Environment
Many mercury-added products and industrial point sources have discharged mercury into ecosystems (box 2-3). Roughly three quarters of the mined mercury that was used in products and processes is estimated to have been discharged into the atmosphere, land, and water, or has ended up in landfills (Horowitz et al. 2014). But there are many global and local data uncertainties regarding mercury discharges into the environment from individual sources. The fate of many mercury-added products discarded for centuries all over the world is unknown, including their location in landfills. There are also large uncertainties about mercury discharges from individual point sources. One primary example of this was seen in Minamata. It is unclear how much methylmercury Chisso released into Minamata Bay and neighboring waters by the manufacturing of acetaldehyde and vinyl chloride, but the company claimed in 1972 that it lost roughly 82 tonnes of mercury between 1932 and 1971. One year later, the Japanese Ministry of International Trade and Industry calculated that it was more likely over 224 tonnes, while other estimates go as high as 600 tonnes (George 2001).
Ecosystem processes transport mercury and lead to the production of methylmercury (box 3-3). In turn, methylmercury in ecosystems and contaminated sites affects people (box 3-1). The industrial discharge by Chisso and its related damages to the environment and human health was not an isolated event. A similar case, also stemming from the use of mercury in acetaldehyde production, happened in Niigata, Japan, where the chemical company Showa Denko discharged methylmercury into the Agano River. Mercury poisoning in Niigata was detected in the fall of 1964. Fewer people were affected by Minamata disease in Niigata than in Minamata, but the discharges of methylmercury that began in 1936 and lasted until 1965 still caused much damage. The leadership at Showa Denko initially denied that it had caused the problem and deflected blame by coming up with alternative (false) explanations, including pesticides released from a 1964 earthquake (George 2001). In 1967, 13 victims of Minamata disease filed a suit against Showa Denko in Niigata District Court. In 1971, two years before the legal ruling against Chisso, the court found Showa Denko responsible for causing the outbreak of Minamata disease in Niigata (Funabashi 2006). By 1999, 690 cases of Minamata disease were recorded in Niigata (Eto 2000).
Industrial releases of mercury also caused damages in Ontario, Canada. The Dryden Chemicals company released an estimated 9 to 11 tonnes of mercury into the Wabigoon-English River system between 1962 and 1970 (Takeuchi et al. 1977). This mercury came from a chlor-alkali plant that used mercury cells to produce sodium hydroxide and chlorine for bleaching pulp at the nearby Dryden Paper Company. Chlor-alkali plants and paper mills were sometimes co-located for practical purposes. These releases caused an outbreak of Minamata disease in downstream communities of First Nations peoples in the Grassy Narrows and White Dog Reserves, where researchers found many symptoms in cats and humans that were similar to those previously documented in Minamata (Takeuchi et al. 1977; Harada et al. 2005; Takaoka et al. 2014). The provincial government in Ontario ordered Dryden to stop the mercury discharges in 1970, but it did not acknowledge the presence of Minamata disease (Mosa and Duffin 2017). A decision by the government in 1970 to close down all fishing significantly affected people for generations; similar to the fishers in Minamata, local indigenous groups depended on fish for both food and income (Jago 2018).
Producers and consumers have also intentionally discharged mercury-added products into ecosystems (box 1-3). Panogen and other liquid preparations of organic mercury compounds for use in agriculture against fungi were introduced in the 1940s. By 1950, the use of Panogen in Sweden was “as routine in farming as plowing” (Löfroth and Duffy 1969, 10). Swedish conservationists and ornithologists were among the first to notice fatalities in birds that had eaten treated seeds (Egan 2013). Panogen was also widely used in many other countries. A 1964 advertisement in the US publication The National Future Farmer, targeted toward young people in agricultural regions, highlighted the Morton Chemical Company’s efforts to educate farmers about the benefits of treating seeds with Panogen to prevent mold and encourage root and foliage development. It noted that farmers all over the world had been using Panogen for 25 years (Anonymous 1964). Direct release of mercury to ecosystems in these applications was both widespread and extensive. It was estimated that a total of 2,100 tonnes of mercury worldwide were used in agriculture in 1965 (Smart 1968).
Interventions
Different interveners have attempted to address problems stemming from mercury use in products and processes, including national and local governments, industries, experts, and international bodies. Figure 6.4 identifies the central interveners and interventions in the products and processes system for mercury. Two main categories of interventions have addressed commercial mercury use. First, some interventions have focused on reducing or eliminating the uses themselves (boxes 2-2 and 1-2). Second, other interventions have addressed mercury from an environmental perspective, by managing stockpiles, setting limits on discharges, and cleaning up contaminated sites (boxes 2-2, 2-3, and 3-3).
Intervention matrix for the products and processes system for mercury.
Reducing or Eliminating Commercial Mercury Uses
Many interventions that reduced or eliminated commercial mercury uses originated in the private sector, as industries and experts designed mercury-free products (box 2-2). Economic considerations, rather than environmental and health concerns, sometimes drove initiatives to either reduce the amount of mercury used or move to mercury-free alternatives in products. For example, making large mirrors using silver nitrate, a technique developed in the middle of the nineteenth century, was quicker and easier than using mercury to make them. It was not until around 1900, however, when technological advances made silver-backed mirrors more durable than mercury-containing mirrors, that they became competitive on the market (Hadsund 1993).
National and local governments have adopted laws and regulations that control mercury use in products (box 1-2). One of the earliest examples of controls on mercury-added products occurred when Swedish authorities banned Panogen and restricted the use of other mercury-containing pesticides in 1966. Their application quickly declined together with concentrations of mercury in food and the environment. Some use of less toxic mercury compounds nevertheless continued in Sweden, including Panogen Metox (methoxyethylmercuric acetate), which was not banned until 1988. In the United States, the Department of Agriculture in 1970 ordered that methylmercury seed treatments be taken off the market after the 1969 incident in which the New Mexico family was poisoned with Panogen was reported on television (Waldron 1970). After industry challenged this decision in court, an appellate court ruled that scientific evidence connecting Panogen to health impacts was insufficient, and that farmers had no economically viable substitute to mercury-treated seed. The US Environmental Protection Agency (EPA), however, issued a notice in 1972 that it intended to cancel registration for all mercury-treated pesticides, and it announced a ban on almost all such pesticides in 1976 (United Press International 1976).
Phaseouts of phenylmercury in paints involved both conflict and cooperation between governments and industry. The US EPA was forced to withdraw a notification to ban the use of phenylmercury in paints in 1976 (when mercury use in pesticides was prohibited) after industry successfully challenged the decision in court on the grounds that there were no available substitutes (Meier 1990). In 1990, the EPA reached a voluntary agreement with the National Paint and Coatings Association to cease manufacturing of mercury-containing paints. This decision followed a case in 1989 where a four-year-old boy in Michigan was hospitalized for several months with severe symptoms of acrodynia after the inside of his house was painted with mercury-containing paint (Agocs et al. 1990). This case gained much public attention and led authorities in Michigan and, shortly thereafter, the EPA to act. Japan banned the use of mercury compounds in paints in 1980 (UNEP/FAO 1996). Phenylmercury was used in paint production in Europe at least into the late 2000s (European Chemicals Agency 2011), but a 2012 regulation banned the sale of all products in the EU containing phenylmercury compounds in more than trace amounts starting in 2017 (European Commission 2012). Phaseouts of phenylmercury in paints have been slow in other parts of the world as well.
Countries have also initiated several regulatory measures on other mercury-added product categories, including electronics. The EU member states, together with the European Parliament, took on a leadership role in regulating the content of hazardous substances in electronics both regionally and globally in the early 2000s (Selin and VanDeveer 2006). A 2002 directive on the restriction of the use of certain hazardous substances in electrical and electronic equipment (RoHS), which was updated in 2011, limits the use of mercury in electrical and electronic equipment. The EU RoHS directive spurred similar regulatory measures in other countries including China, Japan, Taiwan, and South Korea. In the United States, California acted along the same lines (Wright and Elcock 2006). Following additional regulatory measures, a 2017 EU directive banned the manufacturing, export, and import of all mercury-added products covered by the Minamata Convention by either the end of 2018 or the end of 2020 (European Union 2017).
Actions taken by both industry and government influenced trends in mercury use in batteries, with the total amount of mercury used declining with time. Municipalities in Japan started battery recycling in the 1980s (Pollack 1984). US states around the Great Lakes and in the Northeast took action to restrict mercury use in batteries in the early 1990s (Cain et al. 2011). New Jersey restricted the sale and disposal of many mercury-containing batteries in 1992, and, along with Arkansas and Minnesota, banned mercuric-oxide batteries in 1993 (Sznopek and Goonan 2000). Federal legislation in the US phasing out mercury use in batteries through the Mercury-Containing and Rechargeable Battery Management Act followed in 1996. Much state and federal legislation exempted mercury use in small button-cell batteries because of a lack of alternatives, but mercury-added button-cell batteries were banned by some US states in the 2010s (Zero Mercury Working Group 2012). Major battery manufacturers advertise that all of their batteries are mercury free; Duracell, for example, has been making button-cell hearing aid batteries without mercury since 2011 (Panasonic 2018; Duracell 2019).
Countries in other regions implemented bans and restrictions on mercury in batteries later than in the United States. A 2006 EU directive prohibited batteries with mercury content greater than 0.0005 percent by weight, but exempted button-cell batteries with mercury content less than 2 percent (similar to earlier US legislation). Another 2015 directive updated the prohibition to include mercury-containing button-cell batteries. China banned mercuric oxide batteries in 1999 and set regulatory limits on mercury content for other types of batteries starting in the early 2000s (Cheng and Hu 2011). Statistics on trends in mercury use for battery production in China are conflicting for the late 1990s and early 2000s, but overall use was more than an order of magnitude greater than in the United States (Feng 2005). Mercury use in Chinese batteries was reported to drop after the year 2000 (China Council for International Cooperation on Environment and Development 2011). However, in China, which is the main producer of alkaline button cells (used, for example, in toys and remote controls), only 10 percent of battery production was reported to be mercury free in 2012 (Zero Mercury Working Group 2012).
Actions on mercury-added measuring devices involved interplay between governments and industrial innovation, including the introduction of digital thermometers. US states took the lead in controlling the sale of mercury-added measuring devices in the 2000s. New Hampshire passed a law in 2000 that prohibited the sale of mercury thermometers and other measuring devices (Health Care Without Harm 2018). This was followed by similar legislative measures in 13 other states over the following three years, shrinking the US market for such products. The US EPA largely relied on such state action to encourage firms to voluntarily cease production and sale (US Environmental Protection Agency 2014). In addition, the US National Institute of Standards and Technology in collaboration with the EPA in 2011 declared that it would no longer provide calibration services for producers and users of mercury thermometers, something it had been doing since 1901. This put further pressure on the private sector to end the production of mercury thermometers. By the early 2010s, there was only one manufacturer of mercury thermometers left in the United States (Roylance 2011).
Other jurisdictions have also acted on restricting the availability of mercury-added measuring devices. The EU in a 2007 directive banned the sale of mercury-added measuring devices including thermometers and barometers starting in 2009, although some member states had acted earlier. For example, Sweden banned the manufacturing and sale of medical mercury thermometers in 1998, and subsequently implemented additional controls on other measuring devices (Swedish Chemicals Inspectorate 2004). Other countries began to introduce controls on mercury-added measuring devices in the early 2010s, spurred on by the negotiations of the Minamata Convention. The Canadian federal government adopted a ban on the manufacturing and import of mercury-added measuring devices in 2014 (Government of Canada 2014). Other countries have also taken legislative steps, but with extended time lags before the controls enter into force. China, a main producer of mercury-added measuring devices, announced in 2017 that it would prohibit the production and export of mercury thermometers as of 2026 (Chemical Watch 2017).
Governmental efforts to address mercury in lamps and light bulbs have focused on a combination of bans and controls on maximum allowable mercury content, creating incentives for innovation and product development. For example, the US banned mercury vapor lamps as of 2008 (Energy Policy Act 2005). In contrast, most controls on CFLs have focused on limiting their mercury content rather than on phasing them out. Early traditional fluorescent lamps, containing mercury, were more efficient and provided more light per unit of energy than the older incandescent lamps (Bright and Maclaurin 1943), and these tubular-shaped lamps were adopted for certain lighting applications. CFLs using mercury were invented in 1976, but were not marketed widely until the 1990s, when they were hailed as an environmentally friendly substitute for the more energy-inefficient light bulb–shaped incandescents (Smithsonian National Museum of American History 2017). Although CFLs are still widely sold all over the world, governments have taken steps to phase out the early versions, which have relatively high mercury content, while still allowing (and in many cases encouraging) the continued use of those that contain less mercury.
Some government policies in other areas have, at least in the short-term, expanded markets for CFLs. The US Energy Independence and Security Act of 2007 set energy efficiency standards requiring that new light bulbs after 2012 use at least 28 percent less energy than the incandescent light bulbs. Several different kinds of light bulbs on the market met this requirement, including CFLs that use 75 percent less energy than a comparable incandescent light bulb (Natural Resources Defense Council n.d.). This may appear to be an increase in mercury use with no mercury-related benefits, but the situation is complex when considering both mercury use and discharges. The reduction of energy use can prevent a larger quantity of mercury from entering the environment than results from its use in the bulb itself, depending on recycling rates and levels of mercury emissions from the energy sector. In countries with high levels of mercury emissions from coal-fired power generation, switching to a CFL from an incandescent bulb results in reduced mercury emissions (Eckelman et al. 2008). Light-emitting diode (LED) bulbs, an even more efficient alternative, contain no mercury. In late 2019, however, the Trump administration blocked further implementation of the phaseout of incandescent bulbs.
Government interventions to control mercury use in products have influenced, as well as been influenced by, international actions. The 1998 heavy metals protocol under the Convention on Long-Range Transboundary Air Pollution (CLRTAP) limits the use of mercury in batteries, and urges parties to manage the risks of mercury for other uses. The Minamata Convention controls mercury uses in nine product categories and requires parties to discourage the manufacture and distribution of new mercury-added products. The nine categories are: pesticides, batteries, switches and relays, CFLs and linear fluorescent lights, high-pressure mercury vapor lamps, cold cathode fluorescent lamps and external electrode fluorescent lamps (CCFL and EEFL) for electronic display, cosmetics, and several kinds of measuring devices (including thermometers, barometers, and sphygmomanometers). The deadline for actions on these products is 2020, but parties can apply for up to two five-year extensions. For some products such as pesticides and non-electronic thermometers and barometers, parties must phase out all uses. For other product categories, the Minamata Convention merely sets maximum mercury amounts allowed. For example, it allows mercury in certain button-cell batteries up to 2 percent, consistent with earlier legislation in the United States and the EU.
Some Minamata Convention controls on mercury-added products are more difficult to enforce than others, especially if they concern mercury use in relatively low-tech and easily produced products. For example, mercury-containing skin-lightening soaps, creams, and powders are in continuing production and use, mainly in Africa and Asia, but also in some immigrant communities outside of these regions, including the United States (Zero Mercury Working Group 2010; World Health Organization 2011a; Minnesota Department of Health 2019). The sale of these products, which often takes place in market stalls and small shops, is difficult to address because the deep cultural roots of their application are associated with a desire for lighter skin, especially by women. The Minamata Convention also does not address mercury-containing products used in traditional and religious practices. China and Sri Lanka argued for exempting traditional medicines during the treaty negotiations (Earth Negotiations Bulletin 2012). Similarly, Nepal called for excluding religious uses of mercury from the Minamata Convention (Earth Negotiations Bulletin 2013a). In addition, the Minamata Convention explicitly exempts all military uses of mercury—the global scope of such uses is unknown.
Similar to their actions on products, industries and experts also designed mercury-free production processes (box 2-2). Private sector technological and economic considerations drove a gradual phaseout of mercury use in many sectors. This included the switch to mercury-free alternatives in acetaldehyde and VCM production in Europe and North America. The choice between mercury-based and mercury-free manufacturing techniques depended in large part on whether coal or oil was used as a raw material. Acetaldehyde can be produced from acetylene from coal in the presence of a mercury catalyst, or from oil-derived ethylene, a process that does not require mercury (Othmer et al. 1956). The coal-based acetylene process was the common technique in many regions for more than the first half of the twentieth century, but industries in most countries switched to the ethylene-based Hoechst-Wacker process in the late 1950s because the oil-based feedstock was cheaper to produce and easier to handle (Trotuş et al. 2013). A similar choice between coal and oil affected choices in VCM production. The dominant technology for VCM production today relies on a cheaper and more efficient mercury-free process that begins with ethylene, which is produced from oil. It is also possible to make VCM from acetylene produced from coal; this is the reason that countries with large coal reserves, such as China, continue to use the mercury-based process (UNEP 2017).
National and local governments in some instances also played a substantial role in controlling mercury use in production processes by adopting laws and regulations (box 1-2). Government actions often occurred in tandem with technological improvements spurred by the private sector. In some cases, government signals that an area of mercury use would become subject to legislative action pushed industry to look for alternatives. Refinement of the membrane-cell technology in chlor-alkali production, for example, was prompted in part because of growing environmental concerns about mercury in the 1960s that foreshadowed potential controls (O’Brien et al. 2005). In some of these instances, government action pushed industry to switch to a new production method that they later abandoned, despite having made large investments in it. For example, Japan was the first country to phase out the mercury-cell manufacturing process for chlor-alkali production in the early 1970s, in response to concerns about mercury that stemmed from the Minamata disease experience (Ministry of the Environment Japan 2013). This caused Japanese firms to invest in a less optimal technology, the diaphragm-cell process, which resulted in future inefficiencies when those plants were prematurely retired in favor of an improved ion-exchange process that was also mercury-free (Yarime 2007).
Governmental efforts to reduce mercury use in production processes sometimes had unintended effects. For example, the Chinese government attempted to reduce mercury use in the VCM sector in the early 2010s (J. Liu, pers. comm. February 28, 2019). From 2011 to 2015, plants producing VCM were required to switch from using a high-mercury catalyst (10.5–12.5 percent mercury content) to a low-mercury catalyst (4–6.5 percent mercury content), aiming for a 50 percent reduction in mercury use. Some plants failed to make necessary technical changes to adjust to the lower-mercury catalyst, and needed to use more catalyst per production unit or to increase manufacturing capacity to maintain production levels. This offset some of the intended reductions, and also increased levels of catalyst waste. International cooperation has supported the development of mercury-free technologies for coal-based VCM production in China (Zhang et al. 2011). Developing and implementing such technologies will be key, as China plans to continue to use coal as a feedstock in the domestic production of VCM.
The Minamata Convention bans or restricts all major remaining mercury uses in the chemicals industry. Parties were required to stop using mercury in acetaldehyde production in 2018 and to phase out mercury use in chlor-alkali production no later than 2025. Although there was no evidence of any remaining mercury-based acetaldehyde production anywhere in the world when the Minamata Convention negotiations began in 2010, the ban was included in the treaty at the request of Japan for symbolic reasons because of its ties to the Minamata pollution tragedy. Parties can apply for up to two five-year extensions to the phaseout date for chlor-alkali production. The Minamata Convention imposes restrictions on mercury use in three other processes: VCM production (reduce mercury use per unit of production by 50 percent between 2010 and 2020); sodium or potassium methylate or ethylate production (phase out mercury use as fast as possible, within 10 years of entry into force, and reduce emissions per unit of production by 50 percent between 2010 and 2020); and polyurethane production (phase out mercury use as fast as possible, within 10 years of entry into force).
Substitution may not always be unequivocally positive; alternative technologies used to replace mercury in production processes may also be harmful to human well-being. For example, in the chlor-alkali industry, modern plants use membrane technology that consists of per- and polyfluoroalkyl substances (PFAS). PFAS are highly toxic substances that are sometimes referred to as “forever chemicals” because of their inability to break down in the environment (Johnson 2018). The uses for two of the most well-known examples of this larger class of substances—perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA)—are regulated by several countries and controlled under the Stockholm Convention (Wang et al. 2017). Yet, the use of PFAS membranes for chlor-alkali production is common across the world where chlor-alkali production does not rely on mercury and/or asbestos. PFAS can be released during the production processes involving these membranes (Strynar et al. 2015). The human health impacts of the use of PFAS in chemicals production, however, remain unknown (Cousins et al. 2019). Newer membrane-free technologies are being developed as further alternatives (Hou et al. 2018).
The existence of transnational institutions, such as the Global Mercury Partnership, has driven much of the more recent international technical work to identify and diffuse substitutes for mercury in products and processes. These partnerships link stakeholders and their societal interactions to new technologies. In doing so, they enhance capacity transnationally to develop further technical know-how by raising awareness and building knowledge and support. There are specific partnership areas on mercury reduction in products and in the chlor-alkali sector. Stakeholders involved include different government ministries, private sector actors (producers, importers, and sellers), and civil society organizations. The United Nations Environment Programme (UNEP) and other international organizations, including through their involvement in the partnerships that predated the Minamata Convention, have helped raise awareness, mainly in developing countries, since the early 2000s. Identifying substitutes for mercury uses can be complex, but some actors have argued for broader visions for phaseouts of mercury. The EU has established a goal of a mercury-free economy, arguing that the dangers and costs of mercury to the environment and human health are too extreme to allow any ongoing uses (European Commission 2017a; European Commission 2018).
Preventing Environmental Releases and Promoting Cleanup
Many national and local governments have restricted and banned discharges of mercury from point sources (box 2-3). Such controls on mercury discharges from industrial sources date back to the 1970s. The US EPA set mercury emission limits on mercury-cell chlor-alkali plants in 1973 (see chapter 5). Regulations under the Convention for the Prevention of Marine Pollution from Land-Based Sources, which set mercury limit values for releases from chlor-alkali production in the early 1980s, encouraged European producers to increase production efficiency (Yarime 2007). The share of chlorine production in Europe based on mercury-cell technology fell from 63 percent to 26 percent between 1997 and 2012 due to a combination of plant retirements and growing environmental concerns about mercury discharges (European Commission 2014). Reduced demand for chlorine because of regulations on ozone-depleting substances and other chlorine-containing products influenced shutdowns of facilities that used mercury-based production techniques in the United States (Snyder et al. 2003). Canadian laws on maximum allowable releases of mercury from chlor-alkali plants led most to convert their underlying technology to mercury-free alternatives (Commission for Environmental Cooperation 1997).
Another area of government controls involves removing mercury from waste streams, where leakages from mercury-added products in landfills can cause water contamination and other problems. A 2002 EU directive on waste electrical and electronic equipment (WEEE) targeted mercury together with other hazardous substances (Selin and VanDeveer 2006). This directive, which was revised in 2012, is designed to operate alongside the RoHS directive on hazardous substances in products that was initially adopted around the same time. The WEEE directive regulates 10 common categories of electrical and electronic equipment that have often contained mercury, including household appliances, information technology and telecommunications equipment, lighting equipment, electrical and electronic tools, medical devices, and monitoring and control instruments. Under the directive, producers take on a greater responsibility for recycling, reprocessing, and safe disposal. This form of extended producer responsibility for dealing with waste is also intended to provide incentives for industry to design more environmentally friendly products that are easier and cheaper to manage safely once they have been returned.
National and local government interventions driven by concerns about environmental discharges have implemented standards for managing mercury in stockpiles and landfills (box 2-2). Sometimes this has involved collaboration with international bodies, which have developed guidelines for managing such stockpiles and landfills (box 2-2). These guidelines aim for the environmentally sound storage of mercury. International bodies have also developed guidelines for managing mercury wastes (box 2-3). National and local governments in turn implement standards for waste management (box 2-3). Mercury has posed storage and waste disposal problems for centuries, but it is only during the last 50 years or so that countries have developed and implemented legislation around the management of hazardous wastes. One Global Mercury Partnership area focuses on mercury supply and storage and another centers on waste management. The increasing phaseout of mercury uses in products and processes creates needs for the institutionalization of environmentally safe storage and disposal mechanisms. If mercury-use bans are combined with export bans, such mechanisms must be set up domestically. It is estimated that globally somewhere between 30,000 and 50,000 tonnes of excess mercury will become available by 2050 (UNEP 2015).
The Minamata Convention mandates that parties shall store and dispose of discarded mercury and mercury waste in an environmentally sound manner. In this area, the Minamata Convention connects with other international agreements including the 1989 Basel Convention on the Control of Transboundary Movements of Hazardous Wastes and Their Disposal (Selin 2010). The Minamata Convention, consistent with the Basel Convention, identifies three categories of mercury wastes: (1) waste mercury or mercury compounds; (2) wastes that contain mercury or mercury compounds (for example, thermometers and CFLs); and (3) wastes that are contaminated with mercury or mercury compounds (for example, residues from mining and industrial processes). Significant variations exist across countries when it comes to developing national inventories of mercury and mercury wastes. To ensure sound management, it will be important to further establish effective mechanisms for both identifying and managing waste that contains or is contaminated with mercury. An important part of the work of the Minamata Convention Conference of the Parties (COP), in collaboration with the Basel Convention, is to further develop technical guidelines for environmentally sound storage and disposal.
High levels of excess mercury in society from phaseouts of commercial uses increase the demand for environmentally safe management of waste mercury. One study estimates that roughly 11,000 tonnes of metallic mercury from the chlor-alkali industry, non-ferrous metal production, and other processes need to be disposed of in the EU alone before midcentury (Hagemann et al. 2014). EU law mandates that liquid elemental mercury must undergo appropriate conversion before it is transferred to permanent storage because it is so hazardous (Science for Environment Policy 2017). Treatment options for liquid mercury include forming an amalgam with solid metals, such as zinc or copper, or converting it into mercuric sulfide. Long-term storage can be either above or below ground. Above-ground storage requires access to specialty warehouse-style storage facilities. Options for underground storage in Europe include depositing mercury in salt mines or hard rock formations (Science for Environment Policy 2017). The development and implementation of similar kinds of waste management strategies and policies are important to many countries, as waste mercury is a challenge worldwide.
National and local governments have cleaned up mercury-contaminated sites (box 3-3). Sites that are contaminated with mercury (sometimes together with other hazardous substances) pose significant management problems. Many of these sites are located close to factories that used mercury in products and manufacturing processes. The Minamata Convention requires that parties endeavor to develop strategies for identifying and assessing mercury-contaminated sites. One option to address contaminated terrestrial sites is the washing of mercury-contaminated soils, where mercury binds to other particles and is later separated for further processing. Phytoremediation and phytostabilization can use plants and plant roots to immobilize mercury and other contaminants from soil and water before these plants are recovered and stored (Science for Environment Policy 2017). In addition, bacterial remediation is used to remove mercury from water; it can also work for soil (Mahbub et al. 2017).
Addressing contaminated sites can be contentious. The clean-up of Minamata Bay involved a politically sensitive and extensive reclamation project. Sediments were dredged from Minamata Bay in the 1980s and were placed underneath the eco-park in Minamata. Some residents worry that untreated methylmercury in the sediments may leak back into the water, as Minamata is located in an earthquake prone region. Researchers believe this risk is minimal, however, arguing that the methylmercury has transformed into the more stable form of mercuric sulfide (Sokol 2017). More recently, local groups in Kodaikanal and authorities in the state of Tamil Nadu have been in protracted debates with the Indian subsidiary of Unilever about how to address soils contaminated with mercury from the thermometer factory that was forced to close in 2001 (see chapter 4). One area of disagreement has involved how much soil should be cleaned up: the factory has argued that only the most contaminated soil needs to be removed, while local activists believe it is necessary to treat a much larger quantity of soil that has lower mercury concentrations (Dev 2015).
Cleanup of mercury in contaminated sites represents a significant economic cost to society. Based on the well-established principle that a polluter should pay the costs of pollution, at least some of these costs should be borne by the polluting factory. Yet a large portion of the cleanup costs often falls on the public sector (and, by extension, taxpayers). In one of the most expensive mercury cleanups to date, the cost of removing mercury that was released from lithium enrichment for nuclear weapons production at Oak Ridge is estimated at USD 3 billion. During the period from 2012 to 2015, cleanup costs for reported mercury spills by the US EPA ranged from tens to hundreds of thousands of dollars per incident (Wozniak et al. 2017). While North America and Europe struggle to address old contaminated sites, the number and severity of mercury-contaminated sites continue to increase in Asia and other parts of the world (Li et al. 2009; Kocman et al. 2013). The global economic costs for dealing with all of these sites are unknown, but given the fact that many sites in North America and Europe remain untreated, and that the problem continues to increase in many other parts of the world, costs will only grow with time.
Insights
The story of the mercury-based thermometer at the beginning of this chapter shows that even a single product is part of a system in which mercury connects with issues of human well-being, prosperity, industrial production, technological change, and legacy contamination. In this section, we examine insights from the products and processes system for mercury. First, the use and presence of mercury in products and processes has varied over space and time, with different drivers and consequences. Second, mercury has both benefited and detracted from human well-being, and technological change as well as government intervention have driven gradual transitions toward mercury-free alternatives. Third, cross-scale actions by governments and the private sector occurred simultaneously, showing the complex nature of designing effective interventions.
Systems Analysis for Sustainability
The unique physical properties of mercury intersected with technology development, economic factors, and concerns about environmental and human health damages to drive changes in the use of mercury in products and processes. Mercury use at times decreased in some sectors while it increased in others. For example, mercury use was phased out in mirror and hat making around the same time it began and expanded in battery and light bulb production. The continuing availability of mercury mined from cinnabar facilitated its growing use in products and processes, and industrialization dramatically increased its use as a combined result of technological innovations and growing consumer demand for new mercury-containing products and goods made using mercury. Much of this mercury was eventually discharged into the environment, and the application of mercury-treated pesticides added to this environmental burden. Local and national governments increasingly adopted standards and laws controlling mercury uses based on growing concerns about the environmental and human health impacts of mercury in the late 1900s. Advances in scientific and technical knowledge made it possible to switch to mercury-free alternatives for major products and processes.
The products and processes system for mercury has been able to continue to provide societal benefits from goods and industrial manufacturing while gradually reducing its reliance on mercury-based technology. Development of new techniques allowed producers to adapt to mercury phaseouts, some of which were prompted by government mandates. Mercury-free mirrors, pesticides, thermometers, batteries, and light bulbs have continued to provide important societal benefits, and the chemicals industry has found ways to keep manufacturing high-volume chemicals by using mercury-free production processes. In contrast, many environmental components have much more limited capacity to change once mercury has entered ecosystems. Contaminated sites and landfills that contain high levels of mercury can continue to cause local harm to wildlife and people for decades to centuries. Effective cleanup of such sites is both very expensive and technically complicated. Some discharged mercury from products and processes adds to the global environmental cycling of mercury; this cycling continues for a long time and is difficult to alter.
Mercury has been ubiquitous in global commerce, and its use, environmental presence, and behavior in particular places have influenced its effects on ecosystems and human well-being. Relatively small amounts of discharges, compared to the global use of mercury, can have severe negative impacts on the environment and human health in particular places. Industrial discharges of mercury in Minamata, Niigata, and Grassy Narrows led to many human deaths, permanent neurological damages, and highly contaminated aquatic ecosystems. Accidental consumption of mercury-treated seeds in several countries resulted in additional human fatalities, and the application of mercury-containing pesticides caused harm to birds and other local animal populations. The long-range transport of some of the mercury that has been discharged into the environment from products and processes also transfers its environmental and human health damage far and wide, by adding to the amount of mercury globally that can be converted into methylmercury in faraway ecosystems. These distant effects are often not as visible as the more local consequences, but they can also be substantial and long lasting.
Sustainability Definitions and Transitions
Present-day efforts toward sustainability emphasize the reduction and ultimate elimination of mercury use in products and processes. Yet historically, mercury uses have both contributed to and detracted from human well-being in complex ways. Many known societal uses of mercury, going back to ancient China and the Roman Empire, were closely linked with prosperity and high social status; coveted items such as cosmetics, mirrors, and fur hats were made using mercury. Thus, mercury itself had a commercial value, both as an independent commodity and as a contributor to the value of manufactured goods. The positive value of mercury was not just economic. Stocks of mercury contributed to human well-being, for example, through their uses in developing scientific knowledge, in producing scientific instruments, and in allowing for the production of chlorine used in water disinfection. At the same time, much mercury has been dispersed into the environment, adding to contaminated sites and damaging human health. The gradual phaseouts of mercury in products and processes reduced risks of local contamination as well as the amount of mercury going into global environmental cycling.
Gradual transitions away from mercury use in products and processes, shaped by a combination of private-sector innovation and government action, dramatically reduced the global amount of mercury use. In some cases, mercury-specific interventions drove change. In others, the use of mercury played an incidental role in technological development and other environmental concerns. Economic drivers prompted some switches away from mercury-using technologies. One example is the replacement of mercury-using acetylene-based production processes with mercury-free ethylene-based production processes, a change driven largely by the advantages of using oil instead of coal as a raw material. Another example is light bulbs, which first involved increases and then decreases in mercury use, as the switch to compact fluorescent bulbs was driven by concerns about energy efficiency. These mercury-containing bulbs are now being replaced by newer non-mercury technology in the form of LEDs. Some changes in mercury use in products and processes took hold in specific places and then spread internationally. This was seen, for example, in the cases of batteries and chlor-alkali production processes.
Some transitions to mercury-free products or processes occurred relatively rapidly, but many were preceded by a longer history of related actions. It can be difficult to define how quickly change occurred without identifying a clear starting point. For example, is it when the use of mercury started, when such mercury use was discovered to be dangerous, or when the first mercury-free alternative became commercially available? Japan banned the use of mercury in chlor-alkali manufacturing leading to plant closings, a rapid and discontinuous change. In the use of mercury in mirror making, in contrast, slower dynamics of technology improvements occurred over time that ultimately led to silver nitrate mirrors outcompeting those made using mercury. In the case of batteries, innovation and subnational action emerged over time before national regulatory bans took effect. Some dynamics were slowed by the influence of powerful actors who resisted change, such as when chemical companies in Minamata and Niigata denied responsibility for mercury discharges, or when industry fought pesticide bans in US courts. In other cases, such as for batteries, industries accelerated action through technology innovation.
Sustainability Governance
The use of mercury in products and processes is governed by a combination of domestic controls in the context of global goals. Many countries developed their own policies and strategies for addressing mercury use over the past century, but the Minamata Convention now sets deadlines for phaseouts and limits on most of the remaining commercial uses of mercury in products and processes. The Minamata Convention introduces harmonized top-down controls for major current commercial mercury-added products and processes. Many of these controls are of particular importance to developing countries where relatively few regulations on mercury use in products and processes had previously been adopted. The existence of mercury-free alternatives for banned mercury-added products and processes, as well as products that meet the requirements for maximum allowable mercury content, greatly facilitates implementation of the Minamata Convention controls. In addition, domestic and international markets for mercury-added products had already shrunk significantly before the Minamata Convention was adopted. However, the Minamata Convention does not control military uses of mercury or mercury used in traditional medicines and religious practices.
Governance efforts to address mercury in products and processes have affected how economic benefits and mercury impacts have varied across space and time. For instance, the EU emission standard for chlor-alkali production reduced mercury use but delayed the phaseout of mercury to give the industry a longer time to reconfigure its production system. This benefited producers in the short term, but allowed more mercury to circulate in society and the environment in the long term. In addition, had mercury use in chlor-alkali production been phased out before the EU’s export ban, it is possible that this mercury might have been resold and potentially used in ASGM (see chapter 3). In contrast, the approach taken by Japan resulted in more near-term adjustment costs to the domestic chemicals industry, but an earlier stop to mercury-containing technology eliminated risks of mercury exposure to workers and also lessened the impact of environmental discharges of mercury to ecosystems and people, both locally and in faraway locations.
Efforts to manage the benefits and harms of mercury have varied in their effectiveness. Different interventions over time had differential impacts, and have sometimes involved trade-offs. Conflicts between public health interests and industry interests are well illustrated by the stories of Minamata, Niigata, Grassy Narrows, and Kodaikanal, which follow an all too common pattern of behavior of entrenched economic interests denying responsibility and fighting the local communities harmed by their activities. This type of clash often involves citizens banding together to take on powerful economic actors, including cases that involve contaminated sites and waters. Many of these are the result of industrial discharges and illegally stored wastes, which add large amounts of mercury to environmental components. This situation is echoed in other communities worldwide. Often, community members may perceive a trade-off between their economic security—where their jobs and livelihoods might be dependent on the polluting industry—and the health and environmental impacts of mercury.
Mercury, the god of commerce, has witnessed a significant change in societal perceptions of the benefits and liabilities of mercury uses, particularly over the past half century. Mercury used in products and manufacturing processes for millennia provided many benefits to society, but also caused a wide range of harms to human health and the environment. Many early substitutions within the private sector, which shifted toward mercury-free products and industrial manufacturing processes, occurred primarily for economic reasons, but more recent changes and government controls have been introduced because of environmental and human health concerns about mercury. Societies use less mercury now than five decades ago, as a result of bottom-up innovation, top-down regulation, and public pressures. Some manufacturers phased out mercury use relatively quickly, while others tried to reduce use over longer periods of time. Large-scale industrial uses of mercury are mostly in the past, but the negative environmental and human health impacts and the economic costs of mercury discharges from products and processes, and from contaminated sites, will persist long into the future.
7 Mining and Sustainable Livelihoods: Mercury, God of Finance
People have long mined and used minerals from the Earth’s crust. The extraction of nonrenewable resources continues to be essential to much production and consumption in contemporary societies. Although large companies run many mining operations, artisanal and small-scale mining provides an important source of income for tens of millions of miners and their family members, predominantly in developing countries. Resource extraction also leads to a number of social and environmental harms, including through the use of mercury in artisanal and small-scale gold mining (ASGM). This raises fundamental questions about whether nonrenewable resource extraction can be reconciled with efforts toward greater sustainability both locally and globally. Intervening to improve human well-being in artisanal and small-scale mining communities requires attention not only to local conditions but also to the transnational drivers of production and consumption of minerals. The strong link between mining and poverty in developing regions also raises important issues of equity in promoting human well-being.
Peru’s environment minister Manuel Pulgar-Vidal proclaimed a 60-day state of emergency for the country’s remote Amazonian region of Madre de Dios on May 23, 2016. The emergency declaration was prompted by concerns about high levels of mercury in people and the environment from widespread ASGM. Government authorities banned catching and consuming a local species of catfish because of elevated mercury levels (Tegel 2016). This decision was announced a little more than four years after the government had launched a violent crackdown using the military and the police against illegal (or “wildcat”) miners who did not possess formal mining permits, resulting in arrests and fatalities (Anonymous 2012; Redacción Gestión 2019). At that time, it was estimated that ASGM in Madre de Dios was a billion-dollar industry that produced 19 tonnes of gold annually, involving 40,000 people who largely entered the often-dangerous ASGM sector because there was little or no alternative employment. Despite the government’s actions, unlicensed ASGM had surpassed coca and cocaine production by 2016 as the most profitable unlawful activity in Peru (US Agency for International Development 2018).
Unlicensed ASGM in the informal sector continues to expand in Madre de Dios. It is an important source of income for many miners, who have few other options to support their children and other family members. ASGM also exposes people in mining communities to multiple environmental and social risks. It has led to the destruction of over 60,000 hectares (nearly 150,000 acres) of old-growth rainforest (US Agency for International Development 2018). This has major impacts on biodiversity and the carbon cycle. Inhabitants of Madre de Dios have many misconceptions about the dangers of mercury and how to effectively protect themselves from exposure. Some miners believe, for example, that eating large amounts of cilantro can help the body get rid of mercury (Goldstein forthcoming). The mercury used in Madre de Dios is smuggled into the region in large amounts. Some of this mercury likely originates from illegal mercury mines in Mexico. Edwin Vásquez, the coordinator of an umbrella group for indigenous peoples founded in 1984 in Lima, referred to the human toll of ongoing ASGM when he forcefully stated: “We need an alternative to hell, and hell is mining” (Rochabrún 2018).
The story of ASGM in Madre de Dios is only one example of a much larger phenomenon. ASGM occurs in roughly 70 developing countries throughout Africa, Asia, and Latin America, and “has become an indispensable part of the socioeconomic fabric in the developing world” (G. M. Hilson 2002, 866). As we highlight in the chapter title, much use of mercury has had a close relationship with the extraction of gold, which serves as a monetary instrument in many economies. Roughly half of the 1 million tonnes of elemental mercury that were mined during the past 500 years were used to extract gold and silver (Hylander and Meili 2003). Although major gold mining firms have stopped using mercury, large-scale gold mining still results in some mercury emissions and releases due to the extraction and processing of rocks that contain trace amounts of mercury. But total mercury discharges from ASGM are much greater than those from large-scale gold mining. The use of mercury in ASGM causes local problems, and adds to the amount of mercury that is transported long distances in commerce and through the atmosphere (IGF 2017).
The current global boom in ASGM goes back at least to the start of the gold rush in Serra Pelada in Brazil in 1980 (Mallas and Benedicto 1986). ASGM is frequently a low-skill activity that requires little capital investment. Much ASGM worldwide takes place in the informal sector, where vulnerable miners who are often looking to escape poverty can face strong opposition, whether from large mining firms or local and national governments. As a result, ASGM is an area where issues of power relations are integral to both mercury use and abatement efforts. When Pope Francis visited Madre de Dios in January 2018, he specifically highlighted the threat to indigenous peoples and the Amazonian region stemming from environmental problems of gold mining, and from other kinds of damaging natural resource extraction and use (Chauvin 2018). The pope’s comments built on his 2015 Encyclical Letter Laudato Si, where he noted the existence of an important “ecological debt” between the Global North and the Global South, as raw materials are exported from developing countries to satisfy consumers in industrialized countries (Francis 2015, para. 51).
In this chapter, we examine the extensive use of mercury in the ASGM sector, and the efforts to reduce and ultimately eliminate such use. In the section on system components, we identify the human, technical, and environmental components associated with the use of mercury in ASGM and resulting environmental discharges and human exposure, and related institutions and knowledge. We discuss factors that drive people into the ASGM sector, and those that influence the continued use of mercury in mining processes and its impacts on human health and well-being, in the section on interactions. We detail in the section on interventions the ways in which different actors have attempted to address mercury-related problems in ASGM, including efforts trying to balance the socio-economic benefits with the environmental and human health problems that stem from the use of mercury in ASGM. In the section on insights, we examine local to global factors and dynamics that shape ASGM and related mercury use and discharges, the relationship between mining, mercury use, and sustainability in short-term and long-term focused interventions, and the need for addressing ASGM with locally specific governance approaches that recognize the importance of justice and power.
System Components
Gold has played many important roles in both ancient and contemporary societies, and it has been mined on every continent except Antarctica. It was extracted in what is now Saudi Arabia going back 3,000 years (Kirkemo et al. 2001; Eisler 2003). It is estimated that over 190,000 tonnes of gold have been mined throughout human history, and roughly two-thirds of that amount has been extracted since 1950 (World Gold Council 2019c). Mercury has been used in gold mining since at least Roman times, and its use continues in contemporary ASGM. The ASGM sector and associated mercury demand have grown substantially since the 1980s. Many more people may enter the ASGM sector in the future, as it remains economically attractive to potential miners and others who seek to make a living in mining communities. The main present-day human, technical, environmental, institutional, and knowledge components for the mercury and ASGM system are summarized in figure 7.1.
Components in the mercury and ASGM system (referenced in the text in italic type).
The ability to mine gold depends on knowledge of different gold extraction techniques. Much early gold mining relied on mercury-based amalgamation methods, but major mining companies currently extract gold using a cyanide leaching technique that was first introduced in the late 1800s. In contrast, most ASGM miners continue to use mercury-based amalgamation techniques. Small-scale mining is used as a general label for largely non-mechanized and labor-intensive mining operations when compared with the operations that are run by large mining companies (United Nations 1972; Siegel and Veiga 2010; Spiegel and Veiga 2010). Artisanal mining is the subset of the small-scale operations that use rudimentary techniques to extract minerals from ore at mining sites. The Minamata Convention defines ASGM as “gold mining conducted by individual miners or small enterprises with limited capital investment and production” (Article 2). There have been efforts to specify further quantitative criteria including mine output, labor productivity, and levels of technology use and organization, but definitions vary across international organizations and countries (G. M. Hilson 2002).
Roughly 75 percent of the annual gold supply comes from mining, with the rest coming from the recycling of jewelry and technology (World Gold Council 2019a). Approximately 54,000 tonnes of gold remain in the ground, and all types of mining each year add 2,500 to 3,000 tonnes of new gold to the global stock (World Gold Council 2019c). Estimates vary about how much of this gold comes from ASGM. Many ASGM miners are reluctant to disclose how much gold they extract (Fold et al. 2014). Gold supply chain participants include local buyers who procure gold from different sources, including from ASGM miners who lack mining licenses or cannot document the gold’s origin. Some gold from ASGM is smuggled across borders, sometimes linked with money laundering, before being refined in Switzerland and other hubs (Berne Declaration 2015; Werthmann 2017; International Peace Information Service 2019). Edward B. Swain and colleagues (2007) estimated that ASGM was responsible for 500 to 800 tonnes of gold in the early 2000s. Kevin H. Telmer and Marcello M. Veiga (2009) put the production in the ASGM sector a bit lower at 350 tonnes per year during that same time. In the mid-2010s, ASGM was believed to produce 600 to 650 tonnes of gold per year (UNEP 2017), which would account for about a quarter of all new gold produced. Participants at the end of the gold supply chain include central banks, jewelry buyers, technology producers, and private investors.
Data on the global scope of current ASGM are sparse and uncertain (IGF 2017). Countries with relatively large numbers of ASGM miners include Indonesia, Ghana, Colombia, Peru, Bolivia, China, Ecuador, and Sudan (UNEP 2017). One estimate puts the total number of ASGM miners at just over 20 million (IGF 2017). If this estimate is correct, it means that roughly 90 percent of all people who work in gold mining do so in the ASGM sector, with only the remaining 10 percent employed in large-scale, mechanized mining operations. Another estimate puts the total number of people who work in ASGM at 10 to 15 million miners, including 4.5 million women and 1 million children (UNEP 2017). Accounting for the total population of miners and other ASGM community members who both directly and indirectly depend on mining, at least 100 million people are believed to rely on this sector for their livelihoods in lower income economies in more than one third of the world’s countries (UNEP 2017).
Mercury used in ASGM comes from local mercury suppliers who buy mercury in commerce from mercury supply chain participants on mercury markets, which are often international. The most recent estimate is that between 872 and 2,598 tonnes of mercury go into this sector annually (UNEP 2017). This large uncertainty range in global estimates of mercury use in ASGM is a result of substantial gaps in national data; although mercury use in ASGM remains legal in many developing countries, data on its use are incomplete and unreliable at best. Some other countries where licensed ASGM is legal, like Brazil, Colombia, French Guiana, Mongolia, and Peru, have banned the use of mercury in ASGM, but undocumented mercury use continues. Other countries like China have outlawed both ASGM and related mercury use, but ASGM activities using mercury still take place there (Spiegel 2009; Spiegel and Veiga 2010; Fritz et al. 2016). Much evidence exists of growing mercury use in ASGM in countries where it is not permitted, but a lack of data makes it difficult to calculate exact amounts (UNEP 2017).
Even though ASGM miners use rudimentary techniques to extract gold, modern technology plays an important role. Transportation and communication infrastructure, such as roads and mobile phone and data networks, provides access to mining areas and connects ASGM communities with mercury sellers and gold buyers (Canavesio 2014). ASGM miners use simple mining and amalgamation equipment, but many have access to basic power tools to extract the ore. ASGM largely exploits three different kinds of ore deposits (UNEP 2012). In alluvial deposits, free gold particles can be found in river sediments. Gold can also be found in saprolites (weathered bedrock) and hard-rock deposits. Panning for gold in alluvial deposits and extracting gold from saprolites and hard-rock deposits requires very different mining equipment. The application of ASGM mercury capture devices such as fume hoods and retorts, which are often small and round enclosures that allow for closed circuit burning of the amalgam, can capture mercury before it is emitted to air. Gold processors who work on mining sites or in nearby communities help miners separate the gold from the mercury and bring it to market.
Knowledge about the health impacts from mercury exposure to ASGM miners and other community members, including gold processors, has become more widespread over the past few decades. In turn, knowledge of health protection techniques is critical to reducing these impacts. Much of the mercury that is used in ASGM is released into land and water, but the amounts of these releases are uncertain globally (see chapter 3). Because of these releases into local environments, many ecosystems near ASGM sites contain high levels of mercury. Knowledge about mercury concentrations in the environment and environmental impacts from mercury discharges is thus necessary for understanding local environmental consequences of mercury use in ASGM. A large fraction of the mercury that is used in ASGM is emitted into the atmosphere (UNEP 2019). Some of the mercury emitted to air travels long distances before depositing in ecosystems far from ASGM sites and affecting people living far from ASGM sites.
Institutions at different spatial scales influence the ASGM sector. Many countries have adopted national and local laws and regulations on resource extraction and mining rights, which control who can legally mine where, and whether mercury use in ASGM is permitted or banned. The implementation and effectiveness of these laws, however, vary dramatically across countries. ASGM also occurs in the context of supply and demand dynamics on international mercury markets as well as gold markets. The commercial prices of mercury and gold influence how much miners have to pay for the mercury that they use, and how much they are paid for the gold that they extract. These prices may fluctuate substantially over time. International certification schemes set mining-specific standards, including for mercury use, for participating ASGM miners. Additional standards set by international organizations on tracing the origin of gold affect the ability of ASGM miners to bring their gold to international markets. Other international institutions focused on addressing the use of mercury in ASGM include specific guidelines formulated under the Global Mercury Partnership and mandates included in the Minamata Convention.
Interactions
ASGM and its associated mercury use results in both benefits and harms for human well-being. Figure 7.2 shows interactions in the mercury and ASGM system: we have selected three interactions in that matrix to focus on in this section (the three items in bold type in boxes 1-1 and 2-2); we then trace the pathways that influence them, which we summarize in figure 7.3 (where the bold boxes correspond to the selected interactions). First, people enter the ASGM sector in search of employment (box 1-1), influenced by ecological deterioration and infrastructure, as miners participate in markets with gold and mercury supply chain participants (boxes 1-1, 3-1, and 2-1). Second, mining and amalgamation equipment and techniques affect mercury use in ASGM (box 2-2), as the types of ore at ASGM sites determine the miners’ choice of mining and amalgamation equipment and mercury capture device; these choices have an impact on the amount of mercury in commerce (boxes 3-2, 1-2, and 2-2). Third, ASGM miners and community members experience mercury-related health impacts (box 1-1), where the use of mining and amalgamation equipment leads to elemental mercury exposure and discharges into ecosystems; some of this mercury is transformed into methylmercury, which affects ASGM miners and community members as well as people living far from ASGM sites (boxes 2-1, 1-3, 2-3, 3-3, and 3-1).
Interaction matrix for the mercury and ASGM system.
Pathways of interactions in the mercury and ASGM system. Bold box indicates focal interaction for each subsection.
Employment in ASGM
People enter the ASGM sector in search of employment for multiple reasons (box 1-1). Since the current ASGM boom started in the 1980s, many people have become ASGM miners because of poverty and a lack of other job opportunities. ASGM has relatively low barriers to entry in terms of formal education and financial resources, and thus offers an opportunity for people who struggle to find other kinds of employment to support themselves and their families (Gamu et al. 2015; Langston et al. 2015; Hilson 2016). ASGM miners can be less likely to be in poverty compared with other people who work in different sectors in the same area (Fisher et al. 2009). An expansion of ASGM may have further economic benefits for miners’ families and other ASGM community members. Income from ASGM, for example, may allow parents to continue to send their children to school (Hilson et al. 2013; Jenkins 2014). An estimated six jobs per ASGM miner are created downstream, as other community members may work as drivers, cooks, clothing merchants, repair technicians, bookkeepers, and accountants (Hilson and McQuilken 2014).
Changes in international commodity prices and agricultural policy decisions in other countries can influence the income of small-scale farmers, pushing them to enter the ASGM sector (Hilson 2016). For example, when cotton dropped in price on the global market in the mid-1990s, the European Union (EU) and the United States decided to maintain their relatively high levels of domestic subsidies to protect their own cotton farmers from revenue losses. As a result of the price drop and the continued EU and US farm subsidies, 3 million people in Mali who fully or partly depended on cotton production were hit extremely hard, as the domestic cotton market plunged and they struggled to sell their harvests. Many of these farmers, who were no longer able to make a living growing and selling cotton, became ASGM miners. Switching from cotton farming to ASGM provided a means to buy food and lifesaving medicines as well as opportunities for rural families to buy insecticides, fertilizers, and cattle to allow for continued part-time farming (Hilson 2012).
People’s decisions to enter and stay in the ASGM sector are affected by the market price of gold, as ASGM miners participate in markets with gold and mercury supply chain participants (box 1-1). The market price of gold between 2000 and late 2012 increased by more than a factor of six, to USD 1,746.50 per ounce, attracting many new miners. The global demand for gold in 2018 reached just over 4,300 tonnes, which at an average price of USD 1,250 per ounce equals a market value of roughly USD 190 billion. The demand for gold from different sectors changes from year to year, but in 2018, the main sectors were: jewelry (50 percent); investment products including bars and coins (27 percent); central banks and other institutions (15 percent); and the technology industry (8 percent) (World Gold Council 2019b). China and India combined for 58 percent of the demand for jewelry and 43 percent of the demand for bars and coins. Many central banks in emerging markets are increasing their gold reserves. The US government, however, remains the world’s largest holder of gold at over 8,100 tonnes (US Department of the Treasury 2018). In late 2019, gold sold for just over USD 1,500 per ounce.
High gold prices attract people from other mining sectors to ASGM. This can be further influenced by policy measures on other minerals. A temporary ban on the export of diamonds from Ghana was introduced in 2006 together with the implementation of production and export controls under the Kimberley Process Certification Scheme (Nyame and Grant 2012). These measures, related to the issue of conflict diamonds, led to increased extraction costs and reduced opportunities for small-scale diamond miners to sell to foreign markets. Many diamond miners were unable to find other employment outside the mining sector. With gold prices rising sharply, miners who had the skills to take advantage of a favorable geological terrain switched to mining gold. Gold has been mined in Ghana for more than 1,000 years: before Ghana gained independence in 1957, it was the British colony called the Gold Coast (G. Hilson 2002; Wilson et al. 2015). However, the events of 2006 led to an expansion in ASGM. It is estimated that ASGM produced 34 percent of all gold in Ghana in 2013, involving 1 million people out of a total national population of just over 25 million (IGF 2017).
Many ASGM miners and other community members are vulnerable to different forms of exploitation. Much ASGM mining takes place in the informal sector without worker or social protections. Many mining communities are affected by armed non-state groups, organized crime, high levels of violence and the extortion of protection money and bribes, smuggling of drugs and other goods, and high rates of infectious diseases such as malaria, tuberculosis, and HIV/AIDS (Rees et al. 2010; International Peace Information Service 2019). In some mining areas, there is widespread human trafficking and an extensive sex industry involving both adults and children, leading to much human suffering (Goldstein forthcoming). Already-dire social situations in mining communities can be made worse by widespread government corruption involving local officials. Sometimes tense conflicts over land and mining rights can erupt into violent and deadly conflicts between people associated with large mining firms and ASGM miners (Global Witnesss 2016).
Ecological deterioration can affect people’s decisions to become miners (box 3-1). Subsistence farmers may enter the ASGM sector after worsening environmental conditions affect their ability to farm and provide enough food for their families. Many small-scale farmers and herders in Africa became ASGM miners after prolonged periods with little or no precipitation (Gamu et al. 2015). Contemporary ASGM in Burkina Faso started in the 1980s during the major drought in the West African Sahel and Savanna zones. ASGM then became a last resort for many farmers who lost their fields and animals and faced starvation; mining has since been the primary source of income for many of these former farmers (Werthmann 2017). Accelerating climatic changes and other environmentally destructive forces, such as soil erosion and desertification, may have an even greater impact in the future on crop and animal farming in developing countries. This may result in a growing number of people leaving the agricultural sector to enter the ASGM sector in the coming decades.
Infrastructure affects ASGM miners’ ability to reach mining areas and buy and sell mercury and gold (box 2-1). This can be seen in the case of the 2,600 kilometer–long Interoceanic Highway that connects the Andes with the Amazon, completed in 2011 as part of a large transportation infrastructure agreement intended to promote economic development between Brazil and Peru. Madre de Dios quickly became known as the “El Dorado” or “El Wild West” among the locals and the migrant workers because the new highway facilitated the explosion of new mining into areas that were previously too remote to access (Goldstein forthcoming). The highway furthermore spurred the building of secondary and tertiary roads, opening up even greater access to areas with unsettled land tenure rights. Widespread use of the internet and mobile phones made it easier for miners to exchange information about new gold discoveries and to bring the extracted gold to domestic and international markets. This combination of road building and ASGM has led to significant and long-lasting damages to local forests and biodiversity (Elmes et al. 2014).
Transportation and communication infrastructure also facilitates cross-border movements of people. For example, tens of thousands of Chinese nationals moved to rural parts of Ghana in the early 2000s to become ASGM miners. This migration followed in the wake of a large increase in Chinese investments in extractive industry projects in Ghana and other parts of Africa. Chinese-owned service companies in Ghana often actively prompted this movement of miners from China (Hilson et al. 2014). More recently, Ghanaian authorities have repatriated thousands of Chinese miners in the informal sector back to China (Zinsuur 2018). In another example, many ASGM miners in Burkina Faso come from neighboring countries, such as Niger, Mali, Ivory Coast, Ghana, Benin, or Nigeria, and many miners who are from Burkina Faso in turn go to mine in those same countries (Werthmann 2009). Similarly, people in the Amazon frequently move across the national borders of Brazil, Peru, and Bolivia to find work as ASGM miners. A large number of Brazilian miners also operate in Guyana and Suriname.
Use of Mercury in ASGM
The use of mining and amalgamation equipment and techniques affects mercury use in ASGM (box 2-2). Miners predominantly use one of two mercury-based amalgamation techniques to separate gold from ore (UNEP 2012). During whole ore amalgamation, miners mix 100 percent of the ore with liquid mercury (in steel drums, for example) where the mercury forms an amalgam with the gold as the ore is further crushed. This rarely captures more than 30 percent of the gold, and requires quantities of mercury that often range from 4 to 20 parts mercury for every part gold. During concentrate amalgamation, miners instead first concentrate the gold-bearing ore into a smaller mass by, for example, pouring a mixture of ore and water into a sluice box that consists of a tray with a rough surface (such as a carpet) positioned at an inclined angle and open at both ends. The gold-containing particles that get trapped in the carpet, called the concentrate, are washed in a basin. Miners mix liquid mercury into the concentrate to draw the particles into a heavy liquid. Finally, they use a simple panning technique to separate the gold-containing mercury before filtering it through a cloth to get an amalgam of roughly 50 percent gold and mercury. This allows for less mercury use, generally at a 1:1 to 1.3:1 ratio with gold.
Ore types at ASGM sites affect miners’ choice of mining and amalgamation equipment and the amount of mercury used in ASGM (box 3-2). The combination of alluvial deposits, saprolites, and hard-rock deposits varies greatly between mining areas, requiring different extraction methods and tools. ASGM is by definition smaller and less mechanized than large-scale commercial gold mining, but the introduction of relatively cheap power tools facilitates more aggressive resource extraction, especially from saprolites and hard-rock deposits. Katja Werthmann (2017, 422), focusing on Burkina Faso, noted: “Some artisanal mines have changed into semi-mechanized operations with cemented shafts, winches and crushers. Ventilators powered by solar panels blow air into the shafts. Instead of donkey carts and bicycles, tricycles (motorized three-wheeled vehicles from China) now transport water, ore and goods as well as passengers.” More extraction thus requires more mercury.
ASGM miners’ purchase and use of mercury, mining and amalgamation equipment, and mercury capture devices are essential features of ASGM (box 1-2). Suppliers sell elemental mercury to ASGM miners through both legal and illegal channels. In turn, miners must sometimes sell their gold to the same mercury suppliers, often at reduced prices, in order to buy more mercury in a continuing cycle of dependency (Spiegel et al. 2018). Domestic mining provides the mercury that is used in ASGM only in very few countries, including China and Indonesia. In most other countries, the mercury going to the ASGM sector either comes from domestic recycling from other sources, is imported for other legal uses such as dental amalgam and then sold illegally to miners, or is smuggled across national borders. The increase in ASGM-related mercury demand encouraged the resurgence of illegal primary mercury mining from previously closed mines in Mexico and Indonesia (UNEP 2017). Data on the legal trade in mercury are incomplete, and the mercury that comes from illegal mining or enters ASGM through smuggling is not included in any formal statistics (Camacho et al. 2016; Spiegel et al. 2018).
Mercury used in ASGM affects the amount of mercury in commerce (box 2-2). ASGM is currently a leading sector that contributes to the demand for mercury, and thus it has a large impact on international mercury markets. Many of the main mercury-exporting firms were located in the EU (mainly in Spain and the Netherlands) and the United States until the early 2000s. This situation shifted quickly as the EU and US elemental mercury export bans entered into effect in 2011 and 2013. These export bans by two actors that had previously been major mercury suppliers restricted the sources and amounts of mercury available on international markets, especially excess mercury from the chlor-alkali industry and other recycled mercury (since primary mercury mining at that time was already phased out in the EU and the US). ASGM became an important driver in the international demand for mercury following these supply restrictions, as mercury use in ASGM was increasing while other commercial uses of mercury were declining in many regions. The adoption of the export bans by the United States and the EU resulted in mercury price dynamics that are unique to different markets—in contrast to gold, there is no longer a global price for elemental mercury (see chapter 3).
Health Consequences of ASGM Mercury Use
Many ASGM miners and community members experience mercury-related health impacts (box 1-1). The body burden of mercury in some miners is affected by the use of mining and amalgamation equipment and processes leading to elemental mercury exposure (box 2-1). ASGM miners and other community members are exposed to dangerous levels of elemental mercury vapor when burning the amalgam, especially when working indoors in poorly ventilated gold processing centers. People have been found to breathe air with mercury concentrations higher than 50 ug/m3, which is 50 times higher than the maximum public exposure guidelines set by the World Health Organization (WHO) (Swain et al. 2007). A synthesis of studies from gold-mining communities in 19 different countries demonstrated that measured urinary mercury concentrations (a biomarker of elemental mercury exposure) were well above WHO health guidance values (Gibb and O’Leary 2014).
Mercury users directly discharge elemental mercury into ecosystems (box 1-3). This happens through accidental spills in the field. Use of amalgamation equipment also leads to elemental mercury discharges into ecosystems (box 2-3), but the use of mercury capture devices can reduce the amount of mercury discharged. The process occurs as follows: Miners heat up the amalgam to evaporate mercury. This leaves them with a porous product of sponge gold, which still contains 5 to 10 percent mercury. Open-air burning of the amalgam results in substantial losses of mercury from vaporization, but the use of retorts and other mercury capture devices can capture up to between 75 and 95 percent of the mercury, which can then be reused (UNEP 2012). The sponge gold is further melted to produce a solid bar of unrefined gold (called a gold dore). Miners either do this themselves, or take the sponge gold to nearby gold shops for further processing. This takes out the remaining mercury, which can also be reused if captured. In gold shops, the dore is refined by gold processors up to a 24-karat level of purity, which is considered to be 100 percent gold but in reality is only 99.9 percent pure.
The health of ASGM miners and other community members can be affected by ecosystem processes that transport mercury and lead to production of methylmercury (box 3-3). These processes can occur in local water bodies near ASGM sites. Once methylmercury has formed in ecosystems near ASGM sites, it builds up in living organisms and can affect ASGM miners and community members (box 3-1). This happens through the consumption of local fish (Gibb and O’Leary 2014). Yet, many of the health damages resulting from both elemental mercury and methylmercury may be unknown to those who are affected. Local health care workers may lack not only the knowledge of mercury’s dangers but also the ability to distinguish the symptoms of mercury poisoning from those of infectious diseases prevalent in many mining communities. Elemental mercury discharges from ASGM can also travel worldwide, and then be converted to methylmercury in ecosystems far from ASGM sites, where methylmercury affects people (box 3-1).
Interventions
A number of actors with a variety of goals have intervened to change the mercury and ASGM system, including international organizations, national and local governments, international non-state standard-setting bodies, and experts. The matrix in figure 7.4 shows interventions for the mercury and ASGM system. First, some interventions have targeted the ASGM sector by aiming to legalize ASGM and by advocating for better working conditions, thus helping to improve human well-being for miners and community members (box 1-1). Second, international standards shape decisions by ASGM miners on how and where to mine for gold (box 1-1). Third, other interventions specifically target mercury use in ASGM, with the goal of minimizing its use and associated health and environmental damages, largely through targeting mining and amalgamation techniques and equipment (boxes 1-2 and 2-2).
Intervention matrix for the mercury and ASGM system.
Legal Approaches to ASGM
National and local governments have taken several kinds of legal actions that influence ASGM activities (box 1-1). Legal interventions affecting the ASGM issue in many developing countries are related to the often very close connections between small-scale and large-scale mining. ASGM was largely absent from national and international discussions on poverty alleviation and economic development until the late 1990s (Hilson and Gatsinzi 2014). Many developing-country governments instead focused on large-scale mining as a way to attract more foreign direct investment. To this end, governments rewrote national laws and fiscal policies beginning in the 1970s to open up access to mining operations for foreign firms, with strong encouragement from the International Monetary Fund, the World Bank, and other multilateral donor agencies (World Bank 1992; Hilson and Potter 2005; Hilson et al. 2019). These new policies sometimes led to a pronounced legal separation between formal and informal mining (Perks 2013). Policies favoring mining companies in many cases also ended up pushing more ASGM miners into the informal sector (Hilson and Potter 2005).
Governments have sometimes taken legal actions in the ASGM sector that have had major negative implications for working conditions and levels of mercury use. Governments have occasionally initiated punitive law enforcement actions against ASGM miners operating without permits, as the majority of the world’s ASGM miners do (Spiegel et al. 2015; Spiegel 2015). These actions have included steps to outlaw informal ASGM. Unlicensed ASGM miners are then deemed to be criminals, and the police move in with force to shut down mining operations for the purpose of driving miners and other community members from the area. This happened, for instance, in Madre de Dios, as discussed above. The government of Ghana also introduced a ban on ASGM in April 2017, aiming to arrest miners and confiscate equipment (Arthur-Mensah 2018). Approaches that make ASGM mining illegal may also include actions by governments, sometimes with the assistance of the media, to vilify miners as contaminators, or as being contaminated themselves (Goldstein forthcoming).
Bans on unlicensed ASGM can lead to escalating conflicts and deadly confrontations over land tenure and mining rights where ASGM intersects with larger gold mining operations (Patel et al. 2016; IGF 2017; Marshall and Veiga 2017; Werthmann 2017; Bebbington et al. 2018). In some cases, these conflicts are the result of ASGM miners moving into areas where large mining companies have already been given mining concessions, which may have been the result of corruption by government officials. In some cases, these concessions were granted without consulting local communities living on or near mining sites. In other cases, large mining companies move into areas in search of deposits where ASGM miners are already operating without permits. During violent confrontations, governments often side with the larger mining companies over the interests of ASGM miners. A confrontational approach can push miners into even further social marginalization, leading to additional unregulated mercury use and the associated environmental and human health risks that accompany it (Spiegel et al. 2015).
Some governments, in contrast, have taken legal steps to formalize the ASGM sector (Perks 2013). Political support for formalization has grown over the past two decades (G. M. Hilson 2002; Hilson 2016). Formalization makes it easier for governments to collect taxes and other fees from ASGM miners who are licensed by public authorities. It can also create more transparency and afford greater regulatory control with respect to mercury use (Hruschka 2011; Fritz et al. 2016). Bringing more ASGM miners into the formal sector often requires creating simpler licensing procedures. Yet, formalization is often a slow and difficult process in many countries, and is held back by bureaucratic hurdles and weak state structures (Marshall and Veiga 2017; Rochlin 2018). National governments in many countries that have close political and financial ties to large mining firms have also been reluctant to change their attitudes and approaches to ASGM, in part because the mining firms want to protect their land claims and mining rights over those of ASGM miners (Sippl 2015).
The Minamata Convention provides support for measures to bring more ASGM miners into the formal sector. Parties with “more than insignificant” ASGM must include steps to facilitate the formalization and regulation of the ASGM sector in their national action plans. This may involve developing new national policy frameworks and strategies for integrating ASGM and smallholder farming (Hilson 2016). ASGM miners in some countries have formed organizations to facilitate their negotiations with governments and mining companies (Werthmann 2017). Awarding miners official mining rights can help domestic authorities tackle pervasive socio-economic problems—such as child labor and other forms of forced labor that occur in many mining communities—because addressing these kinds of issues is more difficult when large numbers of people are operating without documents in the informal sector (International Labour Office 2006; Hilson and Osei 2014). Greater government involvement can also improve the social and economic status of women and girls, provide better tools to fight the sex trade and human trafficking, and reduce the risks from the outbreak and spread of infectious diseases (Jenkins 2014).
National governments can also take political and economic actions aimed at human development by encouraging people to voluntarily move out of the ASGM sector. This requires counteracting the decades-long trend of more people entering ASGM. Because ASGM provides short-term economic benefits to many people who may otherwise fall into (greater) poverty, longer-range efforts must involve the promotion of alternative livelihoods that address problems of unemployment and poverty while supporting sustainable development (Sippl and Selin 2012). Revised government policies can aim to provide alternative means of support for human development so that miners leave the ASGM sector for employment in other sectors (Hilson 2016). In Madre de Dios, for example, fish farming and the harvesting of Brazil nuts may provide income that is comparable to ASGM with much less damage to the environment and human health (Fisher et al. 2018). Forest conservation can also be supported by implementing payments for ecosystem services programs (Agencia AFP 2019). It can, however, be difficult to successfully implement alternative livelihood programs (Hilson and Banchirigah 2009). In addition, some observers argue that a more sustainable form of ASGM can provide an important source of viable livelihoods (Tschakert 2009).
International Standard Setting
International organizations and international non-state standard-setting bodies target gold supply chains in multiple ways (box 1-1). One initiative by an international organization is the due diligence guidance for responsible supply chains of minerals set by the Organisation for Economic Co-operation and Development (OECD). This guidance, intended to prevent gold buying firms from contributing to local conflicts when they decide which suppliers to use, affects the ability of ASGM miners in conflict-ridden areas to sell their gold on international markets (Organisation for Economic Co-operation and Development 2016). The EU in 2017 mandated that EU importers of gold (and other minerals) follow the OECD guidance, and China has also worked with the OECD to translate the guidance into domestic policy. In the United States, the 2010 Dodd-Frank Act requires that US companies determine whether several minerals including gold come from the Democratic Republic of Congo or an adjacent country. If so, companies must review the supply chain to determine if those minerals help fund local armed groups. Several non-state initiatives also promote transparency in the mining sector, including documenting the origin of the gold that enters international markets (Auld et al. 2018).
International certification schemes by international non-state standard-setting bodies—including efforts by the Alliance for Responsible Mining (ARM) and Fairtrade International (FLO)—are another form of standard setting that targets ASGM. These civil society organizations aim to make ASGM mining more socio-economically and environmentally sound by creating financial incentives for miners to change mining practices through a price premium on the gold they sell, and by convincing consumers to pay more for jewelry made from ethically sourced gold. Building on efforts started by ARM in 2004 with the small mining cooperative Oro Verde in Colombia, ARM and FLO launched a joint pilot project in 2011 that covered the entire gold supply chain from miners, through cooperatives, traders, refiners, manufacturers, and retailers, to consumers of jewelry. ARM and FLO decided to go their separate ways after the pilot project ended in 2013, and now operate separate schemes. The ARM and FLO schemes are slightly different, but for both, in order to have their gold certified, miners must take actions such as organizing democratically, gaining legal mining permits, preventing child labor, and making other behavioral changes to support community development and protect the environment (Sippl 2016).
The design and implementation of the ARM and FLO certification schemes have been criticized, however. John Childs (2014, 129) found a “substantive gap” between how fairness in trade is characterized in the international ARM- and FLO-led discourse compared to the on-the-ground situation for many ASGM miners who participate in these certification schemes. In Tanzania, the fair trade price offered to miners was often significantly lower than local market prices, and many miners mistrusted such external interventions. Gavin Hilson and colleagues (2016) furthermore argue that certification schemes often fail to do enough when it comes to helping the poorest and most marginalized miners. Because certification organizations only work with the relatively small number of miners who have organized collectively and have formal mining permits, they often ignore those miners who are less networked, and who thus need assistance and opportunities the most. Many of the miners excluded from the certification schemes are also those who face the most significant political, economic, and administrative obstacles in obtaining formal mining licenses—and because it is difficult for them to join a certification scheme, they are stuck in the informal sector (Sippl 2020).
In 2018, ARM launched the Code of Risk mitigation for Artisanal and small-scale mining engaging in Formal Trade (known as the CRAFT Code), in large part as a response to criticism of its certification scheme and its low participation by miners (Sippl 2020). The CRAFT Code is designed to help miners document the origin of their gold, and thus relates to efforts by the OECD, the EU, the United States, and others to restrict the trade in conflict minerals. It is intended to apply to artisanal gold but also to be adaptable for other minerals. The code is based on self-reporting without the requirement of external audits that come with the certification schemes, and as such is a less demanding alternative for miners who struggle to meet the certification requirements. This documentation is intended to help ASGM miners continue to sell their gold on international markets. However, the code is less stringent about formal permits than earlier certification schemes, and fulfilling the code does not provide the miners with a price guarantee, as do the certification schemes. ARM has nevertheless expressed a dual hope for the code: that it will provide an incentive for consumers to purchase non-conflict gold at a premium, and that it may attract miners to eventually join a more stringent but also more lucrative certification scheme (Sippl 2020).
Addressing Mercury Use in ASGM
International non-state standard-setting bodies formulate rules about mercury use for certification (box 1-2). The certification schemes that are operated by ARM and FLO specifically focus on gradually reducing and phasing out mercury use in ASGM by offering higher economic incentives. Miners who have been certified and who are able and willing to go mercury free can go beyond the standard price premium and upgrade to the ecological standard, which further increases the price that they are paid for their gold (Sippl 2016). Both ARM and FLO pay the miners 95 percent of the London Bullion Market Price for fulfilling their basic standards (which is higher than the 70 percent that they would normally get on the gold market). While FLO offers a 15 percent premium on the market price for gold that meets their ecological standard (Sippl 2020), ARM instead offers a fixed premium of USD 6,000 per kilogram for the miners who upgrade to their ecological standard. Both of these ecological standards require mercury-free mining. The 15 percent premium offered by FLO equals a larger dollar amount than the USD 6,000 premium given by ARM when the gold price is above USD 40,000 per kilogram (USD 1,134 per ounce) (Sippl 2016). The market price of gold has almost always been above this level since 2011. The CRAFT Code is less stringent in restricting mercury use than the ARM and FLO certification schemes.
Experts and international organizations design and disseminate technological solutions to mercury use in ASGM in the form of new mining and amalgamation equipment and mercury capture devices (box 1-2). Experts also design efficiency improvements in mercury capture and amalgamation techniques (box 2-2). Challenges associated with the introduction of such equipment vary from country to country, and sometimes even from mining site to mining site (Sousa and Veiga 2009; IGF 2017). The often-significant variations in situations across ASGM communities make it impossible to design a single universal approach to effectively address all aspects of mercury use, discharges, and exposure in ASGM (Sousa and Veiga 2009). It thus becomes important for governments and other interveners to recognize country-specific and site-specific conditions across different mining sites, and to take bottom-up and participatory, multi-stakeholder community-based approaches when engaging individual miners and mining communities (Spiegel 2009; Spiegel and Veiga 2010; Fritz et al. 2016). This has often not been the case in the past.
The Minamata Convention calls for parties to take actions to eliminate whole ore amalgamation. It also mandates parties to develop strategies to encourage mercury-free mining methods. This can involve using cyanide instead, which can allow miners to recover more of the gold from the ore than using mercury-based methods (Veiga et al. 2009). But cyanide-based methods are often more expensive, and they can be difficult and dangerous to use in the field. Mercury and cyanide that are used in the same area may also interact and increase the bioavailability of mercury in the environment, potentially leading to more mercury methylation (Spiegel 2009; Spiegel and Veiga 2010; Spiegel et al. 2018). Several other mercury-free technologies also allow miners to yield more gold, particularly the use of various gravity-based methods, including Gemini (or gold shaking) tables, sluice boxes, and centrifuges (Davies 2014; Veiga et al. 2015). Yet some mercury-free alternatives can be more expensive and complicated to introduce because of cultural and technological factors (Spiegel and Veiga 2010; UNEP 2012; Amankwah and Ofori-Sarpong 2014).
Other mercury-focused interventions engage experts who design efficiency improvements in mercury capture and amalgamation techniques (box 2-2). A central component of such a strategy, which is supported by provisions in the Minamata Convention, involves expanding the use of more effective retorts and other mercury capture devices, and instructing miners how best to use them. The correct use of mercury capture devices yields health benefits as well as economic benefits, as it results in much higher levels of mercury recycling and reuse, and thus reduces the frequency with which miners need to spend money to buy new mercury. There can nevertheless be technical and behavioral barriers to successfully implementing retort use in mining communities. Such challenges require careful attention from experts, particularly those from outside mining communities, when they aim to introduce novel technologies and techniques (Spiegel et al. 2015). A related intervention aims to reduce, and eventually eliminate, open-air burning of amalgam and all burning of amalgam in residential areas, including in gold processing centers (Veiga et al. 2018).
Technology-focused interventions to reduce mercury use are more likely to succeed when they are coupled with initiatives to improve knowledge of mercury risks (Clifford 2014; Spiegel et al. 2015; Veiga et al. 2015). Several international programs have been involved in such twin efforts, including the Global Mercury Project, which was launched in 2002 by the United Nations Industrial Development Organization (UNIDO) with support from the United Nations Development Programme (UNDP) and the Global Environment Facility (GEF) (Chouinard and Veiga 2008). The Global Mercury Partnership has had ASGM as one of its main partnership areas since 2009. Partnership efforts on ASGM shaped the negotiations of the Minamata Convention as well as early treaty implementation (Sun 2017). The Global Mercury Partnership mobilizes knowledge by providing education and raising awareness about amalgamation techniques and mercury-minimizing techniques. For these programs to work, they must often apply a bottom-up approach and be implemented alongside other measures and provisions that ensure the availability of finance and access to equitable gold markets, and in the context of other efforts to reduce human health risks and maximize benefits of mining to local communities (Spiegel 2009; Spiegel et al. 2015; Veiga et al. 2018; Stocklin-Weinberg et al. 2019).
Many miners and other people who live around mining areas and work in gold processing centers are unaware of the health risks of breathing in mercury vapor. Successful science-based risk communication often goes further than just identifying mercury-related environmental and health problems; it offers miners specific health protection measures to address at least some of these problems (Zolnikov 2012). It is important to develop community-targeted information and communication strategies when generating and sharing information on how to reduce mercury use and exposure in ASGM. People in mining communities, especially in former European colonies, can be skeptical of external information about the dangers of mercury; they may fear it comes in the guise of “green colonialism” where outside actors try to impose their environmental protection ideas at the expense of local communities (Zaitchik 2018; Goldstein forthcoming). Without active involvement by local governments, many technical, financial, and social support efforts on awareness raising and training stand a greater chance of failing (Fritz et al. 2016).
Other mercury-focused interventions have addressed the transnational supply of mercury going to ASGM communities. A growing number of national governments have banned the import of mercury for ASGM (box 2-2). Such governmental regulatory actions are also connected to the argument that curtailing the legal international trade in mercury will result in price increases that in turn will lead to reduced use—especially in ASGM, where miners who typically have limited financial resources are sensitive to price changes in mercury (Hylander 2001). However, restrictions on the legal trade in mercury can lead to short-term increases in domestic stockpiling and illegal trade, which can be difficult to monitor and prevent (Greer et al. 2006). This shows the risks of interventions by international organizations and governments that focus on mercury supply without corresponding efforts to reduce demand. In addition, some national governments have banned mercury use in ASGM (box 1-2). Rapid phaseouts and bans on mercury uses in ASGM are also supported by some international organizations and donor-led initiatives.
The introduction of governmental bans on mercury use has rarely (if ever) completely stopped ASGM miners from using mercury. Miners will often look instead to the black market for buying mercury. This continuing reliance on unlawfully smuggled mercury into many ASGM communities is thought to have been a major driving force behind the resurgence of illegal mining in Mexico and Indonesia (Camacho et al. 2016; Spiegel et al. 2018). Most of this increase in the informal supply of newly mined mercury is likely used by ASGM miners, either domestically or once it has been exported illegally to other countries. In a situation where so much mercury use is unregulated, it can be more difficult to set up and implement abatement programs. In the absence of such programs, mercury-related problems in and around ASGM sites can grow, even where there is an official mercury-use ban. A ban on mercury use can also lead to a greater dependency on illegal gold buyers, who provide socially and economically vulnerable miners with smuggled mercury in exchange for exclusive gold buying rights, sometimes at exploitative prices (Spiegel 2009).
Insights
The story of the miners of Madre de Dios illustrates how small-scale gold mining activities are part of a broader ASGM system that occurs in multiple countries simultaneously and is linked with national laws and international markets. In this section, we draw insights from the mercury and ASGM system. First, ASGM is characterized by place-based and global-scale interactions and rapid adaptation to change. Second, past interventions have emphasized an incremental transition that minimizes harm without addressing fundamental questions of mining. Third, effective governance approaches will require coordination of institutions at multiple scales and attention to issues of power and justice.
Systems Analysis for Sustainability
Place-based and global-scale interactions combine to influence not only the use of mercury in ASGM but also the environmental and human health impacts associated with it. The way in which miners operate in ASGM—by looking for gold in alluvial deposits, saprolites, or hard rock deposits; engaging in whole ore amalgamation or concentrate amalgamation; and carrying out open air burning or closed circuit burning of the amalgam—affects the amount of mercury they use and the resulting environmental discharges as well as human exposure levels. Discharges can lead to elevated concentrations of methylmercury in nearby as well as distant bodies of water. International gold markets and commodity chains connect local gold miners and sellers to gold buyers and consumers in faraway places. International codes and certification schemes seek to change local gold production methods, including practices of mercury use. International markets for mercury link individual ASGM miners with foreign supply sources and transnational networks of mercury smugglers. Support from the Global Mercury Partnership and international organizations affects the ability of many governments to reduce socio-economic and environmental problems in ASGM.
The mercury and ASGM system has shown a capacity to adjust rapidly to changes in local and global conditions. This has had mixed implications for human well-being. The steep increase in the international price of gold has encouraged a growing number of people to become miners, allowing them to make more money. Ecological deterioration, policy actions on conflict diamonds, and price changes in the gold market have also pushed more people into the ASGM sector in search of an income. This has resulted in an increase in mercury use, exposure, and discharges. Recently, some ASGM miners have taken measures to meet international standards on conflict-free gold to allow them to continue selling their gold on international markets. Some miners have also joined transnational gold certification schemes, which can sometimes (but not always) contribute to both higher incomes and less mercury use. At the same time, mercury suppliers and miners have responded to mercury export bans and other supply and use restrictions by finding alternative, often illegal ways of transporting mercury into ASGM communities. This has solidified mercury’s central role in ASGM, even as mercury continues to be a major human health and environmental problem.
The high degree of locally concentrated use and discharge of mercury in ASGM shows the variability of mercury impacts at different scales. Mercury from ASGM is thought to be the largest global source of emissions to the atmosphere, but it remains uncertain how much of the mercury that is discharged from ASGM stays in the local environment and how much travels to other regions. There are variations in human exposure to mercury both within and across ASGM communities. Based on their choice of mining area and extraction techniques, some miners will use more mercury than others and thereby face a higher degree of exposure. The conditions under which the amalgam is burned off to refine the gold also have major implications for environmental discharges and human exposure. Open air burning without the use of retorts leads to atmospheric mercury emissions, and indoor burning can result in very high concentrations of mercury vapor in poorly ventilated gold shops. All of these factors can result in variable and dangerous local environmental and human health conditions that may not be visible when looking at trends in total emissions or global average mercury levels.
Sustainability Definitions and Transitions
A more sustainable ASGM sector would use less or no mercury, but some analysts and advocates would argue that mining itself is unsustainable by definition. Mining, including ASGM, can be seen as inconsistent with definitions of sustainability that stress the importance of not depleting stocks of non-renewable resources. Eliminating mining would remove all mercury use in ASGM, but few actors who work on addressing socio-economic and environmental problems in ASGM argue for this solution. The long-term goal of the Minamata Convention—to phase out all mercury use in ASGM to protect human health and the environment—is linked to a perspective that sees mercury use as inherently dangerous and undesirable. Many short-term efforts, however, look to reduce (not eliminate) mercury use and implement measures that better protect people in mining communities and limit discharges of mercury to the environment. This is based on the recognition that mercury use in ASGM has some positive value, as it is integral to the ability of many miners to earn a basic livelihood to support themselves and their families. It would also be extremely difficult to implement and enforce an immediate ban on mercury use in all the world’s ASGM sites.
A gradual transition away from mercury use in the ASGM sector, with the aim of ultimately phasing out all use, requires considering trade-offs in resource allocation. It is often necessary to decide how much limited human and financial capital should be spent on short-term fixes such as the introduction of retorts, medium-term efforts that focus on the promotion of mercury-free mining techniques, or long-term restructuring that looks toward getting people out of the ASGM sector by providing alternative livelihoods. Expanding the use of retorts reduces the short-term exposure risks and discharges of mercury, but it allows for continued mercury use that does not reduce exposure and discharges to zero. Many mercury-free mining alternatives are more expensive and require practices unknown to miners, making it difficult to immediately expand their use. Phasing out ASGM would address the mercury problem, but the ability for ASGM miners to find other work that provides a livable income depends on the creation of those jobs as well as the miners having the necessary skills to fill those positions. It is also important that those jobs do not create other forms of social and environmental problems.
International institutions and knowledge play important roles in supporting a transition away from mercury use in ASGM. The Global Mercury Partnership, the negotiations of the Minamata Convention, and the creation of gold certification schemes were instrumental not only in highlighting mercury-related and other problems in the ASGM sector that had been largely overlooked by earlier international development efforts, but also in pushing action to reduce mercury use, environmental discharges, and human exposure. The design of new technologies and the formulation of information campaigns on awareness raising, alternative mining techniques, and behavioral change, all of which are essential to this transition, are underpinned by engineering, natural science, and social science knowledge. Greater use of retorts and expanded information sharing about the dangers of mercury exposure in mining communities have had positive effects in some cases. At the same time, the transition toward a mercury-free ASGM sector is severely hindered by a steady supply of mercury, the lack of a simple and cheap alternative to mercury use, and the economic profitability for ASGM miners of a high price of gold.
Sustainability Governance
The Minamata Convention sets out a global approach to address mercury use in ASGM, but much national implementation and on-the-ground change will be up to domestic actors. The requirement for parties with “more than insignificant ASGM” to develop their own individual national action plans is important for institutional fit in that it provides important country-level flexibility. Many large-scale drivers of the recent expansion in ASGM—such as lingering poverty, a continuing lack of alternative employment opportunities, and a high price of gold—are similar across Latin America, Africa, and Asia. Yet, there are significant legal, political, economic, cultural, and environmental variations among countries with ASGM, as well as across individual mining sites, that affect national and local governance efforts. As a result, countries will identify partly different domestic problems and design different solutions in the national action plans. Moving forward, it is important that global efforts on ASGM under the Minamata Convention and supported by the Global Mercury Partnership are designed to reinforce national-level efforts in ways that recognize variations in domestic conditions.
Governance of mercury use in ASGM involves a combination of approaches to address various leverage points in different ways. The Minamata Convention supports efforts on formalization as an important way to bring miners out of the informal sector. This can allow for greater protection of ASGM miners and better controls on mercury use. Evaluations of field programs show that efforts to address mercury use, exposure, and discharges in ASGM are often more likely to have the desired impact when they consist of a combination of interventions that address behavior and those that introduce new technology. It is often easier to get a miner to change from open air burning to closed circuit burning of the amalgam if a program both provides the miner with an opportunity to acquire a relatively cheap but effective retort and includes an educational component about how to use that retort to recapture mercury for subsequent reuse. International certification schemes seek to harness the power of gold buyers throughout the commodity chain to provide economic benefits in the form of a price premium to ASGM miners who move to mercury-free mining.
Governance of ASGM is deeply connected to socio-economic issues of poverty and marginalization. ASGM miners and other people who live in mining communities are often vulnerable to different forms of exploitation, including forced labor, child labor, human trafficking, organized crime, and actions by mercury smugglers and gold buyers who take advantage of miners’ exposed legal and economic situation. In many past interventions by governments and international organizations, the representation of the poorest and least well-organized miners was often ignored. Their voices may also be excluded in conflicts with large mining firms and governments. This may increase the use of mercury because marginalized miners often operate without access to technology and other resources that would help reduce mercury use and thus protect human health. This makes it important for those looking to improve the well-being of the estimated 100 million people who directly and indirectly gain an income from the ASGM sector to pay close attention to dynamics of justice and power.
For societies beholden to Mercury, the god of finance, gold remains a desirable financial instrument. Resource extraction continues to power the world economy, but the process by which people turn gold in geological reservoirs into a resource is associated with multiple social and environmental problems. The use of mercury, which continues to be a valuable extracted resource for this purpose, is a key ingredient in ASGM. This mercury use helps people who are often marginalized and poor make a basic income from gold mining. Mercury used in ASGM also damages human health and the environment: it affects miners, gold processors, and other local community members, and simultaneously contributes a substantial portion of global mercury emissions and releases. Both local conditions and transnational forces drive ASGM, and thus influence efforts to address its negative environmental and human health effects. Different behavioral and technical measures target mercury use in local mining communities, but simultaneous changes in international prices of and trade in mercury and gold have a major impact on the decisions and ultimately the health and well-being of millions of miners, their families, and their communities.
III Lessons for Sustainability
8 Sustainability Systems: Seeing the Matrix
Analytical frameworks help researchers from various fields and backgrounds examine and compare the structures and functions of different kinds of systems. Identifying the main components of systems, understanding how these components interact, and assessing how actors can intervene to effect change, are topics of broader interest to analysts who focus on a range of sustainability issues. Findings relating to the components of the mercury systems, their interactions, and past interventions drawn from part II can inform systems-oriented studies related to sustainability. Our analysis shows that important operations and properties of the mercury systems can be examined by applying the human-technical-environmental (HTE) framework and a matrix-based approach to identify and map relationships between human, technical, environmental, institutional, and knowledge components. A similar approach could also yield promising insights for other sustainability issues.
We argued in chapter 1 that advancing understanding of sustainability requires in-depth examination of additional empirical cases to further generate knowledge and test theories. With that purpose in mind, the five topical mercury systems detailed in part II provide a rich set of empirical material covering a long period of human history. People, over centuries and millennia, have interacted with mercury and in the process developed new scientific knowledge, technologies, and products with the goal of improving prosperity and well-being. Human uses and discharges of mercury, however, also modified ecosystems and harmed human health. We used the HTE framework to analyze each of the five mercury systems in part II as an individual system within its own boundaries and with its own interactions among human, technical, environmental, institutional, and knowledge components. Yet the mercury systems are connected to one another, not only by the presence of the element mercury, but also by other common system components, and these components also link to other systems relevant to sustainability.
The HTE framework and the matrix-based approach that we introduced in chapter 2 provide a way for an analyst to “see” system components (as referenced in the title of this chapter) and study their dynamics as part of complex adaptive systems. Examining a system involves determining system boundaries and components for analysis, identifying causal pathways of interactions among system components, and assessing the potential for changing system operations. In this chapter, we draw lessons from across the empirically grounded findings from the mercury systems to answer the first three research questions we posed in chapter 1. First, what are the main components of systems relevant to sustainability? Second, in what ways do components of these systems interact? Third, how can actors intervene in these systems to effect change? We conclude the chapter by discussing the utility of the HTE framework and the matrix approach for analyzing other systems relevant to sustainability.
The Matrix Revisited: System Components, Interactions, and Interventions
The five chapters in part II are intentionally structured in an identical way to follow four consistent steps. The first three steps make up the matrix-based approach: first, the identification and classification of system components; second, the examination of pathways of selected system interactions; and third, the assessment of interventions toward greater sustainability. In this section, we discuss and compare the findings from these three steps and associated research questions. We discuss findings relating to the fourth step, drawing insights from the system analysis, in chapter 9.
System Components
Three findings based on our analysis of the five mercury systems connect to our first research question, about the main components of systems relevant to sustainability. First, the mercury systems can be usefully described as comprising a combination of human, technical, environmental, institutional, and knowledge components. Second, the mercury systems can be analyzed by identifying a relatively small number of each type of component, and different system descriptions require differing levels of specificity for system components. Finally, while some components are unique to a single mercury system, others are common across several mercury systems, and these may also be important to other sustainability-relevant systems.
All of the individual components from the mercury systems are summarized in figure 8.1 (with numbers in parentheses to indicate the chapters they correspond to, 3 through 7). The components are listed in the order in which they appear in those chapters, but they are grouped based on the level of empirical detail with which we have chosen to represent each component. For example, as human components, we treat workers and employers in mercury-using sectors as a single component in the health system and the products and processes system. In other systems, however, we disaggregate human components at a finer level of empirical detail. The artisanal and small-scale gold mining (ASGM) system includes ASGM miners as well as gold processors, whereas the health system involves medical professionals, all of whom are also included in the larger group of workers in mercury-related sectors. Figure 8.1 thus illustrates the relative level of detail for the individual components in each mercury system, and the relationship of these components to each other.
Unique and common components of the mercury systems in part II (chapter numbers in parentheses).
Categories of System Components The system components we chose as the ones most useful for describing the individual mercury systems cover all five categories of components: the material human, technological, and environmental components, and the non-material institutional and knowledge components. Humans are present as workers, employers, producers, consumers, and people living near and far from mercury discharges. Technical components include extracted mercury, mercury-added products, industrial point sources of mercury discharges, and air pollution control devices. Environmental components include the atmosphere, land, oceans, and contaminated sites. Institutional components include markets for energy and goods, the Minamata Convention, and national and local laws and regulations. Knowledge components include information about different forms of mercury, health impacts from mercury exposure, and mercury-free product development and production techniques.
Our decision to classify components among the five predetermined categories undoubtedly influenced our selection and categorization process. Nevertheless, we believe that two findings based on the individual components that we identified are valid and useful. First, we were not able to describe and analyze any of the five mercury systems without including human, technical, environmental, institutional, and knowledge components. This strengthens the assertion at the core of our systems perspective: analyses that only address some of these five sets of components might omit important parts of systems relevant to sustainability. Second, we did not identify any important components that did not fit (or any that fit very imperfectly) into one of the five categories of system components. This suggests that we are not missing an important component category by focusing on these five categories in our analytical framework.
Our categories of system components are similar, but not identical, to those found in other system descriptions such as social-ecological systems, coupled human-natural systems, and socio-technical systems (Liu et al. 2007; Ostrom 2009; de Weck et al. 2011). Several of these systems would capture some of the same individual components that we identify, but sometimes in different categories. For example, what we call technological components would mostly be included in the human category in coupled human-natural systems research (Liu et al. 2007). In our analysis, we find it useful to draw a clearer distinction between technological and human components for the subsequent analysis of interactions and interventions. Some of our components may also be treated as external to systems in other literatures. For example, in engineering systems literature focusing on socio-technical systems, environmental components are often treated as boundary conditions.
In our framework, we differentiate material (human, technical, and environmental) from non-material (institutional and knowledge) components, which helps us connect more explicitly to efforts to model and simulate systems, as discussed below. Our categories of components also overlap with efforts to assess the importance and value of different kinds of capital assets that are viewed as fundamental building blocks of human well-being in sustainability analysis. These capital assets can include human capital, natural capital (most environmental components), manufactured capital (e.g., infrastructure and buildings), social capital (including institutions), and knowledge capital (Polasky et al. 2015). The overlap between our categories and those used in other system descriptions and studies of capital assets suggests that human, technical, environmental, institutional, and knowledge components are indeed important constituents of sustainability.
Number and Specificity of System Components The total number of human, technical, environmental, institutional, and knowledge components that we identify for each component category in the five mercury systems ranges from two to seven. The total number of system components for each of the mercury systems ranges from 20 to 27. The identification of this relatively limited number of individual components nevertheless made it possible to capture the properties and dynamics of each mercury system that we needed for our analysis. It would of course have been possible to identify a larger number of components for each mercury system. This would have given us the ability to describe each mercury system in greater empirical detail. However, we believe that using a greater number of system components would not have had a meaningful positive impact on our analysis of system interactions and interventions; we found that the aggregated descriptions of the selected components captured the necessary degree of detail in each system.
Each system description contains components that vary in specificity and spatial scale. Ecosystems near mercury sources or uses, for example, are included as an environmental component in the health system, atmospheric system, and products and processes system, encompassing a broad range of ecosystems in many regions across the world. Ecosystems near ASGM sites in the ASGM system are a specific sub-category of ecosystems near mercury sources. Similarly, extracted fossil fuels in general are addressed as a technical component in the products and processes system, but extracted coal in particular is identified as an individual component in the atmospheric system. This shows that components need not be described at the same level of detail in system descriptions. With respect to spatial scale, environmental components could be a small contaminated site or as big as the oceans. Technical components can be small and limited to a specific location, such as a mercury capture device that is used in ASGM, or diffused across the world, such as mercury in commerce. Institutions can take the form of locally specific dietary recommendations, or be global in scale like the Minamata Convention.
Clearly identifying the varying levels of specificity and spatial scale needed to describe system components can assist those who model and simulate systems. The modeling community refers to the development of model simulations at differing levels of scale and complexity as a “hierarchy” or “spectrum” of models (Claussen et al. 2002). The term “hierarchy” was initially used to capture the existence of models ranging from simple to more detailed, but could be construed to imply that high-resolution models are better. The term “spectrum” avoids this implication, acknowledging that the scale of modeling should fit its intended purpose. If system descriptions are useful at varying levels of specificity, different models should be developed to answer different questions. The use of mercury models ranging from global biogeochemical cycle models to detailed ecosystem-specific models helps the scientific community to understand interactions occurring on varying scales across time and space (Obrist et al. 2018). The climate modeling community similarly has used a spectrum of models to address interactions between human activities and the climate system at different levels of resolution (Claussen et al. 2002).
Uniqueness of System Components Some of the identified components are unique to one of the five mercury systems. Unique human components include consumers of mercury-added products and other goods made using mercury in the products and processes system, and ASGM miners in the ASGM system. Mercury-containing medicines and air pollution control devices are unique technical components in the health and atmospheric systems, respectively. Contaminated sites are a unique environmental component in the products and processes system, and rice is an environmental component in only the health system. Gold markets and international certification schemes are institutional components only in the ASGM system. Knowledge of technology-based air pollution controls is part of just the atmospheric system, whereas knowledge of mercury-based and mercury-free production techniques is unique to the products and processes system.
Several material components are common across two or more of the mercury systems, and are thus important for examining connections among those systems. Ecosystems far from sources of mercury discharges are affected by mercury emissions and releases from a combination of sources, including industrial point sources, ASGM, mercury-added products, and mercury in production processes. People living far from mercury sources are similarly affected by mercury from all these sources, as some discharged mercury travels long distances in the environment before it is converted into methylmercury. Mercury in commerce links mercury-added products and mercury in production processes to ASGM through supply and demand dynamics.
Common institutional and knowledge components also link several of the mercury systems. The Minamata Convention covers issues that are central to all five mercury systems through its lifecycle focus on mercury management. Other institutions such as the Global Mercury Partnership link societal efforts to control mercury emissions in the atmospheric system, to move to mercury-free alternatives in the products and processes system, and to phase out mercury-based amalgamation methods in the ASGM system. National and local laws and regulations on mercury discharges connect initiatives to protect the environment and human health from several different sources of mercury in the atmospheric, products and processes, and ASGM systems. Scientific knowledge about the properties of mercury influences its use in the products and processes and ASGM systems. Medical knowledge about the human health effects of mercury exposure shapes mercury use in the health, products and processes, and ASGM systems, and also informs the formulation of dietary guidelines targeting particularly vulnerable groups in the health system.
Some of the mercury system components are also relevant to other issues, suggesting that they may be important to sustainability more broadly. Components relevant to other issues fall within all our categories of system components, both material and non-material. For example, workers and consumers are central in the human health, atmospheric, products and processes, and ASGM systems (as miners and supply chain participants). They are also essential components of different types of production and consumption systems as well as energy issues. Extracted fossil fuels are a key technical component for the products and processes system and the atmospheric system (in the form of extracted coal), and are an important component for other air pollution, climate change, and energy issues. Ecosystems far from mercury sources or uses, present in several of the mercury systems, may be areas of particular concern for other environmental issues such as biodiversity. Knowledge of health protection techniques that is important in the health system is also relevant to pesticides and industrial chemicals. In addition, national and local laws and regulations on pollution are key elements in many sustainability-relevant systems. The relevance of components across several domains relates to the concept of nodes in network analysis, which has been applied in studies of social-ecological systems (Janssen et al. 2006). Common system components could be considered as nodes, and interactions considered as links, if the matrix were represented as a network map.
System Interactions
To address our second research question on interactions, we focus on the 14 pathways of interactions that we identified across the five mercury systems. These pathways are summarized in figure 8.2, grouped into four different types based on which material interactions the pathways include. We identify three major findings related to the ways in which the material components interact, in the context of the two non-material components. First, most (but not all) pathways involve interactions among all three categories of material components. Second, pathways that coexist with each other vary with respect to the number of interactions that they include and how interactions are connected to one another. Third, pathways cross spatial scales from local to global, and temporal scales from minutes to millennia.
Summary of interaction pathways from chapters in part II, grouped by the types of material component interactions that the pathways include. The underlined box number in each pathway identifies focal interaction.
Types of Interaction Pathways None of the 14 pathways that we identified in the mercury systems is composed exclusively of interactions that involve only one type of material component. Some parts of pathways, however, involve interactions among material components of the same type. These parts of pathways involve interactions between human components in the form of producers and consumers in the atmospheric system and the products and processes system, and the cycling of mercury among different environmental components and its conversion to methylmercury in the global cycling system. Separate literatures characterize interactions among one type of component. Economic models document interactions among people in markets. Lifecycle assessment models in industrial ecology simulate the flows of materials in industrial production processes. Ecological models of mercury cycling capture ecosystem interactions such as those between different species in a food web. Because the 14 pathways involve at least two different types of material interactions, they fall into four characteristic types: human and technical (HT); human and environmental (HE); technical and environmental (TE); and human, technical, and environmental (HTE).
Pathways involving human and technical interactions: These types of pathways include interactions between human and technical components that are noted in boxes 1-1, 1-2, 2-1, and 2-2 in the interaction matrices in part II (figures 3.3, 4.2, 5.2, 6.2, and 7.2). We identify two of these human and technical pathways, both in the health system. In the first pathway, workers in different sectors come into contact with mercury, and different forms of mercury affect their health (HT1). In the second pathway, medical professionals prescribed mercury-containing medical treatments to patients for a wide range of illnesses that in turn affect the health of these patients (HT2). The appearance of these two human-technical pathways in the health system is not altogether surprising, as health care systems are increasingly examined as socio-technical systems. Socio-technical perspectives are also common in studies of innovation (Geels 2004). In the case of mercury, however, several other pathways that involve innovation, for example in the products and processes system, include interactions involving environmental components as well (e.g., HTE5 and HTE6).
Pathways involving human and environmental interactions: These types of pathways include interactions that are in boxes 1-1, 1-3, 3-1, and 3-3 in the interaction matrices in part II. Two of these types of pathways are present in our analysis, both in the global cycling system. These pathways are where people discharge mercury that cycles through ecosystems and converts to methylmercury (HE1) and where people alter ecosystems in ways that lead to changes in mercury cycling and methylmercury production (HE2). Methods for analyzing pathways involving human and environmental components can be drawn from the literature on coupled human-natural systems (Liu et al. 2007; Chen 2015). Interactions where environmental components influence human components relate to the concept of ecosystem services in which nature provides functions for society (Daily 1997). The Intergovernmental Platform on Biodiversity and Ecosystem Services use similar concepts to link biodiversity to human well-being (Díaz et al. 2015). We only consider pathways to be human-environmental in character if they do not include interactions with an identified technological component. The highly technological nature of the mercury systems likely explains why we found it useful in most cases to explicitly identify technological components that mediate interactions between human and environmental components. For example, discharges of mercury in ASGM are mediated by amalgamation equipment (HTE8).
Pathways involving technical and environmental interactions: These types of pathways include interactions that are located in boxes 2-2, 2-3, 3-2, and 3-3 in the interaction matrices in part II. One pathway in the global cycling system is of this type. In the identified pathway, mercury in commerce is traded across borders and leads to emissions and releases (TE1). A variety of methods have been developed to track flows of different metals, including mercury, in anthropogenic systems, and most of these methods focus on quantifying flows through technical components (Müller et al. 2014). Emissions inventories track the amount of pollutants entering the environment from technological sources (e.g., Muntean et al. 2018). In the majority of cases that we identify in the mercury systems, however, technical-environmental dynamics were closely coupled with human components. For example, in the ASGM system, pathways that involved interactions between amalgamation equipment and the environment also involved its effects on human health (HTE9).
Pathways involving human, technical, and environmental interactions: Pathways that include interactions that involve all three human, technical, and environmental components are the most common type that we identified across the mercury systems (that is, they include combinations of interactions involving all three material components). These interactions are found in all boxes in the interaction matrices in part II, and 9 out of the 14 pathways fall into this category. These pathways are present in the health, atmospheric, products and processes, and ASGM systems. The predominance of pathways that include human, environmental, and technical interactions suggests that the sustainability-relevant dynamics of most interest—those we chose as focal interactions in each mercury system—often involve influences across all the three material components.
Pathways involving human, technical, and environmental interactions include many different components. In the health system, mercury-contaminated ecosystems provide food for consumers, affecting their health (HTE1). In the atmospheric system, production of energy and industrial goods benefits society and leads to emissions of air pollutants, including mercury (HTE2). Point sources affect air pollution transport and mercury distribution in ecosystems (HTE3). Air pollution controls reduce mercury emissions, but incur economic costs to producers and consumers (HTE4). In the products and processes system, consumer goods that are produced using mercury provide benefits but also cause harms to human health (HTE5). Commercial mercury also enters ecosystems, where it affects human health (HTE6). In the ASGM system, environmental, technological, and socio-economic factors drive employment and local conditions in the ASGM sector (HTE7). ASGM miners, ore types, and mining and amalgamation techniques affect mercury use in ASGM (HTE8). The mercury used in ASGM affects ecosystems and human health (HTE9).
Few previous system analyses have assessed human, technical, and environmental components and their interactions in ways that give each component type equivalent emphasis. Literatures on human-environment systems and socio-technical systems, as noted above, cover subsets of human-technical-environmental pathways. Scientists have developed methods to explore dynamics of environmental and human components, including the environmental cycling of mercury and its effects on wildlife and people. Some engineering approaches explore socio-technical dynamics including human and technical components. For example, the development of emission scenarios for mercury involves projecting economic activity as well as the application of control technologies. The prevalence of pathways in the mercury systems that involve interactions among all three types of material components, however, shows how important it is to integrate perspectives from different disciplines when analyzing interactions among material components of systems related to sustainability.
Some existing studies offer promising ways forward to address system interactions across human, technical, and environmental components in a more integrated and comprehensive manner. For example, one modeling study in China links underlying economic drivers (interactions among producers and consumers in markets) with flows of mercury through technologies and the atmosphere, resulting in the estimate quoted in chapter 5 that 33 percent of China’s mercury emissions and releases for 2010 were related to the production of goods for export (Hui et al. 2016). There is, however, a need for more interdisciplinary studies and modeling that focuses on societal and environmental flows of mercury and other hazardous substances. Further combining social science, natural science, and engineering studies toward this end holds much promise for advancing sustainability analyses.
Scope and Complexity of Interaction Pathways Pathways vary with respect to their scope (the number of interactions that they contain), and their complexity (whether they are linear or involve multifactor causality and/or feedbacks). Some pathways involve few linked interactions, such as HT2, which consists of only two linked interactions. In contrast, other pathways consist of a greater number of linked interactions, as illustrated by HTE9, involving seven linked interactions. Some pathways are linear, including in the global cycling system where people discharge mercury into ecosystems, which then cycles through the atmosphere, converts to methylmercury, and then affects living organisms (HE1). Other pathways involve multifactor causality. This is the case in the ASGM system, in which both ecological deterioration and the availability of transportation and communication infrastructure affect the choice of potential miners to enter the ASGM sector (HTE7). Some pathways include feedbacks in the form of reciprocal interactions, such as in the health system where workers use mercury that in turn affects their health (HT1). A larger feedback loop is present in the products and processes system in the pathway involving commercial mercury benefits and harms (HTE5). In this pathway, market interactions between producers and consumers lead to the sale of mercury-added products that provide benefits or harms to consumers, thus influencing their purchasing decisions about mercury-added products.
Pathways of varying numbers of interactions and degrees of complexity coexist and interact with each other. Pathways that include a larger number of interactions caused by multiple factors became more common as a result of the growing use and dispersal of mercury during the industrial era. The global distribution of mercury through the atmosphere—combining mercury from multiple sources—became important once emission levels increased enough to pose risks to faraway ecosystems (HTE3). Some pathways that emerged earlier in history, however, continued to operate alongside the more complex pathways that became more important later on. In the health system, workers in different sectors for centuries came into contact with mercury that affected their health (HT1). The importance of this pathway has declined recently with the reduced commercial use of mercury, but it existed for a long time even as longer pathways emerged from the industrial use of mercury. New knowledge can also reveal the existence of previously unknown pathways. Only recently have scientific studies been able to trace the transport of mercury across environmental components, and identify the importance to environmental levels of previously unrecognized sources such as mercury in commercial products (HTE6).
The high prevalence of non-linear pathways with larger numbers of interactions poses substantial challenges for scientific efforts to document causality and for researchers developing and refining methods to better understand the mercury systems. For example, isotopic analysis makes it possible to identify mercury in an environmental sample that has a specific atomic mass, which can help determine its source (Blum et al. 2014). This holds much promise to account for environmental interactions, but these methods cannot be easily integrated to track causality across human, technical, and environmental components. Environmental monitoring and analysis techniques may at some point be able to distinguish between different sources of historically and recently released mercury in air or water. However, they would not be able to identify whether that mercury was less or more prevalent because of a regulatory policy, the application of a technology, or broader economic forces such as changes in production and trade patterns. This suggests that new interdisciplinary methods are needed to capture the full complexity of interactions in human-technical-environmental systems.
Spatial and Temporal Scale of Interaction Pathways Pathways often comprise interactions that cross multiple spatial scales. The spatial extent of the mercury issue seems global when focusing on global-scale cycling, but environmental and human-driven transport of mercury creates regional and local dynamics as well. In part II, we identified several examples of pathways across local to global levels of spatial scale in the mercury systems. Whale consumers in the Faroe Islands are harmed by mercury released far from their borders (HTE1). But their local culture and dietary habits—the decision to continue the grindadráp and to consume whale meat and blubber—mediates their exposure and determines its ultimate impacts on their health. ASGM has many of the hallmarks of a traditional place-based case study of sustainability, but it is fundamentally linked to global-scale forces (HTE7). The international gold market sets the economic conditions for ASGM, and much of the mercury that is used in ASGM is imported (both legally and illegally) from other countries. Multinational mining firms also interact with national authorities and local miners to create complex political situations and socio-economic conditions in the ASGM sector.
All five types of components are involved in interactions crossing spatial scales, from the local to the global. Some people (human components) have moved across countries and even continents to enter the ASGM sector based on conditions in global markets (HTE7). Some mercury in commerce (a technical component) is traded internationally before it is emitted and released (TE1). Mercury that is discharged into ecosystems (environmental components) cycles globally (HE1). The degree to which mercury emissions from industrial point sources travel to affect both local and faraway ecosystems depends on the site-specific application of air pollution controls (HTE4). The application of control technologies involves local technical knowledge as well as institutions such as domestic laws and the global Minamata Convention that mandate technology-based control approaches. Not all interactions, however, occur across spatial scales. Many people who live near contaminated sites that are caused by mercury discharges from local sources are affected by their close proximity to these sites for long periods of time (HTE6). Local exposure to mercury also remains common in ASGM (HTE9).
Interactions involving the five types of components operate at different temporal scales that combine through pathways to determine the timescales of each system. The environmental cycling of mercury continues over centuries and longer (HE1). In contrast, many interactions involving technology and humans involve shorter timescales. Exposure to mercury and related health impacts for workers in mercury mining and other sectors can happen on a timescale of hours to months (HT1). Similarly, interactions involving air pollution controls may occur on timescales of minutes to months, where control devices can be installed and turned on and off and thus affect emissions rapidly (HTE4). Institutions and knowledge play a substantial role in determining the timescales on which interactions occur and change. Although the aspects of exposure in pathway HT1 are short-term, these exposures can persist for much longer because of the influence of institutions and knowledge. For example, while the average life of a miner in Huancavelica was only a few months, colonialism and conscription allowed for mining to continue over centuries. For the pathway HTE4, development of new knowledge such as techniques for pollution controls may take years or longer. The process of changing laws and regulations for pollutant control can further stretch from years to decades, and is influenced by developing scientific understanding of mercury impacts on the environment and human health.
The fact that pathways cross both spatial and temporal scales can separate impacts in space and time from their causes, which challenges efforts to link specific sources to particular observed effects. This can be seen in pathway HTE1 in the health system. Tracing this pathway backward, consumers of commercial market seafood are affected by the concentrations of methylmercury in their entire diet of different species of fish and shellfish, and much commercial seafood is traded across borders. These fish and shellfish spent their various lifetimes (short to long, depending on the age of the harvested seafood) in different freshwater and saltwater basins where they had varying diets, depending on the structure of the ecosystem and their position within the food web. The methylmercury in the fish and shellfish came from a combination of mercury discharges from local and distant sources that was originally discharged during both historic and present times. This methylmercury accumulated in biota over timescales that may have ranged from months to decades depending on ecosystem characteristics.
System Interventions
For the third research question on interventions, we focus on four aspects of how actors can intervene in complex adaptive systems to effect change toward greater sustainability. First, some interveners took actions targeting mercury specifically, while other interventions that affected mercury use and discharges were taken with other goals in mind. Second, interventions addressed both material and non-material components at different leverage points across pathways, and many of the more effective strategies combined different types of interventions. Third, interventions occurred at different spatial and temporal scales, but they often propagated across scales. Fourth, a broad range of actors with varying levels of power and influence was able to prompt system-level changes. Figure 8.3 summarizes the interveners for the five mercury systems, and identifies the material interactions that different interveners targeted.
Interveners and interventions in the five mercury systems discussed in part II. Minamata Convention (MC) provisions are specified by article, consistent with chapter 3.
Goals of Interventions In the mercury systems, the goals of interventions fall into two main categories: those that primarily targeted mercury and those that mainly involved other issues but also affected mercury. Some interventions were taken to protect human health and/or the environment from mercury. Bans of mercury in teething powder and medical applications were introduced to protect small children from acrodynia. Mercury emission controls such as the US Mercury and Air Toxics Standards were set to mitigate human health damages. Bans and restrictions on the use of mercury-containing pesticides such as Panogen in Sweden, the United States, and elsewhere were designed to protect the environment and human health simultaneously. The EU’s recent calls to establish a mercury-free economy are motivated by environmental and human health concerns. The elimination of the very small remaining uses in products, such as mercury in button-cell batteries, is related to this goal. In ASGM, phasing out mercury use is a vitally important piece of efforts to reduce environmental discharges and to protect the health of miners, gold processors, and other community members.
Other interventions that reduced or eliminated the use and/or environmental discharges of mercury were largely driven by non-mercury concerns, but had the positive side effect that they also addressed different aspects of the mercury problem. Governments instituted air pollution controls beginning in the 1970s and 1980s that mainly targeted sulfur emissions from industrial point sources, but these controls also helped reduce mercury emissions as an additional benefit. Economic forces and technological innovation, rather than environmental and human health concerns, drove the development of many mercury-free manufacturing processes because they were cheaper and more efficient for producers. The discovery of penicillin, and its effectiveness in treating syphilis, led to the phaseout of this longstanding medical use of mercury before there was a more sustained effort to phase out mercury use in medicine based on health concerns. The higher energy efficiency of LED lighting technology is a central driver of supplanting the minimal use of mercury in compact fluorescent bulbs, which are still allowed under the Minamata Convention.
Some interventions had unintended damaging effects to present and future human well-being as a result of interveners acting with incomplete knowledge of system-level processes and interactions. In some cases, early efforts to communicate mercury-related risks from seafood consumption resulted in pregnant women eating less seafood overall, which was potentially dangerous to fetal development given the nutritional benefits of fish consumption. Switching to cyanide technology is one option for moving away from mercury amalgamation in ASGM, but if done improperly, this can result in even more mercury methylation in local environments (and also creates cyanide management–related problems). Phaseouts of mercury in chlor-alkali production, especially before the US and EU elemental mercury export bans, resulted in the diversion of mercury stocks into ASGM, where much of the mercury was discharged into the environment. Efforts to ban ASGM and related mercury use often result in greater harms to miners and other people who live in mining communities when the activities continue in the informal sector.
Mercury-specific interventions had both positive and negative spillover effects on other sustainability issues. The introduction of mercury emission controls on coal-fired power plants in the United States and Canada, which likely triggered some older plants to close, thus had larger positive effects on abating other types of air pollution and climate change. These effects may not have been completely unintended by those who supported the mercury emission standards, however, given that governments and other public authorities are engaged in broader efforts to improve air quality and reduce carbon dioxide emissions. In contrast, advanced power plants with emission controls can sometimes have a longer lifetime, continuing to emit carbon dioxide. A growing literature aims to better assess links between different interventions and their sustainability-relevant impacts. Many studies focus on connecting actions on climate change to local and regional air pollution, achieving near-term benefits for human health simultaneously with longer-term climate benefits (Nemet et al. 2010; Anenberg et al. 2012). Researchers have also identified the existence of both synergies and trade-offs among actions to meet targets under the Sustainable Development Goals (Pradhan et al. 2017).
Targets of Interventions Interventions in the mercury systems targeted all nine types of interactions among the material components (as illustrated by figure 8.3, where interventions are present in all nine boxes of the intervention matrix). Different interveners addressed different types of interactions: this reflects that interveners may have at least partially different goals and capacities when they act to modify specific interactions. National and local governments targeted all nine types of interactions—that is, they appear as interveners in all nine boxes—illustrating the many critical roles that public authorities play in protecting and promoting greater human well-being. The Minamata Convention also addresses all nine types of interactions, consistent with its goal to target the entire lifecycle of mercury. Other interveners targeted more specific types of interactions: for example, industries targeted three of the types of interactions that involve technical components.
Some interventions sought to directly alter interactions among material components, while others instead focused on non-material components in order to change material interactions. Interventions involving material components aimed to reduce discharges of mercury by altering technological components (such as deploying air pollution control devices) and also to physically modify attributes of environmental components (such as by cleaning up contaminated sites). Interventions that modified institutional and knowledge components aimed to alter the rules and parameters for interactions among the material components. National and local governments passed laws to regulate the sale of mercury and mercury-added products and to control mercury emissions and releases. International non-state standard-setting bodies formulated rules about mercury use for certification. These certification schemes and codes shape decisions by ASGM miners on mercury use as well as choices by gold buyers throughout the commodity chain. International bodies collected and diffused knowledge of techniques for air pollution control, affecting implementation of standards through technical components.
Many of the more successful interventions to protect the environment and human health from mercury addressed material and non-material components simultaneously. The deployment of air pollution control devices, a technical intervention, occurred concurrently with efforts to modify institutions to set emission standards at national and international levels. The design and dissemination of mercury capture devices such as retorts in ASGM have been more effective when they are combined with information sharing and education of miners. The role of interventions in influencing material and non-material components relates to ongoing debates on the relative importance that behavioral and technical change has in contributing more broadly to sustainability (Fischer et al. 2012). For example, much debate surrounds the role of individual choices relative to more structural approaches in preventing dangerous climate change (Fragnière 2016; Wynes and Nicholas 2017). A longer-term perspective drawn from the mercury systems supports the claim that interventions that aim to modify behavior together with introducing new technology can reinforce each other in ways that are beneficial for human well-being.
Interventions differed based on where the targeted interactions (as leverage points) were located along the pathways of causal influence. Some “upstream” interventions addressing mercury uses targeted interactions early in a causal pathway, while other more “downstream” interventions on mercury discharges and exposure focused on interactions located later in a pathway. Upstream interventions have different capacities to influence system operations and outcomes than do those that are taken further downstream. For example, controls on discharges occur further upstream than efforts to provide guidelines on dietary consumption within the pathway involving exposure to methylmercury from food sources (HTE1). Limits on discharges can have long-term, comprehensive positive impacts, but can be slow to propagate through the system, especially through environmental components, and it can be difficult to evaluate their impact. In contrast, interventions further downstream can have more immediate desirable impacts on human well-being, but leave the underlying processes causing mercury discharges unmodified.
Analysts (and decision-makers) increasingly acknowledge that upstream and downstream interventions often need to occur simultaneously to maximize their impact. To protect the environment and human health from mercury it is necessary to address mercury use, discharges, and exposure in a comprehensive manner. This idea is related to the concepts of mitigation and adaptation in climate change, with mitigation looking to reduce greenhouse gas emissions and adaptation referring to efforts to adjust to a changing climate. Climate change experts increasingly recognize the need for societies to adapt to climate change while concurrently acting to curb emissions (Schipper 2006). How to “best” balance mitigation and adaptation efforts can be controversial; adaptation efforts may be viewed as taking away from the urgency to reduce pollution. Evidence from the mercury systems shows that conducting simultaneous upstream and downstream interventions can have greater influence on human well-being in the near and long term than either approach in isolation.
Spatial and Temporal Scales of Interventions Interventions in the five mercury systems ranged in spatial scales from local to global. The introduction of measures to protect workers from mercury exposure, such as wearing gloves and other protective clothing in workplaces or increasing ventilation in laboratories, addressed mercury exposure in a specific place. The cleanup of contaminated sites is also locally focused, as is publishing local guidelines on dietary consumption for seafood consumers. At the other extreme, much recent action on mercury has occurred in global forums, with government representatives from all over the world negotiating the provisions of the Minamata Convention and collaborating with other stakeholders under the Global Mercury Partnership. Interventions can occur at different scales than the interactions they ultimately aim to change. Interventions to protect local consumers of seafood, for example, can involve setting global emission standards under the Minamata Convention. Many interventions that affect local mercury use in ASGM emerged in the context of international development efforts and global-scale mercury policy, including bans on mercury mining and restrictions on reuse and trade in elemental mercury under the Minamata Convention.
Interventions can propagate across scales through both top-down and bottom-up dynamics. Recent global top-down interventions under the Minamata Convention prompted efforts to ban all remaining primary mercury mining and to phase out mercury use in chlor-alkali production worldwide, to be implemented and enforced by each party within its own jurisdiction in specific geographical places. In contrast, some efforts to ban specific mercury-containing products prior to the adoption of the Minamata Convention were driven by bottom-up efforts. Individual US states led many local efforts to ban mercury in several products, such as batteries, that were then adopted nationally. These initiatives prompted transnational private sector technological development as well as learning across different jurisdictions. In another example of interventions spreading from a smaller to a larger scale, the thresholds incorporated in the Minamata Convention on maximum allowable mercury content in specific consumer products such as batteries and light bulbs are the same as the thresholds already set by many national authorities and the EU, who advocated for their adoption at the global level.
Institutions and knowledge had substantial impacts on the degree to which interveners were able to effect change across different spatial scales. The emergence of international institutions on mercury facilitated efforts to address domestic and regional mercury problems and also spurred global action. The Global Mercury Partnership provided a mechanism for supporting and coordinating mitigation efforts in different regions of the globe toward a common goal of reducing mercury use, emissions, and releases (but allowing for variations in domestic implementation). Networks of experts in one partnership area initiated the exchange of information on best available techniques (BAT) for controlling mercury emissions from coal-fired power plants in ways that later facilitated collective action under the Minamata Convention. Experts in another partnership area similarly supported the dissemination of information on ways to reduce mercury use and exposure in the ASGM sector. Governmental regulations in different regions also encouraged the development and international diffusion of mercury-free alternatives for products and manufacturing processes.
Interventions occurred over very different temporal scales. Initiatives to protect workers in mining and manufacturing evolved over centuries, going back to at least the 1500s. Government actions starting in the 1900s often developed over years to decades. For example, Swedish authorities prohibited the use of Panogen in the 1960s, but did not ban all forms of mercury pesticides until the 1980s. In many countries, regulations mandating the application of air pollution control technology were gradually strengthened over time. The political process that led to the negotiations of the Minamata Convention started with the global mercury assessment that was finalized in 2002; the treaty negotiations were completed in 2013, and the Minamata Convention entered into force in 2017. Several of its provisions on mercury mining and use as well as emission controls will only come into effect 5 to 10 years after its entry into force for a party. In contrast, some interventions are more immediate. Dietary advice to pregnant women or women who might become pregnant can change exposure rapidly. This can have relatively rapid benefits because the lifetime of mercury in the human body is a few months.
Role of Power and Influence in Interventions Interventions in the mercury systems varied depending on which actors were involved, and how they exerted power and influence. An intervener’s influence can be assessed by analyzing that actor’s ability to effect change. Governments initiated some interventions in the mercury systems, while the private sector took the lead in other instances. Most emission controls were government-led. In contrast, some of the earliest phaseouts of mercury in medicine and products and processes were initiated by the private sector. Many of the actions of governments and industry during the past 70 years intersected and reinforced one another, suggesting that each actor alone may not have sufficient power to comprehensively alter a system. Anticipation of future government controls, such as the phaseout of mercury in batteries, drove some industry action. Global voluntary partnerships beginning in the early 2000s both implemented interventions (for example, in reducing mercury use and emissions using retorts in ASGM) and facilitated the introduction of legal requirements (for example, the diffusion of BAT standards for point sources).
Non-state actors other than industry, and individuals acting in groups, also facilitated change in the mercury systems. Protests and advocacy on behalf of people affected by Minamata disease, and working through the Japanese judicial system, forced an eventual response by public officials and the Chisso Corporation as well as Showa Denko. Similarly, public protests in Tamil Nadu resulted in the government shutting down the mercury-using thermometer factory in Kodaikanal. Conservationists and ornithologists in Sweden first raised public concerns about the use of mercury-based pesticides, prompting the authorities to investigate and eventually take regulatory action. Public awareness and concerns about the dangers of mercury spurred governmental action in other cases as well. Discussions of mercury hot spots in the United States related to efforts by the US Environmental Protection Agency (EPA) to control mercury emissions from power plants in the early 2000s resonated with a broader public, prompting states and environmental groups to challenge the proposed federal regulation in court. Community concerns about methylmercury exposure shaped the formulation of dietary recommendations in many places, including for locally caught seafood.
Some interventions reflected learning among actors across different contexts and forums. In some instances, one political entity set a standard or adopted a law that was later used as a basis for passing a similar or identical standard or law in another jurisdiction. For example, China’s current standard for mercury emissions from coal-fired power plants is modeled after (and set at the exact equivalent of) Germany’s emission standard. China, South Korea, and California used the EU regulations on mercury and other hazardous substances in electronic and electrical equipment to adopt similar measures within their own jurisdictions. Yet there are also examples where a lack of knowledge possibly delayed interventions. Researchers in Kumamoto who were seeking an answer to what caused the strange disease in Minamata in the 1950s did not initially have access to information from Europe about methylmercury’s dangers to human health. If this information had been available in Japan earlier, it may have helped the researchers to more quickly identify the link to methylmercury. This may (or may not) have resulted in a quicker political response.
Matrix Reloaded: Applying the Matrix Approach to Other Sustainability Challenges
The HTE framework and matrix-based approach that we present and apply in this book is not specific to mercury. Further research could therefore use the same framework and matrix approach to examine other human-technical-environmental systems beyond mercury. Selections of additional empirical cases might draw from the idea of focusing on “action situations” in the Institutional Analysis Development framework (Ostrom 2009; Ostrom 2011). Researchers can use the HTE framework to gain a deeper understanding of other important sustainability issues, and to identify similarities and differences among different cases through comparative studies, thereby further developing and modifying theories about the structure and functions of complex adaptive systems relevant to sustainability. The application of the HTE framework together with the matrix approach would allow for an analytically consistent comparison across different empirical systems.
The fact that the HTE framework centers on material interactions makes it a particularly useful tool for analyzing material flows, including those of pollutants, goods, nutrients, water, or energy. Applying the framework to other types of pollutants would push analysts to consider social and technical factors that interact with the environmental cycling of pollutants. Lead, for example, has a similarly long history of human use and exposure when compared to mercury, and is another element that continues to pose significant environmental and human health challenges in many local communities—even as its major modern emission source, leaded automobile fuel, has been phased out in the vast majority of countries worldwide. Problems related to many persistent organic pollutants (POPs)—both pesticides and industrial chemicals—stem from their extensive use and transport in both the environment and international trade. Many different forms of plastics circulate in society, where they provide benefits to people but also cause much environmental harm, especially in aquatic ecosystems.
The applicability of the HTE framework is not limited to analyzing flows of materials across spatial scales; it can also be used to examine place-based systems. In chapter 2, we used the example of Minamata disease around Minamata Bay to introduce the framework and illustrate how we apply the matrix approach. This type of locally centered analysis could be extended further. In another mercury-focused example, the matrix approach can be used to analyze a specific community in which ASGM is practiced, such as in Madre de Dios. Applications of the HTE framework and the matrix approach to place-based case studies, particularly where interactions have been previously studied with other frameworks, might be useful to compare insights across different analytical frameworks and disciplines. If the HTE framework were to be applied to common-pool resource issues such as forest or fisheries management, for example, its focus on material interactions and technology might result in insights distinct from those gleaned from studies using a social-ecological systems framework (e.g., Ostrom 2009).
The HTE framework and matrix approach can also inform other analytical efforts to examine sustainability-relevant questions. This includes network analysis (e.g., Bodin et al. 2019), since all different pathways identified using the matrix approach can be displayed in a network diagram to illustrate the same information, as we discussed earlier in this chapter. Representing interactions as networks may help analysts disentangle multiple, complex causal pathways. Here, we chose illustrative pathways, but a full network analysis applied to a detailed matrix would more formally identify key nodes and multiple, interacting causal pathways. Network analysis methods may help those who interpret matrix analyses at higher levels of complexity, multiple levels of scale, and linkages between different systems. The HTE framework and matrix approach may also give some guidance to transitions researchers who seek to better understand system interactions and their dynamics. Transitions researchers have emphasized the need for new analytical approaches to assess transitions involving technological, economic, social, and ecological change (Turnheim et al. 2015).
The HTE framework and matrix approach could be further modified to address different aspects of issues important to sustainability in more detail. One such development may be to explicitly classify different types of interactions, which could be divided between flows of pollutants, energy, money, or information based on categories used in the engineering systems literature (e.g., de Weck et al. 2011). The matrix approach can also be used to categorize cross-scale system connections by classifying component attributes relative to common metrics of spatial or temporal scales (such as kilometers or hours, for example). As we noted in chapter 2, analysts may wish to use the matrix as an organizing principle for helping to design a quantitative systems model where the necessary data are available. The matrix could thus serve as a mechanism for bridging qualitative and quantitative analysis, which has been urged in the transitions literature (Turnheim et al. 2015; Köhler et al. 2017). Analysts could then use a quantitative model based on a matrix analysis to measure systems relative to different sustainability metrics, and their progress over time.
Further empirically grounded theory development is important to sustainability analysis. There is, however, an ongoing debate about what types of theories are most useful. Elinor Ostrom (2007) argues that scholars of social-ecological systems should move “beyond panaceas,” looking not for universal solutions to their problems but instead to diagnose the variables and outcomes that affect specific systems in their full complexity. Oran R. Young (2018) similarly suggests that analysts should focus on deriving mid-range theories about the effectiveness of international environmental regimes that can explain a subset of cases rather than looking for those that are universally applicable. Categorizing components, interactions, and interventions across systems in a common structure is one way in which analysts can begin to develop and test such mid-range theories. However, the complexity of the mercury systems illustrates the difficulty in deriving theories that can apply even to the entirety of the mercury problem. This suggests that even mid-range theories might be too ambitious, and that deep empirical engagement and the development of smaller-range theories could advance thinking and scholarship. In this vein, we draw some initial insights relevant to selected areas of scholarship in chapter 9.
The HTE framework coupled with a matrix-based approach offers analysts a valuable tool to see and study complex adaptive systems relevant to sustainability. The matrix approach can be used to identify system components, examine their interactions, and analyze interventions. Our analysis of the mercury systems shows that identifying a relatively small number of aggregated system components at varying spatial scales can describe systems relevant to sustainability in ways that are analytically useful. Focusing on interactions among material system components in the context of institutions and knowledge can help trace important pathways of linked interactions that shape system dynamics across spatial and temporal scales. Interveners who have opportunities to influence either material or non-material components can alter system operations at different leverage points and geographical scales to effect change. Further studies could extend and apply the HTE framework and the matrix-based approach to examine additional topical or place-based systems relevant to sustainability.
9 Sustainability Insights: Earth “Under Pressure”
Human activities have dramatically altered the Earth. Analysts in a variety of academic fields have attempted to better understand the drivers and impacts of human pressures on the Earth’s life support systems, how these pressures have changed over time, and the ways in which societies have acted to both address and adapt to them. Reducing the human footprint on environmental processes while protecting and enhancing human well-being is at the heart of sustainability. To this end, some researchers are interested in better understanding the structure, function, and outcomes of complex adaptive systems that are relevant to sustainability. Others focus on defining critical aspects of sustainability or studying the dynamics of transition processes. Still others examine the design, implementation, and effects of governance arrangements for sustainability at and across various geographical scales. Insights of relevance to these different groups of researchers can be drawn from the analysis of the five mercury systems.
Humans have mobilized large amounts of mercury from the Earth’s crust, especially over the past five centuries. This has had large environmental and human health consequences, as we detailed in part II. Uses and discharges of mercury occur in parallel with other accelerating human pressures. These include increases in energy use, population, consumption, carbon dioxide emissions, nitrogen pollution, and biodiversity loss (Steffen et al. 2015a). Addressing these human influences on the Earth is an urgent matter. Researchers in different fields share common interests in how changes to the Earth’s life support systems occur, and how they threaten human well-being. Many scientists investigate the dynamics and consequences of altered physical and biological processes. Other scholars engage in efforts to better define sustainability, and to explain how transitions toward greater sustainability can be understood and encouraged. Those interested in governance issues examine the processes by which people come together to collectively address human activities that harm the environment and human well-being. All of these fields share a goal of understanding and theorizing about Earth systems that are under pressure from human activities in novel and changing ways.
The idea of human activities pressuring Earth systems relates to the message sent to negotiators of the Minamata Convention when Freddie Mercury and Queen’s “Under Pressure” echoed over loudspeakers to urge delegates to address specific aspects of the mercury issue. Insights from the analysis of the mercury systems provide fodder for further developing and testing theories (either mid- or smaller range) about the ways in which systems respond to human pressures, for charting the progress of systems toward sustainability, and for identifying the functions and dynamics of institutions that set out to govern them. In this chapter, we answer our fourth research question—What insights can be drawn from analyzing these systems?—by synthesizing across the three areas that we identified in part I and addressed in each chapter of part II: systems analysis for sustainability, sustainability definitions and transitions, and sustainability governance. We draw these insights with the aim of distilling actionable knowledge to support the formulation of collective, but often contentious, decisions on how to steer societies toward greater sustainability.
Systems Analysis for Sustainability
Multiple sets of literatures apply systems-oriented approaches to examine connections between identified components. Many systems relevant to sustainability are complex and adaptive, and their behavior can be difficult, if not impossible, to predict (Sterman 2011). Different scholarly fields propose varying methods and approaches for analyzing complex adaptive systems (e.g., de Weck et al. 2011; Binder et al. 2013). In this section, we draw three insights that are relevant to those who are interested in better understanding systems and their behavior. First, new systems-oriented analytical approaches could better account for dynamics of human, technical, environmental, institutional, and knowledge components in an integrated way. Second, adaptive capacity stands out as an important dynamic that explains system behavior over time, and it can have both positive and negative effects on human well-being. Finally, concepts that guide systems analysis in the Anthropocene could better capture system-wide variability and changes over temporal and spatial scales.
Understanding Complex Adaptive Systems
Much systems analysis is conducted within individual disciplinary fields. Nevertheless, as we discussed in chapter 8, gaining a deeper understanding of the dynamics of complex adaptive systems relevant for sustainability requires further integration of perspectives and expertise from multiple disciplines. The importance of multidisciplinary analysis is well known, yet few efforts have been able to achieve an integrated perspective that gives different types of system components and their interactions equal attention. Our analysis of the mercury systems illustrates why such an integrated perspective is methodologically and analytically necessary. It also suggests several ways forward for advancing such multidisciplinary analysis of interactions among people, technology, the environment, institutions, and knowledge in order to better understand interactions between different system components, and to explore and assess opportunities through which actors can intervene to promote greater human well-being.
In applying a systems perspective, researchers who study the environmental cycling of materials like mercury could benefit from focusing on the combined impacts of human and natural drivers. For example, biogeochemical cycling analyses aim to quantify the degree to which environmental concentrations of a variety of chemical elements have been increased by human activities; they sometimes do this by calculating global enrichment factors (Sen and Peucker-Ehrenbrink 2012; Schlesinger et al. 2017). Many mercury researchers focus on understanding to what extent global environmental concentrations of mercury have been enhanced due to human activities (Selin et al. 2008; Amos et al. 2013; Outridge et al. 2018). But a growing amount of historically emitted mercury, from both anthropogenic and natural sources, is remobilized from environmental storage by human-induced land-use changes and climate change, and as a result the distinction between natural and anthropogenic flows is becoming increasingly artificial. Thus, a focus on trying to specifically attribute the footprint of human influence may be less relevant to sustainability analysis than more comprehensive systems-oriented approaches.
Systems analysis that better accounts for two-way interactions between environmental processes and human activities is especially relevant to sustainability-focused studies. Uses and discharges of mercury both affect, and are affected by, environmental processes. The prevalence of ASGM and associated mercury use may increase as a result of ecological deterioration, pushing farmers who can no longer make a living growing crops and raising animals into the mining sector. The availability and relative price of coal and oil as feedstocks influenced the amount of mercury that was used in the chemicals industry, leading to discharges of mercury into the environment. Improved scientific understanding of the environmental and human health risks from mercury prompted societal concerns and the adoption of controls on mercury emissions and releases. Treating anthropogenic discharges of mercury as external to a system may be useful for addressing some questions, such as identifying the total amount of present-day emissions and releases. However, studies that do not account for feedbacks between the environment and human activities provide only a partial picture of the material flows that are important to sustainability analysis.
Efforts to quantify how toxic substances cross the globe should account for both societal and environmental transport. The long-range transport of mercury and other toxic substances is substantial regardless of whether it occurs via the atmosphere or international trade. Many quantitative models for mercury and other pollutants nevertheless calculate the impact of one region on another purely based on environmental factors such as long-range atmospheric transport (Fiore et al. 2009; Corbitt et al. 2011). Societal use and flows of substances are often overlooked in models of environmental transport, but they are also relevant in assessing the impact of one region on another. Mercury and many other hazardous substances that move through trade affect human well-being far from the site of their extraction or production. But reliable data on cross-border trade flows are lacking for many commercial substances, including mercury (UNEP 2017). This creates a need for the scientific community to expand efforts to gather further data on environmental cycling together with societal cycling of substances for the purpose of improving sustainability analysis and informing decision-making.
One way forward may be to better integrate biogeochemical cycling studies, environmental modeling, and methods from industrial ecology. A large body of literature in industrial ecology and related fields on material flows through society and the economy employs concepts of industrial, urban, and socio-economic metabolism to better understand the flow of pollutants (Ayres 1989; Fischer-Kowalski and Haberl 2007; Ferrão and Fernández 2013). Studies on heavy metals focus on whether such materials are recovered and recycled, or if they are released or “dissipated” in the environment (Müller et al. 2014). For example, mercury use in a pesticide is considered dissipative because it cannot be recovered, while mercury in a closed product such as a thermometer can, at least in principle, be recycled. Environmental modeling focuses on the results of this dissipation in the form of environmental discharges, transport, and transformation. Some work has been done to link material flow analysis with mercury transport and environmental behavior, for example in China (Hui et al. 2016; Wu et al. 2016). Further combining these perspectives would provide a more complete systems-level accounting of sustainability issues.
The development and use of quantitative models that capture dynamics of human, technological, and environmental interactions simultaneously helps researchers to better understand system behavior and develop related theories. Integrated modeling that accounts for both human and environmental dynamics has a long history (Dowlatabadi 1995). This is especially the case in climate change modeling, where integrated models simulate the economic drivers of fossil fuel emissions and the environmental and human health consequences of climate change. Some researchers have called for further improvements in representing human and environmental dynamics in models for studying climate change, as well as other issues such as forestry, agriculture, and marine ecosystems (Bonan and Doney 2018; Calvin and Bond-Lamberty 2018). Insights from the mercury systems reinforce that any system model intended to explore sustainability-relevant questions would likely neglect important information if it omitted whole categories of human, technical, or environmental components or related interactions. Effectively incorporating all three categories is a challenge, however, and requires model development. Capturing technology development, for example, has proved particularly difficult in integrated models that account for both human and environmental dynamics (Ackerman et al. 2009).
It is important to recognize that adding more complexity to models may not always serve a useful analytical purpose for sustainability-related research. Including specific dynamics may only be relevant for sustainability analysis where they lead to different conclusions and suggest alternate intervention strategies. Analyses of different sustainability issues also require different model capabilities. Including and quantifying specific biological mechanisms for methylmercury uptake in animals and humans may be necessary for modeling a particular ecosystem with the goal of designing better interventions in the form of updated and more detailed dietary recommendations. But that kind of detailed analysis may be less relevant to efforts that seek to better understand and phase out mercury use in production processes with the aim of reducing worker exposure and environmental discharges. In such a case, a model of the use and flows of mercury in a specific type of manufacturing plant may be more analytically relevant. This variation in modeling needs across different aspects of a single issue such as mercury suggests the value of having access to a spectrum of different models, as we discussed in chapter 8.
Adaptation Dynamics and Human Well-Being
Much systems analysis focuses on better understanding how systems reconfigure as a result of disturbances or changes. Previous literature identifies adaptive capacity or adaptability as an important property of systems, including those relevant to sustainability (Walker et al. 2004; de Weck et al. 2012). The concept of adaptive capacity, as the ability of a system to adjust to maintain key functions when under stress, is also related to the idea of resilience, which can be defined as the capacity to maintain a desired set of functions in the face of disturbances (Biggs et al. 2012). Carl Folke (2016) argues that resilience “reflects the ability of people, communities, societies and cultures to live and develop with change, with ever-changing environments.” The resilience literature also addresses the important difference between maintaining system function as a positive characteristic, and the kind of negative rigidity in systems that may impede desirable transformations (Olsson et al. 2014). A high degree of adaptation is often seen as positive for maintaining system operations over time, but it is sometimes necessary to actively break down a system because it generates outcomes that undermine human well-being. In such instances, a resistance to change poses an obstacle to interventions that support greater sustainability.
Our analysis of the mercury systems further highlights the importance of understanding the adaptive behavior of complex systems when examining their dynamics over time. Technological innovation emerged as a type of adaptation that was important in the products and processes system, as mercury use over time both increased and decreased with the development of new techniques for producing goods. Innovation was also prominent in the atmospheric system, which reconfigured in response to regulatory pressure to reduce mercury emissions from industrial point sources. For example, the application of emission control technologies resulted in fewer mercury emissions, but the control technology altered the fraction of different forms of emitted mercury that travels short and long distances. Market forces and human social and economic behavior contributed to adaptation as well. Changes in food availability and dietary preferences as a result of mercury contamination affected people’s exposure to and impacts from methylmercury. Ecological degradation led to surges in the number of ASGM miners, and supply restrictions on mercury led to the illegal reopening of old mercury mines and trade.
Dynamics of adaptation can have varying and sometimes conflicting impacts on human well-being, leading to benefits as well as harms. Innovation, involving technical and human components, maintained the ability of several mercury systems to provide socially valuable goods over time. This was important for developing new mercury-free products and production processes and end-of-pipe control technologies for industrial point sources. The ability of producers and societies to innovate served to maintain benefits from the consumption of goods and energy while reducing mercury use and discharges. In contrast, adaptive dynamics sometimes proved negative for human well-being. Innovation resulted in new uses of mercury simultaneously with new mercury-free techniques. The supply of mercury to the ASGM sector continues, along with its harms to human health and the environment, despite domestic and international interventions to limit its flow into mining communities. Conversely, an absence of adaptation was also sometimes beneficial for human well-being: a resistance from international organizations, health authorities, and doctors to eliminating mercury use in vaccines has ensured the continuing provision of life-saving health services to many people.
The low ability of interactions involving environmental components to adapt to human-induced pressures related to toxic substances can have particularly negative consequences for human well-being. The sometimes very long timescales of interactions among environmental components can, at times, make it difficult for humans to modify these interactions, complicating both shorter-term and longer-term efforts to promote sustainability. Concentrations of mercury in the atmosphere, land, and oceans are relatively resistant to decreases due to the extended timescales in mercury’s global biogeochemical cycle. This makes it more difficult for human efforts to significantly reduce environmental concentrations of mercury by simply addressing current and future emissions and releases. The inability of some aquatic ecosystems to absorb mercury deposition without converting it into methylmercury is a further sign of the low adaptive capacity of environmental components that has negative consequences for the health of both animals and humans.
Interveners often try to enhance the resilience of a system. The fact that a high degree of adaptive capacity can lead to mixed outcomes in terms of human well-being, as we have observed in the mercury systems, makes efforts to enhance resilience a challenge. Encouraging positive adaptation while mitigating its negative elements requires careful and targeted intervention, and the recognition that some components are not easily changed. Where human activities have long-term consequences for environmental components, efforts to mitigate harms to human well-being through other means become important. These can include efforts to reduce human exposure through dietary advice or preventing the harvesting of seafood from certain bodies of water. Such measures are sometimes still partially ineffective—fish-eating birds do not follow dietary recommendations, no matter how sound they are. This suggests that although focusing on overall resilience can provide useful guidance, different aspects of systems may require very different types of interventions to promote sustainability.
Challenges for Planetary-Scale Systems Analysis
Some believe that we live in the epoch of the Anthropocene (Crutzen 2006), although the usefulness of this concept and its potential start date as a new epoch are debated (Malm and Hornborg 2014; Lewis and Maslin 2015; Zalasiewicz 2015). Geologists define epochs by identifying a globally visible “golden spike” or environmental marker in the geological record to determine their beginning. Some analysts argue that the Anthropocene began in the 1900s, around the time that fossil fuel use and consumption, as well as population levels, accelerated (Malhi 2017). Others believe that a much earlier start date is more appropriate, positing that human activities began to have global-scale impact on environmental processes far back in history. Some archaeological evidence suggests that global human-induced land-use change began 3,000 years ago (Stephens et al. 2019). In 2019, an expert working group under the International Commission on Stratigraphy, a scientific body of the International Union of Geological Sciences, voted in favor of establishing the Anthropocene as a formal geological epoch with a mid-twentieth-century start date. If this proposal is accepted by the International Commission on Stratigraphy, it will be forwarded to the Executive Committee of the International Union of Geological Sciences, which will make the final decision (Subramanian 2019).
The human influence across regional and global scales involving both environmental and societal cycling of mercury goes back at least to the Spanish colonial silver and gold mining in Latin America starting in the 1500s. This is consistent with an argument that a New–Old World collision that began in 1492—which resulted in a large human population shift, the expansion of trading networks linking Europe, China, Africa, and the Americas, and a mixing of previously separate biotas—is a critical point in the history of human impact on the planet (Lewis and Maslin 2015). Mercury was a central element in this often environmentally and socially destructive process, due to its substantial trade and importance in gold and silver mining. The global transport of mercury escalated at that time, although the ultimate environmental fate of this mercury remains contested. Measurements of mercury in environmental archives, as discussed in chapter 3, do not all show a globally identifiable “golden spike” during that time. Even if the environmental distribution of mercury remained largely local, however, societal flows of mercury increased with the advent of transatlantic trade, as much mercury from Almadén and Idrija was shipped to the Americas.
Defining the Anthropocene based only on the geological record does not account for the full scope and influence of societal processes: environmental archives and geological records alone cannot identify all global-scale anthropogenic influences that are driven by interactions between humans and technology. Mercury has been traded across societies for millennia, going back at least to Roman times when cinnabar and mercury extracted from mines in Almadén was an important commodity. Evidence of this is found in written records of how much mercury different mines produced and in logs of mercury trades. Defining when dynamic global-scale interactions characteristic of the Anthropocene began, and identifying lessons for present-day systems-oriented sustainability analysis, thus requires consideration of societal flows in addition to environmental data. The concept of the Anthropocene is used not only by geologists but also by a broader group of researchers who may define and use the term differently from those who consider it only as a marker of global-scale influence measurable everywhere in environmental compartments. Scholars applying the Anthropocene idea to sustainability, especially those who define sustainability with a focus on human well-being, should therefore carefully define what they mean by the term and how it applies to their analysis.
Researchers have developed the concept of planetary boundaries to assess the ultimate limits of the Earth system based on the identification of global-scale environmental markers. They argue that going beyond these planetary-scale boundaries can have detrimental, or even catastrophic, consequences for humanity’s ability to continue to live in a relatively stable environment (Rockström 2009; Rockström et al. 2009). Scientists have also attempted to quantify the outer limits of specific planetary boundaries for critical Earth-system processes; for example, identifying a range of “safe” atmospheric carbon dioxide concentration levels that should not be exceeded to avoid catastrophic climate change. The idea of a planetary boundary is envisioned to ensure that society stays a safe distance from dangerous thresholds and tipping points in Earth systems. Some experts argue that some critical boundaries have already been reached or breached, in particular in the areas of biodiversity loss, climate change, and nitrogen cycling (Steffen et al. 2015b). Nevertheless, the concept of planetary boundaries is contested (Nordhaus et al. 2012).
Applying the concept of planetary-scale boundaries is challenging for toxic substances like mercury. This is grounded in the fact that pollution involves a large number of substances from multiple sources, in different places, with different toxicities, and in varying amounts (Diamond et al. 2015). Johan Rockström and colleagues (2009), however, argue that there are two possible approaches to identifying planetary boundaries for chemical substances. One is to focus on substances that have global environmental distribution, and the other is to focus on those that pose unacceptable long-term and large-scale effects on living organisms. The latter approach may require a combination of efforts: setting a range of sub-boundaries based on the effects of many individual substances, and identifying specific effects on sensitive organisms. When smaller-scale processes occur simultaneously in different places around the globe, their impacts may aggregate to a point that a common planetary threshold or tipping point is crossed. Matthew MacLeod and colleagues (2014) further argue that three conditions must be met for chemical pollution to pose a planetary boundary threat: (1) it has a disruptive effect on a vital Earth system process; (2) the disruptive effect is not discovered until it is a problem, or inevitably will become one, at a planetary scale; and (3) the disruptive effect is poorly reversible.
Defining a global boundary for mercury and related chemical pollutants is difficult, however. It may also turn out to be both impossible and undesirable in the context of sustainability. First, there is no clear way of empirically identifying a single planetary boundary for a substance such as mercury that is dispersed across the entire planet by both environmental and societal processes at highly varying concentrations and forms in air, oceans, and land. This variability also makes it difficult to determine from environmental data alone when a particular threshold has been crossed at global scale. Second, much harm to human health and the environment from bioaccumulative toxic substances like methylmercury can be highly locally concentrated, yet nevertheless is affected by global forces. Mercury discharges affect nearby as well as distant places, with major differences in human impacts that depend on local levels of mercury use and discharges, ecosystem processes, and seafood consumption patterns. In addition, individual variations in genetic characteristics are increasingly understood to affect the sensitivity of individuals to mercury and other toxic exposures. These factors combine to make the link between severe local harms from mercury and any global boundary tenuous at best.
Sustainability Definitions and Transitions
Sustainability is both a contested concept and an urgent planetary goal. How sustainability is defined has important implications for analysis, as it influences which specific factors are seen as essential to sustainability, in both theory and practice. The choice of definition in turn affects analyses of important drivers and factors that hinder or promote transitions toward greater sustainability. We identify three overall insights concerning sustainability definitions and transitions. First, different values attributed to benefits and risks complicate analysis of human well-being across populations and over time, challenging efforts to define sustainability. Second, many transitions toward sustainability were characterized by incremental change, but some nevertheless had substantial benefits for human well-being. Finally, different patterns and modes of transitions that had interacting dynamics occurred simultaneously.
Sustainability and Human Well-Being
We elected in our sustainability-oriented analysis of the mercury systems to focus on human well-being, rather than another factor, such as the maintenance of particular natural resource stocks at certain levels over time—a perspective that would have been more aligned with a “stronger” sustainability definition. Our choice of an anthropocentric focus on sustainability shaped our analysis by centering it on factors and processes that improve or detract from human well-being. Applying a stronger sustainability criterion of natural resource maintenance to the mercury systems would have been conceptually challenging given mercury’s extensive use over history. Analysts have disagreed about the extent to which sustainability requires non-renewable resources to be maintained (and not depleted), and the degree to which different resources are able to substitute for one another (Ayres 2007). We allowed for the possibility that one resource can substitute for another in providing for human well-being, and we empirically examined where and when this was possible. The mercury systems provide several examples of how different people, in different places and at different times, have perceived these substitutions and associated trade-offs.
Insights from the mercury systems show that preventing extraction of a non-renewable resource like mercury does not always benefit contemporaneous and future human well-being. While mercury led to many harms, uses of mercury provided many tangible benefits to people all over the world for millennia. In more recent times, mercury’s unique properties facilitated innovation, including improving measurement precision and enabling the development of fundamental scientific knowledge that paved the way for new technology. The use of the mercury thermometer, mercury amalgam in dentistry, and very small doses of mercury as a preservative in life-saving vaccines made it possible to provide better health care for billions of people over many generations. Mercury use in chlor-alkali production enabled the manufacturing of chlorine to rapidly expand, and resulting societal benefits included disease prevention by chlorinating drinking water to make it safer for human consumption. Modern uses of mercury in compact fluorescent bulbs helped reduce energy demand from fossil fuels, and even reduced net mercury emissions in some places by decreasing the demand for electricity produced by coal.
The concept of a circular economy, which focuses on the recovery and recycling of materials, is gaining increased attention from analysts and policy-makers (Ghisellini et al. 2016). The establishment of a more circular economy can help better manage flows of substances, but implications of these flows on sustainability can be mixed and complex. Some analysts consider a circular economy a necessary condition for sustainability, others assess it as beneficial but not required, and still others argue that it has both pros and cons from a sustainability perspective (Geissdoerfer et al. 2017). Among those analysts who have critiqued the circular economy perspective, Julian M. Allwood (2014) points out that implementing a circular economy for materials can increase energy demand for recovery and recycling, potentially resulting in decreased overall sustainability depending on the impacts of the sources of this energy. This underscores the importance of not just studying societal and environmental flows of a particular substance such as mercury in isolation, but also considering how those flows affect, and are affected by, the flows of other substances.
Examples from the mercury systems highlight the complexity of assessing the impact of material flows. Ensuring sustainable use of materials can defy simple solutions (Olivetti and Cullen 2018). A growing number of countries are adopting supply restrictions on mercury to curb its use and trade, including the adoption of the US and EU export bans on elemental mercury in the 2000s. However, this has resulted in an increase in illegal mercury mining together with the smuggling of mercury into local ASGM communities in many countries. This mercury is sold on the black market and subsequently discharged into the environment from amalgamation processes and accidental spills. Yet not all uses and environmental discharges of mercury may be net negative for human well-being. Mercury in a vaccine enters the human body and is then excreted into the environment. Most analysts would argue that the benefits of safe and effective vaccines for human well-being far exceed the harms of this miniscule “loss” of mercury dissipated from human bodies into the environment.
A better understanding of the long-term challenges stemming from early and more recent uses of mercury could nevertheless have prevented some past, present, and future harms to human health. Assessing the impacts of mercury use on human well-being requires understanding the complexity of how it affects humans over time and space. The perceived benefits and harms of mercury use changed dramatically over time as a result of new scientific and medical knowledge and societal norms. Mercury as a commodity, once a valued asset, is now increasingly seen as a liability. Even today, though, mercury remains a valuable commercial product, not least because of its extensive use in ASGM. At the same time, public authorities and firms have spent billions of US dollars on cleanup where mercury has contaminated local environments, and more money will go toward addressing contaminated sites in the future. Much is also spent on health care costs related to mercury exposure as well as public information campaigns about the dangers of mercury in food and the formulation of dietary recommendations. Estimates of the monetized harms of mercury pollution to health can far exceed expected costs of mitigating emissions (Giang and Selin 2016; Sunderland et al. 2016).
Accounting for the value of assets that might become liabilities in the future is a major challenge for efforts to define sustainability. Following the literature on inclusive wealth, an analyst from the not-so-distant past might have valued mercury positively as a depletable asset and regarded underlying stocks of mercury as contributing to human well-being. Mercury, despite its contribution to environmental damage, still maintains a positive commodity price and is traded both legally and illegally. But through most of the history of its human mobilization, the commercial stock of mercury represented a yet unknown future claim on human well-being. This is not just a matter for history: a recent version of the World Bank’s Changing Wealth of Nations report, detailing benchmarks on comprehensive wealth, includes the value of mineral reserves for lead, another toxic heavy metal (Lange et al. 2018). A similar argument can be made today for including reserves of coal and oil in such accounting. Of currently identified reserves, a third of oil, half of gas, and more than 80 percent of coal need to remain unused if global average temperature increases are to stay within a 2-degree Celsius target (McGlade and Ekins 2015).
The existence of trade-offs in benefits and costs of mercury uses also reinforces the importance of considering equity and power when defining and analyzing sustainability. The way benefits and harms are valued is contingent on what, and who, matters, and to whom. Many Arctic indigenous communities where people consume large quantities of seafood are shouldering the human costs of being affected by methylmercury that originates from distant economic activities—and are receiving few of the related benefits. Responses to contamination incidents such as those in Minamata, Grassy Narrows, and Kodaikanal show that mercury exists in the context of other, competing economic values, such as the worth of an industrial manufacturing plant to a local community and factory owners. The lack of value that Spanish colonial rulers in South America gave to the human lives of indigenous peoples allowed for mining, and its health and environmental hazards, to persist for centuries. In contemporary ASGM, the use of mercury adds to other challenges present in poor communities where many miners and other community members operate in the informal sector, vulnerable to exploitation.
Incremental versus Fundamental Transitions
Scholars disagree about the importance of incremental relative to fundamental transitions toward sustainability, with some analysts putting more faith in incremental steps than others. The development and stepwise application of more environmentally friendly technology is central to moving toward greater sustainability in the literature on ecological modernization (Mol 2003). However, critics argue that the concept of ecological modernization relies too heavily on the future promise of technological salvation while not fully recognizing the necessary scope and depth of behavioral change (Gibbs 2006). Some research on sustainability transformations instead emphasizes that radical changes are necessary: Derk Loorbach and colleagues (2017) note that major transitions are not merely technological, but are accompanied by socio-cultural change that has a deep effect on institutions, routines, and beliefs. Technological and behavioral changes are, of course, not mutually exclusive, but can take place in tandem. Yet, perspectives that emphasize incremental solutions often focus more on technological improvements, whereas those who argue that fundamental change is needed often stress the need for behavioral changes.
Transitions in the mercury systems show that incremental changes can have substantial benefits for the well-being of both present and future generations. The gradual implementation of end-of-pipe control technology on large industrial point sources, such as on waste incinerators and coal-fired power plants in Europe and North America, mitigated local harms by cutting mercury emissions, and relatively quickly reduced exposure levels to nearby populations. These controls also prevented the mobilization of mercury that would otherwise have contributed to future mercury cycling in the environment for decades to centuries. Similarly, the application of retorts in ASGM that reduce mercury emissions and exposure has large benefits for the health of miners, people working in gold processing shops, and other community members as well as for nearby and faraway consumers of seafood. The introduction of increasingly stringent worker protection measures in other mercury-using sectors also prevented much health damage. In addition, piecemeal efforts that reduced levels of mercury use in industrial processes lessened mercury releases to the environment and their short-term and long-term damage.
The introduction of new technology had multifaceted implications for sustainability transitions in the mercury systems, with both positive and negative elements. Compact fluorescent bulbs are an improvement over the incandescent bulb with respect to energy efficiency and, in many cases, associated mercury emissions from power generation. However, they still contain mercury. Increased technological efficiency of production processes, such as in the European chlor-alkali plants that still relied on the mercury-based production method, reduced mercury use and discharges but delayed progress toward fully eliminating mercury use by extending the lifetime of the old production method. The expanded use of retorts on local mining sites has clear benefits to human health and the environment, but lessens the urgency to phase out mercury use in ASGM. The development of more efficient pollution control technology, capturing mercury that would otherwise be emitted to air from industrial point sources, significantly reduces the amount of mercury that enters the environment. This technology, however, allows for the building of additional coal-fired power plants as long as any mandated pollution controls are implemented, contributing to climate change.
The mercury systems provide further evidence that a substitution for a known hazardous substance can lessen one kind of damage, but may create new problems. For example, the environmental and human health implications of discharges from the production and use of membranes made of PFAS, toxic and long-lasting substances that substituted for mercury-based technology in chlor-alkali plants, are unclear. This was also the case in the past when early substitutes for DDT were less persistent but more acutely toxic (Walker et al. 2003). Furthermore, some substitutes for ozone depleting substances are potent greenhouse gases (Wallington et al. 1994). The toxicity of different heavy metals that are needed to make alternative sources to fossil fuel energy (such as photovoltaics and batteries) may (or may not) be less than that of mercury, and their environmental and human health effects locally and globally are at least partly unknown. The use of such heavy metals in energy technologies also changes where and for how long they are present in the atmosphere, land, and water. This suggests that analyses of benefits and costs to human well-being should be approached with humility given the limitations of scientific knowledge.
Our analysis of the mercury systems also shows that incremental changes can add up to support more fundamental change. The gradual phaseout of mercury in medicine over the last 100 years profoundly altered how mercury is used in medical treatments; the main remaining uses are in dentistry and vaccines. The stepwise controls of mercury in products facilitated a global ban of the production and sale of most currently existing mercury-added products under the Minamata Convention. The strengthening over time of mandates for air pollution control technology on large stationary sources in some instances both reduced mercury emissions and impacted fossil fuel production. The US Mercury and Air Toxics Standards and the Canadian mercury regulations likely contributed to the early closure of old coal-fired power plants, where it did not make economic sense for the owners to install new mercury-control technology. This interplay between stepwise and fundamental change suggests the need for more critical analysis of positive and negative consequences of incremental versus comprehensive approaches to transitions. In this context, some analysts have called for “incremental change with a transformative agenda,” or “radical incrementalism” (Najam and Selin 2011, 453).
The fact that fundamental change can sometimes come from cumulative incremental steps makes it difficult to empirically distinguish between different degrees of transitions. Several kinds of transitions that had aspects of both incremental change and fundamental disruptions occurred in the mercury systems. Because technological change involving many mercury-added products and mercury-based production processes were not obviously associated with large-scale societal changes, some analysts may classify these as incremental changes. But a closer look reveals that there were substantive institutional developments in markets and domestic and international regulations as part of these changes. Consumers and governments put pressure on companies to reduce mercury use in products, and regional and global agreements codified maximum allowable thresholds for mercury concentrations in these products. There were also major changes in scientific knowledge and societal perceptions about the environmental and human health risks from mercury. Analysts must thus look at a combination of technological, economic, political, legal, social, and knowledge factors when examining the scope and depth of a change process.
Drivers of Transition Dynamics
Analysts are discussing the uniqueness of the drivers and dynamics of sustainability transitions compared to other types of societal transitions. Frank W. Geels (2011) posits that sustainability transitions differ from many other types of previous socio-technical transitions. However, Björn-Ola Linnér and Victoria Wibeck (2019) argue from a historical and comparative perspective that contemporary efforts to move toward sustainability can learn from other major changes that societies have undergone in the past, including the Industrial Revolution and the abolition of slavery. Transitions that are relevant to sustainability are deeply social and political processes that often are characterized not only by cooperation, but also by contestation and confrontation (Avelino et al. 2016). Systems can change both slowly and abruptly, but many system transitions related to sustainability are characterized by strong path-dependencies and lock-ins, as established practices are intertwined with individual choices and lifestyles, cultural traditions, business models and economic systems, technology, regulations and other policies, and organizational and political structures (Markard et al. 2012).
Transitions in the mercury systems reflected both economic and technical drivers (e.g., the development of cheaper and better ways to make large mirrors) and scientific advances (e.g., penicillin replacing previous remedies). The transition literature on niches, regimes, and landscapes helps analyze the multi-scale nature of these processes (Geels 2002). Many technical innovations that allowed for the phaseout of mercury use in products and processes occurred in niches that supported experimentation. For example, mercury-free technologies for chlor-alkali production emerged in different places in different times, sometimes from an interplay between environmental factors (such as the availability of brine wells) and national regulatory regimes. Later mercury phaseouts were driven by interactions between innovation processes and government-led regulatory measures focused on protecting the environment and human health. The landscape of the Global Mercury Partnership and the Minamata Convention accelerated some of these phaseouts. The prevalence of economic and technical drivers suggests that increased attention to socio-technical transition dynamics is useful in sustainability analysis.
Distributions of agency and power, sometimes embedded in institutions, can play a substantive role in driving transitions. Many employers had a much greater influence on the use of mercury than did their employees, in both mining and manufacturing. Similarly, doctors who prescribed mercury-based treatments were in a position of power over their patients. This gave employers and doctors, and later also governments, a dominating role in driving transitions away from these mercury uses. There are also instances where private sector actors successfully fought to delay or stop government actions, including for setting maximum allowable mercury concentrations in commercial fish, banning phenylmercury compounds in paints, and the introduction of pollution controls on stationary sources. All ASGM is locally concentrated, but many choices by potential and active miners (including those related to the use of mercury) are influenced by domestic laws on mining rights and by international markets for gold and mercury, over which individual miners have very little influence. These examples highlight the importance of assessing power relations among different actors in transition analyses.
Sustainability Governance
Much research on sustainability is motivated by the goal of identifying opportunities for more effective interventions that benefit human well-being. The challenge of governance, involving institutions at a variety of spatial scales, is in itself a complex system problem. We identify three main ways in which the many efforts to govern mercury-related issues over centuries illuminate how governance for sustainability could become more effective. First, ensuring that institutions fit the physical problems that they are designed to address involves paying close attention to material system components and their interactions. Second, governance strategies can look to address multiple sustainability issues simultaneously through institutional design. Third, evaluating institutional effectiveness requires simultaneously considering environmental and societal factors that shape outcomes.
Problem Structure and Institutional Fit
Many scholars argue that polycentric governance structures are often a better institutional fit with complex environmental and sustainability issues than more monocentric and traditional top-down governance structures (Victor and Raustiala 2004; Ostrom 2010; Keohane and Victor 2011; Abbott 2012). Polycentric governance structures involve a large number of actors and policy instruments that are not organized in a strictly hierarchical way, and governance happens in a large number of forums at multiple geographical scales simultaneously. This polycentricism can create dynamic opportunities to address different aspects of large and complex issues in separate places at the same time, which can add up to better overall governance than attempting to accomplish all goals in the same venue. A polycentric governance approach also allows for greater policy experimentation, learning, and diffusion across venues and jurisdictions (Hoffman 2011). It is, however, important that governance efforts in different forums and across different geographical scales do not inhibit or contradict each other, but rather create synergistic benefits (Selin 2010).
Our analysis of the mercury systems shows the benefits of designing a polycentric governance approach across global, regional, national, and local scales. Efforts to limit the risks of methylmercury exposure resulting from the consumption of seafood benefit from targeted, locally specific advice, but much seafood is traded on regional and global markets, requiring some coordination across governance scales. The effectiveness of pollution-control technologies for capturing mercury emissions from industrial point sources depends on technical characteristics that may be specific to an individual plant. The Global Mercury Partnership and cooperation under the Minamata Convention facilitates the development and diffusion of pollution standards globally. The Minamata Convention sets out ambitious provisions for the phaseout of mercury in products and processes; the implementation and enforcement of these depend on actions at the national and local level. Addressing mercury use in ASGM involves a combination of community-level capacity building, changes to national mining laws, and efforts to change the behavior of transnational gold market participants.
The governance literature tends to focus on political, economic, and technical factors when characterizing the structure of environmental problems. From this perspective, environmental problems have been classified on a spectrum from “benign” (relatively easy to address) to “malign” (much harder to solve) (Miles et al. 2002). Other problem categories include “wicked” and “super-wicked” problems (Levin et al. 2012; Head and Alford 2015; Grundmann 2016). Super-wicked problems have been defined as comprising four key governance features: (1) time is running out; (2) those who cause the problem also seek to provide a solution; (3) the central authority needed to address it is weak or nonexistent; and (4) policy responses discount the future irrationally (Levin et al. 2012). These types of characterizations of problem structure, however, are much too general and simplified to fully capture the dynamics of many sustainability issues, including the dangers of mercury to human well-being, and to inform any deeper understanding around interactions and interventions.
It is important that a governance approach to an individual sustainability issue take into consideration its unique biophysical as well as societal characteristics. A key aspect of many chemicals issues is how substances cycle through the environment and society. But there are important differences even between chemical substances, which means that individual substances need their own detailed description of biogeochemical cycling and of societal uses and flows. Factors that influence governance can also vary among different aspects of a single substance, which we see across the mercury systems. Governments can, if they have the political support to do so, set pollution controls on a smaller number of major stationary sources relatively readily (as effective control technology already exists). It is much harder to address the activities of tens of millions of ASGM miners and community members operating in the informal sector. Designing institutions thus requires a detailed engagement with different aspects of what might seem to be a single issue.
The Minamata Convention attempts to engage different aspects of the mercury issue by setting out a global-scale legal framework for action on the full lifecycle of mercury (Selin et al. 2018). The negotiations and early implementation of the Minamata Convention drew political attention to mercury, and triggered some countries to take administrative and regulatory actions that they otherwise would not have taken (or at least not as early as they did). International law, including multilateral treaties such as the Minamata Convention, however, is only a “thirty-percent solution” to environmental problems (Bodansky 2010, 15). The general language in several Minamata Convention articles creates a need for further specificity, such as the formulation of national emission standards and national action plans on ASGM. Initiatives outside the scope of the Minamata Convention such as international certification schemes and codes are also important governance instruments. Stakeholders range from individual consumers of skin-lightening creams to ASGM miners and gold market participants to operators of fossil fuel–based energy infrastructure. This means that future governance will require efforts by a large number of public, private, and civil society actors, in a multitude of global, regional, national, and local forums, to realize the objective of protecting human health and the environment from mercury.
Governance Strategies
The literature on governance strategies for complex systems suggests that the identification of components and interactions that are located at different places within a system can help guide efforts toward effecting system change (Meadows 1999; Abson et al. 2017). These efforts include attempts by interveners to intentionally move systems toward greater sustainability. Many early efforts to address air and water pollution of mercury and other hazardous substances focused on ways to prevent emissions and releases through the application of end-of-pipe technologies. In contrast, a growing number of policy initiatives over the past few decades emphasizes the importance of interventions further upstream through modifications to underlying production processes that produce pollution (Browner 1993; Mayer et al. 2002). Upstream approaches are particularly influenced by discussions about the precautionary principle that focuses on preventing harm before it occurs, even when scientific knowledge about environmental and human health impacts of pollution may be incomplete or uncertain (Harremoës et al. 2013).
Insights from the mercury systems show that a combination of interventions is often necessary to enhance human well-being, for both present and future generations. Approaches such as recycling and environmentally sound disposal helped reduce mercury discharges. Actions further upstream that prevent mercury discharges completely by eliminating all mercury uses also remain critical to reduce mercury-related problems. However, the further upstream the intervention, the slower it may be to propagate through the system. People have altered the environmental cycling of mercury to such an extent that environmental concentrations will not return to natural levels on human-relevant timescales. Thus, while technology-based approaches that avoid generating pollution can help prevent further contamination, they will need to be paired with other actions to protect human well-being. This includes other kinds of downstream initiatives such as the issuing of global recommendations for maximum allowable mercury concentrations in food by the World Health Organization (WHO), together with more nationally and locally tailored dietary recommendations for specific populations and geographical locations.
Different actors with varying abilities to effect change engage in multiple ways in governance for sustainability. The mercury systems feature large and well-organized interests in energy generation and industrial production, and more diffuse groups such as consumers, medical patients, and ASGM miners. As in other issue areas, less powerful groups of actors often find it difficult to make their voices heard, as seen in Minamata, Grassy Narrows, Kodaikanal, and elsewhere. Many narratives surrounding pollution focus on populations who are on the receiving end and have no control over the processes that create it. The same is true in many cases for mercury, including for subsistence fishers and others who depend on local fish for important nutrients. At the same time, whale consumers in the Faroe Islands have much individual freedom to make their own dietary choices, and Arctic indigenous peoples collaborate in transnational networks to shape regional and global institutions, including the Minamata Convention. This is consistent with studies that show that victims of pollution may have opportunities to both individually and collectively exercise power and influence (Fernández-Llamazares et al. 2020).
It is sometimes possible to design interventions on one sustainability issue so that they positively affect another one as well. The application of pollution-prevention technology on industrial point sources can address sulfur, particulate, and mercury emissions simultaneously, having multiple benefits for environmental quality and human health. Reducing dependency on fossil fuels addresses both mercury and carbon dioxide emissions; slowing down temperature increases limits the negative impacts of climate change and may lead to less remobilization of legacy mercury from environmental storage. The same strategy for addressing land use change might benefit biodiversity, prevent runoff of nitrogen and hazardous substances into waterways, and create conditions that reduce the formation of methylmercury in aquatic ecosystems. Increasing resources for climate change adaptation can help prevent conditions that drive people to become ASGM miners, whose actions lead to mercury discharges. All of these examples illustrate the importance for analysts (and decision-makers) to consider opportunities for enhancing cross-sectoral synergies when designing governance structures and strategies to support a move toward greater sustainability.
At the same time, it is important to recognize that efforts to enhance governance synergies across sustainability issues can have drawbacks as well. Global cooperation on mercury may not have resulted in a legally binding treaty if solutions to mercury emissions were linked to restrictions on coal burning (necessary for addressing climate change). Enhancing linkages between the Minamata Convention and the Basel, Rotterdam, and Stockholm Conventions has been a topic of much discussion. Supporters argue that it would create political and administrative synergies, but skeptics fear that it may result in reduced attention to the Minamata Convention. Analyses of the efforts to link the Basel, Rotterdam, and Stockholm Conventions show that such efforts can facilitate policy-making and implementation as well as transfer political disagreements from one forum to another (Selin 2010; Allan et al. 2018). This suggests that efforts to craft “win-win” solutions to sustainability governance should consider political as well as material connections among issues. Less-coordinated actions can have a greater influence on human well-being than carefully optimized strategies where decision-making and implementation are contested or incomplete. A realistic governance approach may include both a higher-level and a longer-term focus on sustainability transitions in combination with an “honest recognition of the realities of near-term incrementalism at the same time” (Patterson et al. 2017, 4).
Evaluating Effectiveness
Evaluating whether governance strategies enhance present and future human well-being is analytically challenging. Analyses of the effectiveness of international environmental treaties like the Minamata Convention that focus on institutional dynamics include qualitative case studies, quantitative case studies, and large-number quantitative analyses (Young 2017). A nuanced understanding of institutional fit and problem structure is needed not just when designing institutions (as we discussed earlier), but also when examining the effectiveness of environmental treaties. Paying more careful attention to the role of technical and biophysical systems, however, poses significant research design challenges (Young 2011). Accounting for problem structure raises the issue of endogeneity, in which an environmental treaty is influenced by problem structure and in turn aims to influence it (Mitchell 2006). This makes it analytically difficult to study environmental treaties—and their impacts and effectiveness—as a dependent variable. Many effectiveness evaluations also rely on indicators that do not capture the data necessary to trace key elements linking policy to environmental outcomes (Wöhrnschimmel et al. 2016).
Institutionally focused evaluations of treaty effectiveness can use combinations of outcome and process indicators (Selin et al. 2018). The use of outcome indicators, focusing on environmental conditions, requires having the scientific ability and data to document complex pathways of interactions. First, it is necessary to determine whether a particular intervention caused a change in behavior or operation. For example, was it mercury-specific regulations that caused the mercury emission reductions that were observed in the United States in the 2000s? Or were these reductions the result of other air pollution controls, or market forces that made the burning of coal less economically profitable? Finding the answer requires expertise in policy analysis and economics, coupled with a deep understanding of the technologies involved. Next, it must be determined whether the decrease in mercury emissions have resulted in changes in the amount of mercury entering nearby and remote ecosystems. Measuring deposition trends in the context of both short-range and long-range transport of emissions as well as ecosystem variability and environmental change is difficult, and attributing deposition trends requires integrating environmental measurements with models and counterfactual analysis.
The challenge of attributing environmental change to its causes is much discussed in the scientific literature (Deser et al. 2012; Selin et al. 2018). Time trends for mercury in biota may not track concurrent trends in atmospheric concentrations or deposition because of the strong influence of other drivers on conversion to methylmercury and uptake in biota (Wang et al. 2019). It is well appreciated that many interactions, especially in the environment, are complex and often poorly understood. Much knowledge is still developing about the environmental behavior of different forms of mercury. For example, uncertainty remains about the chemical reactions that mercury undergoes in the atmosphere, the degree to which it is taken up by land ecosystems, and the timescales of its cycling in the environment (Selin 2009). Even more uncertainty surrounds links between environmental mercury cycling and climate and other large-scale environmental changes (Obrist et al. 2018). In addition, there is a growing appreciation that mercury, its behavior, and its impacts are variable in time and space (Eagles-Smith et al. 2018; Giang et al. 2018; Hsu-Kim et al. 2018).
The use of process indicators offers an additional way to evaluate treaty effectiveness. Process indicators provide a way to gather complementary information to the typically incomplete environmental and human health data that are generated through application of outcome indicators. For process indicators, the focus is not on whether a specific intervention has had a direct impact on mercury concentrations in fish in a particular body of water, for instance, or in a specific group of people, but rather if practical steps that are likely to have had a positive impact have been taken. In the earlier example of emissions in the United States in the 2000s, it can be assumed that measures such as the closure of old point sources that burn coal and/or the greater application of emission control technology will result in the avoidance of at least some mercury emissions that otherwise would have entered the atmosphere. This does not come nearly as close to tracking the effects from specific policy measures as using outcome indicators, but the latter may not be scientifically feasible at present. Process indicators can thus provide a rough approximation with much more straightforward analysis.
David C. Evers and colleagues (2016) suggest a combination of outcome and process indicators to evaluate the effectiveness of the Minamata Convention. Their evaluation framework consists of specific metrics for measuring changes in mercury levels that are derived from environmental monitoring, including of hot spots (outcome indicators), as well as a suite of short-, medium-, and long-term metrics that are related to the control articles in the Minamata Convention (process indicators). The use of process indicators also makes it possible to highlight multiple aspects of international cooperation ranging from the number of countries that have taken regulatory measures to the levels of financial flows in support of treaty implementation. Work on the first Minamata Convention effectiveness evaluation, scheduled for 2023, is examining a variety of outcome and process indicators. Hybrid approaches that associate process indicators with proxies for impact can also be developed. Based on experiences from the Montreal Protocol on stratospheric ozone depletion, it has been suggested that indicators estimating the impact of present-day mercury emissions on ecosystems in the future could help policy-makers better account for the timescales of the mercury problem when considering different policy options (Selin 2018).
The fact that planet Earth is under much (and growing) pressure from human activities makes sustainability an urgent challenge. For those researchers who engage in systems analysis, insights from the mercury systems underscore the need to apply multidisciplinary perspectives when considering human, technological, environmental, institutional, and knowledge components together, to account for adaptation in understanding sustainability-relevant systems, and to critically consider the applicability of concepts like the Anthropocene and planetary boundaries. For those who aim to advance definitions of sustainability and who explore sustainability transitions, human interactions with mercury over time and space offer fodder for thinking about definitions of sustainability and the dynamics of incremental change versus fundamental disruptions. For those who focus on governance challenges related to sustainability, analysis of the mercury systems shows how environmental and societal factors together affect institutional design, and how efforts to evaluate institutional effectiveness require paying attention to both types of factors.
10 Sustainability Champions: “We’ll Keep on Fighting …”
A major goal of sustainability research is to better understand how people can intervene to actively steer complex adaptive systems toward greater sustainability. This is a significant challenge in many human-technical-environmental systems. Efforts to intervene to effect change in support of human well-being, such as those being conducted for mercury under the Minamata Convention and in other forums, often build from prior experience, where it may be possible to draw lessons from the past. Lessons can provide both motivation and ideas for change, and can help people understand causal relationships among components that will affect critical interactions within complex systems. Lessons from this book can help mercury researchers, decision-makers, and thoughtful citizens in efforts to mitigate the harms caused by mercury pollution, and thus help societies make progress on sustainability challenges.
Future mercury stories remain largely untold. Interventions on mercury go back centuries, and most of these were carried out long before the Minamata Convention entered into force in 2017. Many of the early interventions in the mercury systems that we discussed in part II helped safeguard the environment and human well-being from mercury use and pollution; however, work to address the full range of the mercury problem is far from over. Many of the necessary on-the-ground efforts to meet the objective of the Minamata Convention have only just started. The Minamata Convention and other initiatives to address mercury-related problems are also implemented in a broader context of promoting sustainability globally. The United Nations Development Programme (UNDP), as we mentioned in chapter 3, highlights linkages between its efforts to support the Minamata Convention with the seven Sustainable Development Goals on poverty, hunger, health and well-being, energy, work, consumption and production, and life below water (UNDP 2016).
The sustainability challenge centers on a human struggle to live and thrive across generations on a finite planet. Our analysis of the mercury systems illustrates the multifaceted nature of this endeavor. Important dynamics in the mercury systems occur in different places and at different times, but share common patterns across history. Mercury miners in Almadén, Idrija, Huancavelica, and elsewhere suffered greatly from mercury poisoning. Risks from using mercury in silver and gold mining connect colonial era miners in South America with present-day artisanal and small-scale gold mining (ASGM) miners. Arctic indigenous populations and other vulnerable communities look to the Minamata Convention to address mercury emissions from across the world. Several governments see opportunities through this global treaty to expand their regulatory authority on mercury, or look to global action as a vehicle for receiving financial and technical support.
When the Minamata Convention was adopted, as we mentioned in chapter 1, the music that played during the negotiations, Freddie Mercury and Queen’s “Under Pressure,” switched to another of the band’s songs, “We Are the Champions.” That song’s lyrics highlight an important goal of research on systems relevant to sustainability: informing the actions of interveners—or champions—with the goal of promoting human well-being now and in the future. Efforts toward sustainability, however, occur within a large landscape of actors who have different interests and varying levels of power and access to resources. The mercury issue involves individuals who face different challenges, and who have different goals and priorities about how to balance competing demands and tradeoffs toward protecting and enhancing human well-being. Our analysis of the mercury systems underscores the slow and deliberate process of coming to consensus as a society about matters that influence people in different places, now and in the future.
The line from “We Are the Champions” that we have used in the title of this final chapter—“We’ll keep on fighting …”—is an appropriate charge for current and future champions. In this chapter, we discuss lessons for readers who support the aim of the Minamata Convention of protecting human health and the environment from mercury. The first set of lessons is addressed toward researchers in the natural and social sciences and engineering who seek to understand the properties and behavior of mercury and related societal issues. The second set of lessons speaks to decision-makers and others, including public officials, representatives of industry or non-governmental organizations, or expert advisers, who work to craft and implement mercury-related policies and actions. The third set of lessons is relevant to thoughtful citizens who are concerned about the widespread use and dispersal of mercury and its implications.
Lessons for Researchers
Researchers from many disciplines focus on better understanding the environmental behavior of mercury, its ecological and human health impacts, and efforts and opportunities to mitigate those impacts. Many work, for example, as scientists who measure and model mercury in the environment, as health professionals who aim to prevent or treat mercury exposure, as designers of pollution control equipment or soil remediation technology, or as scholars of international treaty-making and other efforts to address mercury-related problems. Roughly a thousand participants from a wide range of fields attend the biennial conferences on mercury as a global pollutant, continuing the series of conferences that started in Gävle, Sweden, in 1990. We identify three main lessons for the diverse community of mercury researchers: (1) consider mercury in a larger context; (2) work across disciplines; and (3) develop and communicate relevant knowledge.
Consider Mercury in a Larger Context
Much early research on mercury had a singular focus on specific aspects of the behavior of this one element, but it is now well established that mercury use, discharges, transport, and exposure take place in a larger environmental and societal context. The scientific community as a result increasingly addresses connections between mercury and other sustainability issues. The mercury systems that we analyzed in this book furthermore illustrate just how closely the element mercury is linked to a broad range of other components of human, technological, and environmental systems. A recent synthesis of the state of mercury science drew attention to the fact that human-influenced environmental processes, such as climate and land-use changes, are increasingly affecting the cycling of previously discharged mercury from environmental storage in land and oceans (Chen et al. 2018). As a result, researchers will not fully understand many important aspects of the mercury problem unless they consider it together with other factors including drivers of local and global change.
The range of examples of how mercury is connected to other sustainability challenges across part II illustrates some of the challenges in studying linked mercury-related issues. Technologies to control mercury emissions from point sources often overlap with, and interact with, those that address other air pollutants such as sulfur dioxide and particulates. This highlights for the engineering community the importance of designing effective multi-pollutant control technologies. The formation and accumulation of methylmercury in food webs depend on ecosystem characteristics and structure. As a result, ecological factors sometimes determine where and when this highly toxic form of mercury will reach its highest concentrations. Health impacts of methylmercury are shaped not only by exposure to the substance through dietary intake, but also by genetic factors that vary among individuals, as well as cultural traditions around food. Further analyzing these interconnected issues requires a comprehensive approach.
Scientists in different fields have greatly advanced research on mercury, but there remain important knowledge gaps about mercury’s environmental cycling. This creates a need for more sampling of mercury in air, water, soil, and biota to further study its environmental behavior. Mercury could be increasingly measured together with other pollutants, rather than through separate monitoring networks, and it is important to design new techniques that make it possible to measure mercury without using expensive equipment. Modeling efforts could focus on further development of a spectrum of models to address the full complexity of how mercury moves and transforms in the environment and society. These different kinds of mercury-related studies could be better integrated as a part of larger global change research efforts. In addition, mercury researchers should come from a broad range of fields and geographical areas, and not just a few well-known mercury-focused research groups in a small number of mainly industrialized countries.
Work Across Disciplines
The complex and interacting environmental and societal dimensions of the mercury issue underscore the need to reach across disciplinary boundaries in the natural sciences, social sciences, and engineering to better examine system interactions and interventions from a sustainability perspective. Analysis of the biogeochemical and societal cycling of mercury requires understanding how mercury flows through environmental and technical components as well as humans. Analyses of mercury pollution and its consequences should consider the importance of economic and technological factors that influence coal-fired power plants and industrial production, as well as the local and long-range atmospheric transport of mercury. It is also important to compile other kinds of information, such as on the costs and effectiveness of pollution controls. Studies of the impacts of mercury use in ASGM should look at a wide range of factors, including the role of poverty, the influence of mining laws, technology use during the extraction process, and mercury and gold market forces.
One important argument in favor of more interdisciplinary research is that researchers, including those who study different aspects of the mercury issue, may reach incomplete or even incorrect conclusions relevant to sustainability if analyses are conducted within one discipline in isolation. Those scientists who are interested in the atmospheric transport of mercury may be able to better capture how political and economic forces affect the operation and distribution of point sources if working with colleagues in the social sciences. Mercury-capture technologies for use in ASGM designed by engineers working alone are less likely to be effective if behavioral aspects of ASGM production are not accounted for in the design process. Governance scholars drawing lessons from institutional efforts to control air pollutants may make inappropriate conclusions about the match—or fit—between the scope of these institutions and the environmental processes they are designed to govern if they do not consider technological factors and the long-term environmental dynamics of mercury and other substances.
Many reports and studies call for more interdisciplinary research (Brewer and Lövgren 1999; National Academy of Sciences et al. 2005; Repko 2008; Shaman et al. 2013). Such calls often specifically note the need to reach across traditional disciplines in addressing sustainability challenges. The continuing difficulties of achieving interdisciplinary collaborations are already well known (Rhoten and Parker 2004). Much research is still organized based on traditional disciplines, and conventional reward structures for promotion in academia do not typically value interdisciplinary work (Spangenberg 2011). We do not purport to have new solutions from our examination of the mercury systems to the more general challenge of how to better support and reward interdisciplinary collaborations, but researchers may draw on examples from this book to argue that interdisciplinary collaborations hold much promise in generating more nuanced and societally relevant results.
Develop and Communicate Usable Knowledge
It is often critical for researchers to develop and share new and usable knowledge in support of interventions. This involves applying transdisciplinary approaches that engage those outside of academia (Brandt et al. 2013). Researchers in the past few decades have been increasingly called on to pay more attention to crafting usable knowledge, including by working with stakeholders (Clark et al. 2016). Examples from the mercury systems show how such usable knowledge has been influential. The diffusion of knowledge about how to make mercury-free goods and how to design mercury-free manufacturing processes helped phase out much intentional mercury use. Dietary guidelines related to methylmercury levels in food must be tailored based on how people in different locations interpret them, to ensure people keep gaining the benefits of other nutrients in seafood. ASGM miners are more likely to adopt new extraction and amalgamation techniques when these techniques fit local needs and take into account behavioral and cultural factors.
Contemporary mercury debates illustrate the continued importance for scientists to generate and diffuse authoritative information in partnership with non-experts. Two of these debates concern the use of mercury amalgam in dentistry and the use of thimerosal in vaccines. The longer-term goal is to phase out both of these areas of mercury use, but doing so prematurely is likely to cause more harm than good to human health. Mercury amalgam sometimes remains the best alternative for repairing teeth, as recommended by the World Health Organization (WHO). The surge of an anti-vaccine movement in North America, Europe, and elsewhere poses a serious public health problem. Efforts by the WHO, the GAVI Alliance, and others during the Minamata Convention negotiations helped communicate science-based knowledge on the health benefits of using thimerosal-containing vaccines. Researchers can learn from this experience in thinking critically about benefits and harms, including unintended effects and perceived risks, in partnership with stakeholders.
Producing usable knowledge, even with the participation of stakeholders, may not by itself be sufficient to lead to change. Knowledge about mercury is not always evenly shared and distributed. There are many historical examples of how knowledge about the dangers of specific forms of mercury were documented in some places and largely unknown or contested in others. Some European medical associations already warned against the use of mercury in medicine in the sixteenth century, but doctors prescribed many different mercury-based treatments well into the twentieth century. Those who treated early patients of the “strange disease” in Minamata did not know of the experience of Hunter-Russell syndrome and associated knowledge of organic mercury poisoning. Knowledge can also be suppressed: the Chisso Corporation knew it was releasing dangerous quantities of methylmercury into Minamata Bay, but it did not publicly share this information. Understanding how information is generated and disseminated, including aspects of power and influence, is thus critical.
Lessons for Decision-Makers
The negotiations and early implementation of the Minamata Convention helped to elevate the political awareness and perceived importance of mercury abatement globally. Decision-makers and public authorities in different countries, however, have taken action on mercury for much longer, with more modern controls on mercury use and discharges dating back to the 1960s. As we mentioned in the introduction to this chapter, the implementation of the Minamata Convention has only just begun, and much more action by decision-makers will be needed to meet the treaty’s objective of protecting human health and the environment from mercury. We believe that decision-makers taking actions in support of this goal are well advised to consider three important points: (1) intervene in different ways and at multiple scales; (2) focus on high-impact interventions; and (3) consider long-term impacts.
Intervene in Different Ways and at Multiple Scales
Many interventions that are needed to comprehensively address the mercury issue must be taken by decision-makers across global, regional, national, and local forums. Mercury is a multi-scale problem in which several factors interact simultaneously, and cross-scale actions are needed to mitigate the various ways that mercury harms human well-being. The protection of people in all regions of the world from mercury’s health effects depends on concomitant local-to-global policy action mandating stricter pollution controls on large point sources. Reducing mercury use in consumer products and production processes requires sharing knowledge about mercury-free alternatives across national borders. Greater formalization of artisanal and small-scale mining is an important step toward addressing ASGM-related problems, but it needs to be combined with local interventions addressing mercury use, exposure, and discharges as well as efforts that target mercury trade and gold supply chains.
Global-to-local scale governance efforts to address the human health impacts of mercury are greatly affected by the underlying dynamics of power and influence that shape the differential impacts of mercury use, exposure, and environmental distribution. This creates a need for decision-makers to pay close attention to the situations of populations vulnerable to mercury exposure, including future generations. For example, people in many indigenous communities in the Arctic and elsewhere feel that they are unfairly harmed because of risks from the methylmercury in their traditional diets of fish and marine mammals. Lamenting that some traditional foods consumed for centuries or more are no longer safe to eat, a representative of indigenous peoples during the final negotiation session of the Minamata Convention quoted a line from the song “Under Pressure”: “it’s the terror of knowing what this world is about” (Earth Negotiations Bulletin 2013b).
Because mercury is linked to other sustainability issues, there is potential for interventions that have multiple and simultaneous benefits for the environment and human well-being. Efforts to reduce the negative environmental impacts of industrial production and wastes can focus on mercury discharges together with other pollutants. Linkages between mercury and climate change mean that addressing mercury can also require actions by decision-makers that at first glance may not seem related to the mercury issue. For example, avoiding deforestation may be an effective way to reduce methylmercury production (Hsu-Kim et al. 2018). Research is still developing on the impact of climate change on the environmental cycling of mercury, but preventing the remobilization of mercury from long-term storage by mitigating climate change could at the same time lessen future human health damages from the consumption of seafood contaminated with methylmercury.
Focus on High-Impact Interventions
Decision-makers operate under resource constraints. Money spent on problems involving mercury is finite, and funding for mercury-related issues competes with the resources needed to address other pressing sustainability challenges, in both developing and industrialized countries. It is therefore important for decision-makers to consider the relative impact, feasibility, and costs of potential interventions on mercury. Some high-impact interventions may be long-term in scope. For example, initiatives that contribute to increased economic opportunities for miners in regions where ASGM takes place would help address the harms from mining and associated mercury use and exposure. Similarly, phasing out fossil fuel use including coal burning in favor of low-carbon energy sources would have a major impact on mercury emissions. Reducing fossil fuel use would also dovetail with efforts to reduce air pollution and mitigate climate change, and could link to efforts to address economic inequality.
The highest-impact interventions, however, are not always the ones that are the most ambitious. Idealized solutions—such as addressing pollution sources far upstream, including by phasing out coal burning—may not always be politically and practically feasible. Addressing the root causes of the mercury problem would have both shorter-term and longer-term benefits for the environment and human health, but it is important that a focus on such transformative change does not detract from the introduction of more incremental or downstream interventions that would benefit current and future generations. For example, local actions to mitigate human exposure—such as the formulation of dietary advice to vulnerable populations—can occur at the same time as efforts to prevent future discharges to the environment. Simultaneous adaptation and mitigation efforts on mercury, like those on climate change, are necessary to support human well-being where changes are irreversible on human-relevant timescales (N. E. Selin 2014).
Decision-makers should be conscious of tradeoffs in trying to identify high-impact interventions. Moving away from the use of coal would have substantial benefits for the mercury problem, but the Minamata Convention would likely not be in force today had national delegates and policy advocates focused on pushing this most ambitious solution. This would have left mercury emissions from coal burning as well as other aspects of the mercury issue unregulated globally. The ability to respond to changing knowledge is also important. Lessons from the mercury systems suggest that efforts to intervene ought to be conducted with recognition of the extent to which our understanding of both environmental and societal dynamics of the mercury issue have changed over time, and may change again in the future. A first step is to consider the current state of knowledge. Decision-makers can also help researchers design scientific assessments to provide information that both is relevant to their needs and accounts for the perspectives of stakeholders (Cash et al. 2003).
Consider Long-Term Impacts
Mercury’s persistence in both the environment and society shows the need for decision-makers to take a long-term perspective. Mercury is an element, and as such it will not go away. Many of the problems that are caused by mercury pollution today come from the activities of the past. Similarly, today’s mercury discharges become tomorrow’s legacy pollution. A sustainability perspective means that there is a need to consider both present and future generations in decision-making. Stakeholders from future generations (by definition) are not physically present in negotiations about present-day policies, but decision-makers have a moral obligation to pay attention to the long-term impacts of their decisions (to intervene or not to intervene). Governments and others can better account for the perspectives of future generations in decision-making. Making assumptions more explicit, for example in discount-rate analysis of the costs and benefits of pollution controls, could help to better highlight impacts on future generations.
Considerations of the long-term impacts of interventions can be hampered by a lack of scientific knowledge. Many early efforts to address mercury use, exposure, and discharge were based on the dominating perception that mercury was a local problem that could be addressed by local action. This view persisted for centuries. Until the late twentieth century, scientists did not understand that mercury transports long distances through the atmosphere, and cycles between the atmosphere, land, and oceans for generations. There is still scientific uncertainty about the timescales of mercury cycling through the environment and the speed at which concentrations of mercury in the atmosphere and ocean (and methylmercury in different organisms) will respond to changing discharges. This suggests that decision-makers should recognize that decisions today may need to be revisited with further scientific and technical information. Monitoring and evaluation will continue to be necessary to understand both the short-term and long-term impacts of interventions.
Evaluations of the effectiveness of interventions can help to better assess their impact over time. Additional measurements of mercury in the environment would assist in these efforts. Decision-makers should support the establishment of more monitoring programs and stations in all regions of the world, but especially outside North America and Europe. It is critical, however, that environmental data are supplemented with other policy-relevant information. The Minamata Convention effectiveness evaluation process presents a particularly useful opportunity for periodic assessments to explore whether policy actions taken under the treaty are contributing to its objective of protecting human health and the environment from mercury. This involves using outcome and process indicators that couple environmental monitoring data with other types of information about the domestic measures that parties have taken in support of treaty implementation (Selin et al. 2018; Selin 2018).
Lessons for Thoughtful Citizens
Many people across the world are harmed by mercury alongside other stresses that also affect their lives and well-being. Some people are part of societal groups that are highly exposed or particularly vulnerable to mercury exposure and other hazards, such as indigenous peoples, ASGM miners and other community members, and pregnant women and small children. Others are not disproportionately affected by mercury pollution, but may nevertheless be concerned and motivated to take action on addressing a substance that has worldwide impacts. The mercury systems draw attention to the potential influence that thoughtful citizens can have on addressing sustainability challenges, including those involving mercury pollution. For individuals concerned about mercury and its impacts, we suggest three lessons: (1) consider consumption choices; (2) organize to push for change; and (3) share sustainability stories.
Consider Consumption Choices
Many individual behavioral choices involving mercury are related to consumption habits. Everyone, but especially those who are highly exposed or particularly vulnerable to the impacts of methylmercury, should pay attention to dietary guidelines and eat low-mercury seafood. People who consume self-caught fish should be attentive to warnings about mercury and other pollutants specific to local bodies of water. The introduction of mercury-free alternatives makes it easier for consumers to avoid buying mercury-added products, but some products and other consumer goods still contain mercury. People can help minimize future mercury pollution by purchasing mercury-free products where available, and by ensuring that mercury-containing products, such as old thermometers or compact fluorescent bulbs, are disposed of according to local regulations. Using less energy reduces mercury emissions and other forms of pollution and climate change when energy is produced using fossil fuels.
There is an ongoing debate about individual ability to address sustainability issues versus the need for more systemic change. The mercury issue shows that individual consumer choices matter. The effects of certification schemes are debated, but consumers who buy certified mercury-free gold not only send an important market-based signal but also contribute to efforts that look to phase out mercury use in ASGM and improve living conditions in mining communities. Consumers who install solar panels on their homes or buy their electricity from renewable sources help to address mercury emissions as well as other air pollutants and climate change by reducing coal burning. At the same time, systemic change is critical. Much of the demand for gold that drives ASGM comes from large jewelry companies, central banks, and large investment firms. Decisions in many electricity and energy markets are dominated by the fossil fuel industry, which receives much government support. Yet, individual choices can be a catalyst for systemic change, pushing innovation, shifting public opinion, and driving policy development.
Organize to Push for Change
There are many examples in the mercury systems demonstrating that champions, individually and collectively, can have an impact on making people’s lives better by organizing and pushing for change. Early advocates for better working conditions in factories, including Alice Hamilton, helped push worker protection efforts on mercury and other hazardous substances. Ornithologists in Sweden alerted the public and the authorities about the dangers caused by the extensive use of mercury pesticides in farming. Advocates in Minamata pressed authorities to remediate the damage to Minamata Bay and helped victims of Minamata disease to get certified and gain compensation. Serious poisoning incidents are not just a thing of the past. Mercury continues to pose human health risks in Grassy Narrows and Kodaikanal, impacting the well-being of community members in complex ways. High levels of mercury exposure and other pressing socio-economic problems in ASGM create further needs for advocacy and local-level community engagement.
Individuals also have power to make a difference on other aspects of the mercury problem. Communities that are concerned about air pollution and “hot spots” can be important sources of advocacy for public authorities to mandate the use of pollution-abatement technology that reduces mercury emissions from industrial point sources. Advocates can continue to raise awareness about the health dangers of using mercury-added products in their communities, for example in places where mercury is still used in cosmetics and skin-lightening creams or religious ceremonies. Individuals can thus help bridge the gap between global-scale interventions such as the Minamata Convention and local action. In addition, concerned citizens can support advocacy and community-based organizations by offering their financial support, participating in collective actions, or providing information (such as joining citizen science projects that aim to collect information on mercury).
Share Sustainability Stories
The Minamata storytellers, by publicly sharing their own and their family members’ experiences with Minamata disease, helped raise awareness of the dangers of mercury. Their message resonated with many other people in Japan as well as all over the world. Their stories have also touched others who are affected by mercury pollution, such as the indigenous communities in Grassy Narrows. Their words have echoed at the highest levels of global governance, from the 1972 Conference on the Human Environment in Stockholm to the 2017 meeting of the Minamata Convention Conference of the Parties (COP) in Geneva. Although researchers, experts, and decision-makers have a role to play, the stories of individual people who seek better lives for themselves and for future generations are central to advancing sustainability.
In October 2006, on the fiftieth anniversary of the first official recognition of Minamata disease, a committee of local citizens wrote “Minamata’s Pledge” to draw attention to the lessons of the past half century when looking forward to the next 50 years (Minamata-Juku Committee 2006). The pledge acknowledges that Minamata has learned through the failures of history how difficult it is to restore “both a polluted natural environment and a confused social environment.” It commits to reconsidering citizens’ relationships with nature, ways of living, industrial activities, and community, and creating “spiritually abundant and satisfied lives.” This pledge was handed out to delegates at the ceremonial signing of the Minamata Convention in 2013, with a request to translate it into as many different languages as possible; in this way, the story of Minamata and its lessons can continue to reach people worldwide and inspire them to act.
We have done our best in this book to highlight some of the stories of people affected by mercury. People concerned about mercury can share these stories further. They can communicate information about healthy fish consumption during pregnancy, and help others better understand the life-saving benefits of vaccination. By giving voice to those who may not have been listened to in the past, individuals can help make efforts toward sustainability more inclusive for all. Telling stories and hearing the perspectives of others is a critical prerequisite toward building coalitions and advocating for change. Every individual has a story to tell about their experiences, what they value, and what they hope for, for themselves and for future generations. Sharing these stories is a vital part of working toward sustainability.
The urgent need for moving toward greater sustainability underscores the importance of continued actions by champions. Our analysis of the mercury systems highlights the basic challenge for sustainability: to steer often highly complex systems to maintain and enhance the well-being of both present and future generations. With respect to mercury, this requires continued attention to the stories of the most vulnerable, and interventions that weigh the implications of short-term actions alongside their long-term effects. Human activities continue to dominate the Earth in surprising and often damaging ways, and meeting the challenges of sustainability is more than ever dependent on the efforts of people acting alone and in groups to inform and manage a transition toward a more just and sustainable future. As Freddie Mercury sang decades ago—in words that resonate with those who are seeking to address the sustainability challenges of today and the future—we, indeed, are the champions of the world.
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