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ABSTRACT: Arsenic (As) is a trace element in the global environment
with toxicity to both humans and ecosystem. This study characterizes
China’s historical anthropogenic arsenic cycles (AACs) from 1990 to
2010. Key findings include the following: (1) the scale of China’s AACs
grew significantly during the studied period, making China the biggest
miner, producer, and user of arsenic today; (2) the majority of arsenic
flows into China’s anthroposphere are the impurity of domestically
mined nonferrous metal ores, which far exceeds domestic intentional
demands; (3) China has been a net exporter of arsenic trioxide and
arsenic metalloid, thus suffering from the environmental burdens of
producing arsenic products for other economies; (4) the growth of
arsenic use in China is driven by simultaneous increases in many
applications including glass making, wood preservatives, batteries, semiconductors, and alloys, implying the challenge for
regulating arsenic uses in multiple applications/industries at the same time; (5) the dissipative arsenic emissions resulting from
intentional applications are at the same order of magnitude as atmospheric emissions from coal combustion, and their threats to
human and ecosystem health can spread widely and last years to decades. Our results demonstrate that the characterization of
AACs is indispensable for developing a complete arsenic emission inventory.

1. INTRODUCTION

Arsenic (As) is a trace element with toxicity to both human and
ecosystem.1,2 There have been many arsenic poisoning episodes
and millions of people are at risk of arsenic-induced diseases.1,3

Besides geogenic sources, the contamination of air, water, soil,
food, and beverage by arsenic resulting from anthropogenic
sources are now getting more and more concerns, and the
characterization of anthropogenic arsenic cycles (AACs) can
help to identify the sources and pathways of anthropogenic
arsenic pollutions.4,5

The anthropogenic cycle of an element refers to the stocks
and flows of the element within a given anthropogenic system
plus its exchange flows between the given system and other
anthropogenic or natural systems.6 Anthropogenic elemental
cycles result from both intentional and unintentional uses of
the element.5,7 Intentional uses refer to the applications of the
element itself that provide services for human society; and the
cycles driven by intentional uses usually form stage-by-stage life
cycles (e.g., the four-stage life cycle of iron8). Unintentional
uses refer to the applications of other elements or resources in
which the concerned element is just an unavoidable impurity;
and those cycles driven by unintentional uses usually take place
in separate and independent processes (e.g., mercury emissions
occurring in cement production and copper smelting9). The

systemic and quantitative studies on anthropogenic cycles are
very helpful for the sustainable management of materials in
various aspects, such as promoting secure supply and improving
use efficiencies of valuable materials and resources, as well as
reducing losses and emissions of those that are harmful for the
environment.
Like many other elements, the anthropogenic cycles of

arsenic are driven by both intentional uses and unintentional
uses. There have been some studies on air emissions of arsenic
driven by unintentional uses.10−13 However, little has been
done in characterizing historical AACs driven by intentional
uses, except a few publications that provide one-year snapshots
and that are either outdated14 or just for an island.15 In order to
fill in this gap, we proposed an AACs framework at the national
level that divides arsenic cycles into two parts, one part
resulting from intentional uses and the other driven by
unintentional uses, in a relevant study.5 This AACs framework
is well constructed based on material flow analysis and emission

Received: September 4, 2016
Revised: December 30, 2016
Accepted: January 2, 2017
Published: January 2, 2017

Article

pubs.acs.org/est

© 2017 American Chemical Society 1670 DOI: 10.1021/acs.est.6b01669
Environ. Sci. Technol. 2017, 51, 1670−1678

pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.6b01669


inventory analysis, forming an improved conceptual model of
national arsenic cycles.
With the major use of arsenic gradually banned in most

developed countries, especially Europe, Japan, and the United
States,16,17 the role of developing countries in global arsenic
production and consumption are becoming more and more

important. China is currently the biggest producer of arsenic
trioxide and other arsenic containing compounds, with its
global share growing dramatically from less than 20% in 1990
to almost 65% in 2003 and remaining stable at about 50% after
2005 (Figure S2 in the Supporting Information (SI-1)).
Although it is reported that a significant share of China’s

Figure 1. Anthropogenic arsenic cycles related to intentional uses in China for 1990, 2000, and 2010. The water and air losses were obtained from
official statistics;25,27 while other flows and stocks were calculated by this study. The values are expressed as mean value (standard deviation). Please
note that although some values have 3 or more significant digits, they are showed here mainly for the convenience of illustration and for keeping
mass balance. In most cases, these values are reliable enough only when rounded to 1 or 2 significant digits.
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arsenic production has been exported to other economies such
as the United States,18 its position as the biggest producer
indicates that China is now playing an important role in the
global AACs. Therefore, this study applies the AACs framework
to provide a historical analysis of arsenic stocks and flows in
China’s anthroposphere from 1990 to 2010, aiming at
quantifying how much arsenic has entered, left, passed through,
and ultimately accumulated in China’s anthroposphere during
this period. AACs driven by the mining and combustion of
coals (which is an unintentional arsenic use) are also taken into
account because coals contribute a significant amount of
atmospheric arsenic emissions in China.

2. MATERIALS AND METHODS
2.1. System Definition. AACs at the national level

comprise two parts (Figure 1): (1) the part that is related to
intentional uses (such as the use of arsenic for producing
pesticides or wood preservatives); and (2) the other that results
from unintentional uses (such as coal mining and burning).
Both parts of AACs begin with the mining of arsenic-containing
natural resources (ores or fuels) from lithosphere and/or
biosphere, and result in the transfer of arsenic from
anthroposphere to air, water, or soil.
2.1.1. AACs Related to Intentional Uses. A major focus of

this study is to examine the AACs driven by intentional uses
with the stage-by-stage cycle analysis, which allows us to better
keep track of the material stocks and flows, and to apply mass
conservation in deriving missing information based on available
data. The Stocks and Flows Analysis framework developed by
the Yale Center for Industrial Ecology19 is applied to simulate
the whole AACs related to intentional uses (SI-1 Figure S1),
which consist of the following processes: (1) Mining of both
arsenic ores and other metal ores containing arsenic. The
majority of arsenic is mined as a byproduct of nonferrous metal
ores (e.g., copper and lead ores). China owns the majority of
global arsenic reserves and it is the only country that excavates
ores in which arsenic, rather than other metals, is the main
targeted material and also known as the host metal. (2)
Dressing of ores to produce concentrates. Nonferrous metal
ores containing arsenic have to be dressed to produce
concentrates, and it is in this process that the majority of
arsenic coexcavated with nonferrous metal ores is removed
from ores and then is deposited in tailings.16 (3) Processing of
arsenic and other metal concentrates. Nonferrous metal
concentrates are then dearsenified so that the metal industry
can reduce production cost, improve product purity, and avoid
environmental hazards. After this dearsenifying pretreatment,
arsenic may ends up in flue dusts, emitted gases, slag, slurry,
wastewater, and metal products (e.g., copper matte or crude
lead). (4) Production of arsenic trioxide. Part of the flue dust
and slurry is used as raw materials for producing arsenic
trioxide. Arsenic trioxide plays a key role in forming the life
cycle of AACs by linking arsenical ores to the intentional uses
of arsenic-containing products. (5) Production of arsenic
metalloid and arsenic compounds. Arsenic trioxide is not only
directly used in some applications, but also the precursor to
arsenic metalloid and other various arsenic compounds that are
intentionally used. Arsenic metalloid can be divided into
commercial-grade and high-purity arsenic, while arsenic
compounds can be categorized into inorganic compounds,
organic compounds, and arsine gas. (6) Manufacture of various
arsenic-containing final products. There are five end-use sectors
of intentionally used arsenic according to the U.S. Geological

Survey:14,20 agricultural chemicals, glass making, alloys, and
electronics, wood preservatives, and other. Note that we classify
arsenic end-use sectors in a way that is a little different from
that of the U.S. Geological Survey13,20 by distinguishing
batteries, semiconductors, and alloys. (7) Use of the final
products. It is only for the alloys and electronics that arsenic is
used in the metallic form, and the commercial-grade is primarily
used for the production of alloys while the high-purity arsenic is
used for electronics. The use of arsenic as agricultural chemicals
is dissipative, meaning that the losses or emissions of arsenic
immediately occur when it is put into use in this application.
For other applications such as wood preservatives, the retention
time of arsenic in the use stage reach years or decades;
therefore arsenic is accumulated in the anthroposphere to form
in-use stocks. (8) End-of-life management and recycling of
arsenic. Due to its low price and toxicity, the recycling of
arsenic from end-of-life arsenic-containing products is very rare,
thus the major aim of arsenic management in the end-of-life
stage is stabilization and subsequent disposal.16

A detailed description of the AACs related to intentional uses
has been provided in a relevant study.5 Note that for the
convenience of quantitative material flow analysis, some
adjacent processes are combined together in this study,
therefore only five processes are shown in the upper part of
Figure 1: (1) ore mining and ore dressing (OM&OD), (2)
concentrate processing and arsenic production (CP&AP), (3)
final product manufacturing (MA), (4) use of final products
(Use), and (5) waste management and recycling of arsenic
(WM&R).
For an anthropogenic system at the national level, trade of

arsenic in different forms occurs between the studied system
and other systems. Losses of arsenic from anthroposphere to
the environment take place along its life cycle, and can be
classified into two types: the deposited loss and the dissipative
loss.5,21 The deposited losses refer to the losses mainly to soil
or water in mining residues, tailing ponds, slag ponds, or
landfills. The dissipative losses refer to the losses to the
atmosphere and hydrosphere, which will be widely dispersed in
the environment and can be regarded as emissions.

2.1.2. AACs Resulting from Coal Use. Besides metal ores,
arsenic can be extracted from lithosphere together with fossil
fuels, such as coal and oil. During the burning of coals, the
contained arsenic is distributed into bottom ash, fly ash, and
fuel gas. Part of arsenic is directly volatilized into atmosphere in
the gas phase because arsenic is volatile, and part of arsenic
tends to concentrate in fine particles.22 Therefore, coal burning
is one of the most significant unintentional processes resulting
in atmospheric emissions of arsenic, especially in China where
the annual use of coals reaches up to 4 billion metric tons,
which accounts for nearly half of global coal use.23−26

2.2. Data Compilation and Analysis. The quantitative
characterization of AACs is done by analyzing the arsenic flows
and stocks, which are indicated in weight of arsenic in pure
form per year in the period 1990−2010. Details on identifying
and calculating the stocks and flows, as well as the data
collection and compilation are described in the sections S1-2 of
the SI-1. The flows of each process in the stage-by-stage cycle
include the input from the previous process, the output to the
next process, the trade with other anthropogenic systems, and
the loss to domestic environment (Figure S1 in the SI-1).
According to the mass conservation rule, the total input of each
process equals to its total output plus the net addition to the
stock in this process.
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Table 1 classifies all concerned flows and stocks into four
groups. (1) The trade flows. A list of traded products is

identified according to the life cycle framework of arsenic and
are coded by the Harmonized Commodity Description and
Coding System (HS).26 Most of the trade flows are directly
calculated by multiplying the mass of traded products
c o n t a i n i n g a r s e n i c ( f r o m U n i t e d N a t i o n s
Comtrade database23) by their average arsenic concentrations
(Table S2). (2) The loss/emission flows. Atmospheric and
aquatic emissions from OM&OD, CP&AP, MA, and WM&R
stages are directly obtained from official statistics;25,27 and the
losses to soil and solid wastes in OM&OD and CP&AP stages
are calculated based on mass conservation (Table S3), with the
loss to soil from MA stage not distinguished due to the lack of
data. In addition, the atmospheric emissions of arsenic from
coal consumption are calculated based on information
including China’s total coal consumption,28 the arsenic content
of coal, the release rate, and the removal rate of arsenic
(detailed parameters in Table S6 and Table S7). (3) The
transformation flows that include arsenic from natural ores
through to arsenic trioxide, metalloid, various intentionally used
compounds, final products, and end-of-life discards. The
quantification of transformation flows mostly relies on the
direct calculation method that multiplies arsenic product flows
by arsenic concentrations. Statistical data on arsenic product
flows are collected and used in this study (e.g., data on the
mining of arsenic ore and nonferrous metal ores are from the
China National Land and Resources Statistical Yearbook29 and
Minerals Reserves Tables,30 the arsenic trioxide production data
are from U.S. Geological Survey,18 and data for the production
of final products are from the China Statistical Yearbook31),
while the arsenic concentration data are from existing studies or
reports (Table S4 and Table S5). (4) In-use stocks. At a given
time (year), the annual change in in-use stock is derived as the
balance of input and output flows, and the in-use stock is
deduced by accumulating its annual change from the initial
year, 1990, to the given year.
As summarized in Table 1, four different ways are used to

quantify the flows and stocks based on their specific types: (1)
Using statistical data, for example, some atmospheric and
aquatic emissions of arsenic are directly obtained from official
statistics compiled in the Chinese Environmentally Extended
Input-Output (CEEIO) database.25,27 (2) Direct calculation,
for example, some trade flows are calculated by multiplying
trade of arsenic-containing products by their average arsenic
concentrations; (3) Modeling, for example, the end-of-life
arsenic flows from in-use stocks are calculated by the lifespan
modeling method that is based on input flows and lifespan
parameters;5,32,33 and (4) Mass conservation, for exmple, the
annual change of in-use stock is calculated as the difference
between input flows and end-of-life flows. More details on data

compilation, modeling and analysis are available in the SI-1 and
SI-2.

2.3. Uncertainty Analysis. Monte Carlo simulation (104

iterations) is performed to estimate uncertainties of flows. Most
of the activity data are assumed to have a uniform coefficient of
variation (CV: expressed as the standard deviation divided by
the mean) that is 10%, and technical parameters are assumed to
have a CV ranging from the lowest 5% to the highest 25%
according to their max and min values, assumptions,
uncertainties, and range. A beta distribution is used for some
parameters with value between 0 and 1; a triangular distribution
is used for the parameters with the max, min and most possible
values (e.g., the release and removal rates of arsenic during coal
burning); and a normal distribution is used for the activity data
and other parameters with mean value and standard
deviation.12 Uncertainties and distributions of all variables are
summarized in Table S8. As a result, the values and
uncertainties in this study are expressed as the mean ±
standard deviation in the main text and Figure 1, Figure S4, and
Table S9; whereas other figures only show the mean values for
the convenience of visualization.

3. RESULTS
The majority of arsenic (79% by weight in 2010) entered
China’s anthroposphere as an impurity of domestically mined
nonferrous metal ores. Arsenic ores mining, coal mining, and
the import of nonferrous metal concentrates were also
significant sources for arsenic input to China’s anthroposphere
(about 3%, 4%, and 14% by weight, respectively, in 2010). The
import of arsenic metalloid, arsenic trioxide, and final products
only brought a small percentage (less than 1% of the total
arsenic input by weight in 2010). The majority (91% by weight
in 2010) of all these arsenic inputs exited China’s anthropo-
sphere and got back to the environment by depositing in the
tailing or releasing to the atmosphere and aquatic system. Ore
dressing and dearsenifying processes were the most important
pathways that arsenic exited China’s anthroposphere (about
57% and 29% of total arsenic input by weight, respectively, in
2010). Only a small percentage (6% by weight in 2010) of total
arsenic input to China’s anthroposphere was used to produce
arsenic trioxide and other intentionally used arsenic products,
which may then be accumulated in China’s anthroposphere as
in-use stocks. The remaining 3% was exported as arsenic-
bearing products to other anthropogenic systems.
The scale of AACs in China grew significantly from 1990

through 2000 to 2010, as indicated by the widths of flows in
Figure 1 and Figure S5. Specifically, the amount of arsenic
comined with nonferrous metal concentrates (Figure 2), the
trade of arsenic contained in imported metal ores (Figure 3 (a),
(b)), the amount of intentionally used arsenic (Figure 4 (a)),
and the losses of arsenic back to the environment (Figure 5)
grew by over 4, 73, 4, and 4 times from 1990 to 2010,
respectively. This growing pattern is similar to that of other
metals such as iron34 and aluminum,35 and is mainly driven by
the growth of China’s economy during this period.
China’s domestic mining of arsenic increased from about

67 000 ± 10 000 t in 1990 to about 300 000 ± 57 000 t in 2010
(Figure 2). More than 95% of mined arsenic was extracted from
China’s lithosphere together with nonferrous metal ores and
coals in 2010. The mining of zinc, lead, copper, and coal ores
contributed 50%, 25%, 16%, and 5% of total arsenic mining in
China in 2010, respectively. (Note, however, that arsenic is also
comined with gold, tungsten, sliver, sulfur, antimony, mercury,

Table 1. Four Ways for Estimating Flows and Stocks

ways

types
statistical
data

direct
calculation modeling

mass
conservation

trade flows × ×
loss flows × × ×
transformation
flows

× × ×

in-use stocks × ×
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petroleum, and natural gas, although these flows are much
smaller or negligible when compared to those comined with
zinc, lead, and copper.) As the only country that was reported
to process arsenic directly from arsenic ores, China did excavate
arsenic ores in the period of 1990−2010, with the amount of
mined arsenic ores staying relatively stable in this period at
around 10 000 t per year.
China was a net importer of arsenic in the forms of ores and

concentrates, and a net exporter of arsenic in the forms of
metalloid and oxides from 1990 to 2010 (Figure 3). With all
arsenic-containing products accounted for, China had an
increasing net export of arsenic before 1994 and a decreasing
net export of arsenic from 1995, and then it became a net
importer of arsenic from 2004. The import of arsenic raw
materials was mainly contained in the imported lead, zinc, and
copper ores and concentrates, and increased from 1990 to

2010, especially after 2001 when China became a member of
the World Trade Organization. The export of arsenic occurred
mainly in the form of arsenic trioxide and metalloid, with the
export of arsenic trioxide peaking around 2002. More than 50%
of both arsenic trioxide and arsenic metalloid produced in
China before 2005 were exported to other regions, but
domestic uses have grown quickly after 2005 (only 24% of
arsenic trioxide and 14% of arsenic metalloid were exported in
2010, Figure S11). As a fast-growing global manufacturing
enter, China had an increasing net export of arsenic contained
in several manufactured products including glass (from 1990 to
2010), batteries (after 1997) and semiconductors (after 2008);
however, due to its shortage in many raw minerals, including
copper, lead, zinc, tin, and wood resources,36,37 China had a net
import of arsenic contained in nonferrous metal alloys and
wood products in the same period.
China’s domestic intentional use of arsenic trioxide and

metalloid increased from about 4600 ± 1000 and 250 ± 30 t in
1990 to about 14 600 ± 2700 and 11 900 ± 2400 t in 2010,
respectively (Figure 1 and SI-1 Figure S12). The majority of
these intentional arsenic uses were in the form of arsenic
compounds, however, the percentage of metallic use increased
from about 5% in 1990 to 45% in 2010 (Figure S12). With the
adjustment of final products’ trade, the flows of intentionally
used arsenic entering in-use stocks in China stayed stable and
were dominated by the use in wood products from 1990 to
2001 (Figure 4 (a)). These flows then grew sharply from about
7700 ± 1000 t in 2001 to about 24 000 ± 3300 t in 2010,
because of the increasing use in glass, nonferrous alloys,
batteries and semiconductors. The growth of flows entering use
resulted in the growth of flows leaving in-use stocks (Figure 4
(b)), mainly in the form of end-of-life glass and the dissipative
use of agricultural applications. Because the retention time of

Figure 2. China’s domestic mining of arsenic from arsenic ores, coals,
and nonferrous metal ores.

Figure 3. China’s net import of arsenic in different forms, 1990−2010. Unit: 1000 t of arsenic.
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most arsenic uses is more than one year (some may reach up to
several decades), the majority of arsenic flows entering use were
accumulated in its in-use stocks (Figure 4 (c)), which increased
by 40 times, from about 4400 ± 1000 t in 1990 to 183 000 ±
27 000 t in 2010 (Figure 4 (d)). In 2010, wood products, glass,
nonferrous alloys, batteries and semiconductors accounted for
44%, 25%, 5%, and 26% of arsenic in-use stocks in China,
respectively.
The losses of arsenic from China’s anthroposphere to natural

environment grew from about 60 000 ± 7400 t in 1990 to more
than 320 000 ± 42 000 t in 2010 (Figure 5). The destination of
the dominant majority (about 98.7% in 2010) of these losses
was soil; only about 1.25% was directly dissipated into the
atmosphere and only less than 0.05% was directly emitted into

the hydrosphere (Figure 5(a)) in 2010. More than half (e.g.,

73% in 1990 and 63% in 2010) of arsenic losses occurred in the

process of ores dressing. Other significant processes of arsenic

losses included the processing of arsenic-containing nonferrous

metal concentrates plus the production of arsenic trioxide and

metalloid (accounting for about 18% of total arsenic losses in

1990 and 31% in 2010), as well as the coal burning process

(about 5% of the total arsenic loss in 2010). The losses from

the processes of Use and WM&R, which completely resulted

from intentional uses, only accounted for about 1% of total

arsenic loss in 2010.

Figure 4. Arsenic in-use stocks and their inflows, outflows, and changes in China, 1990−2010. Unit: 1000 t of arsenic.

Figure 5. China’s anthropogenic arsenic losses to the environment (a) by destination and (b) by process, 1990−2010.
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4. DISCUSSION

Our results demonstrate that China has not only become the
biggest miner of arsenic-containing ores, but also remained the
biggest producer of arsenic trioxide (which is directly used and
is the precursor to almost all intentionally used arsenic
products) since the mid 1990s. It has replaced the United
States to be the biggest user of arsenic trioxide since early 2000s
(Figure S2). Mainly mined as a companion material of copper,
lead, tin, and zinc,38 there is no supply shortage of arsenic in
mainland China. In contrast, the demand for arsenic is much
less than the amount of arsenic comined with nonferrous metal
ores, which results in the problems of arsenic oversupply and
challenges of dealing with arsenic-containing byproducts,
tailings, slag, flue dust, and wastewater. The oversupply also
leads to the low market price of arsenic, making it
uneconomical to recycle arsenic at the end-of-life stage and
the lack of economic incentive to develop arsenic recycling
technologies.16,38

China’s growing domestic use of arsenic since the 2000s was
mainly driven by the growing manufacture of batteries and
semiconductors, glass making, and alloys (Figure 4 (a)).
Compared to the historical waves of rise and fall in arsenic use
in the United States,5 of which the rises were successively
driven by the growing demand in glass making (1900s),
agricultural applications (1920s), and wood preservatives
(1970s), respectively, and the falls were mainly driven by the
environmental regulations, it seems China is now seeing a rise
of arsenic use simultaneously driven by all applications. Thus,
unlike the United States that had quite a long period for
regulating arsenic use, China is facing the challenge of
regulating arsenic uses in many applications at the same time
in just a short period. Recently, China’s Ministry of
Environmental Protection released a Technological Policy on
Arsenic Pollution Prevention and Treatment39 that aims at
restricting arsenic use or promoting alternative materials and
technologies in agricultural applications, glass making, and
wood preservatives. However, it is still uncertain whether these
regulations will result in the fall of arsenic use in China in the
coming years or not.
Similar to several other metals including iron,34 aluminum,35

and nickel,40 China’s anthropogenic cycles of arsenic in the
studied 1990−2010 period has two features: (1) the scale of
almost all flows grew significantly, which corresponds to and
probably results from the simultaneous growth of China’s
economy; and (2) China was a net importer of natural ores but
a net exporter of primary products such as unwrought
aluminum ingot,35 arsenic metalloid, and arsenic trioxide.
China’s net export of arsenic products, similar to many other
low value-added but energy and/or emissions intensive primary
products, implies that China suffers from the environmental
burdens embodied in its export to other economies. Our results
demonstrate that about half of the production of arsenic
metalloid and trioxide, as well as their associated emissions,
were driven by the export during 1990−2010. Especially, the
United States significantly relied on China in importing arsenic
metalloid (about 85%) and arsenic trioxide (about 50%) during
this period (Figure S3), meaning that the United States
transferred more than half of the environmental burdens of
producing primary arsenic products to China. In fact, Chinese
central government had realized this situation and therefore
took some measures to optimize its trade composition after
2004, such as restricting the export of so-called Energy,

Emissions, and Resources Intensive products, which include
some arsenic-containing products.41

The mismatch between the intentional use and unintentional
mining of arsenic results in a challenge that the majority of
arsenic entering China’s anthroposphere is released back into
the environment in the same year it is mined, and these flows
are 2 orders of magnitude higher than the atmospheric arsenic
emissions resulting from coal combustion12 (105 vs 103 after
2000, Figure 1 and Figure S4). However, note that these flows
back to the environment should not be simply regarded as
emissions. As we have pointed out in a relevant study,5 they are
deposited (but not dissipated) losses that mainly go back to
soils (Figure 1 and Figure 5) and are deposited in either mining
residues, tailing ponds, slag ponds, or landfills. If these
deposited losses are not safely dealt with, they may lead to
slow and long-term dissipated emissions of arsenic to the soils,
water, and air, thus result in significant threats to human and
ecosystem health. Yet, because nonferrous metal ores with high
arsenic concentration are concentrated in only a small number
of provinces including Guangxi, Yunnan, and Hunan,5 these
deposited losses, as well as the threats to human and ecosystem
health they pose, are unevenly distributed in these few
provinces too. Unfortunately, currently it seems impossible to
stop these unwanted arsenic flows entering and leaving China’s
anthroposphere, because arsenic is an inevitable impurity in
mined nonferrous metal ores, and still China has to produce a
large amount of copper, zinc, lead, tin, and other nonferrous
metals for its ongoing industrialization and urbanization.
Two significant consequences of the intentional arsenic uses

are (1) the formation of arsenic in-use stocks and (2) the
dissipated emissions of arsenic. These dissipated arsenic
emissions may occur over various time scales, for example,
right after arsenic is put into dissipative use (agricultural
pesticides or fertilizers), or over a long period in which arsenic
is used (leaching from in-use wood products42), and when
arsenic is discarded at the end-of-life stage.43 Compared to the
unintentional flows of arsenic mining, these arsenic dissipative
emissions resulting from intentional uses are 2 orders of
magnitude smaller. However, their spatial distribution can be
very wide and scattered, the leaching and emissions from in-use
stocks are slow and can last several decades, and these
emissions can be released into not only atmosphere but also
hydrosphere and pedosphere. Therefore, the threats to human
and ecosystem health posed by these emissions can be spread
more widely and last longer than those posed by the
unintentional mining-related flows. To our knowledge, except
some small spatial scale analysis of arsenic leaching from wood
products42−44 or arsenic air emissions,10−13 no study has
provided a systemic analysis of arsenic emissions into various
systems resulting from intentional uses. This research gap may
have resulted in the underestimate of arsenic emissions, which
is similar to a former situation for mercury.45

There are significant uncertainties associated with the values
of arsenic flows or stocks, which may result from three sources:
(1) the uncertainties associated with the original data, (2) the
estimation and modeling methods, and (3) the assumptions on
some parameters, especially the assumption that the arsenic
concentrations in some final products are assumed to be
constant over time. However, the Monte Carlo simulation
demonstrates that these uncertainties do not affect the major
findings from this study (e.g., the most important pathways for
arsenic entering and exiting China’s anthroposphere as well as
the temporal trends in the past decades, Figure S14).
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Therefore, despite several limitations of assumptions and data
uncertainties, this study provides some new and valuable
findings in characterizing China’s anthropogenic arsenic cycles,
in understanding the interactions between China and the rest of
the world on arsenic demand and supply, and in developing a
more accurate arsenic emission inventory resulting from both
intentional and unintentional uses. According to these findings,
we suggest that Chinese policy makers pay more attention to
the ores mining and dressing industries in controlling arsenic
losses to soils, reduce or restrict the export of arsenic-
containing primary materials, and regulate the use as well as
prevent the dissipative emissions of arsenic from some growing
applications such as glass, batteries, and semiconductors. We
also expect that our approach be applied to more regions,
countries, or at the global scale to quantitatively determine
arsenic cycles and emissions with higher spatial and temporal
resolution, thus help to better regulate arsenic uses and
minimize the threats of arsenic to human and ecosystem health
resulting from its anthropogenic cycles.
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