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Abstract

Arsenic-contaminated groundwater used for drinking in China is a health threat that was
first recognized in the 1960s. However, due to the sheer size of the country, millions of
groundwater wells remain to be tested in order to determine the magnitude of the
problem. We developed a statistical risk model that classifies safe and unsafe areas with
respect to geogenic arsenic contamination in China, using the threshold of 10 pg L. We
estimate that 19.6 million people are at risk of belng affected by the consumption of
arsenic-contaminated groundwater. Although the results must be confirmed with
additional field measurements, our risk model identifies numerous arsenic-affected areas
and highlights the potential magnitude of this health threat in China.

One Sentence Summary

A predictive map of high levels of geogenic arsenic in groundwater systems in China
reveals a potential health risk to 19.6 million people.

Main Text:

China faces groundwater quality problems of enormous proportions from both industrial
and natural sources (/). Populations at risk of exposure to excessive levels of arsenic
(As), a natural groundwater contaminant, have been continuously emerging since the
1960s (2-7). With the exception of Guizhou province, where endemic arsenicosis is
mainly due to coal burning (7, 8), most cases of water-related arsenic poisoning have
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occurred in arid regions of the Northern provinces, probably because of the scarcity of
clean water for cooking and drinking from sources other than groundwater.

Apart from geothermal and mining environments, two main environmental conditions are
known to be linked to natural As enrichment in groundwater systems (9): i) aerobic
alkaline environments in closed basins in arid and semi-arid regions, where high pH leads
to alkaline desorption of As from mineral oxides, and i1) aquifers under strongly reducing
conditions, where the release of As is related to reductive dissolution of As-bearing iron
(hydr)oxides in sediments. Numerous studies in China have related arsenic-enriched
groundwater to reducing conditions (/0-16), particularly in arid regions, where such
conditions in alluvial and lacustrine aquifer sediments are often concomitant with high
alkalinity and/or salinity. In other areas, such as Taiwan, arsenic release has also been
associated with anoxic aquifers (/7). The few studies reporting arsenic measurements in
oxic aquifers in Chlna (1/8-20) indicate that As concentrations in oxic groundwaters are
mostly below 10 ug L™.

Between 2001 and 2005, the “Chinese National Survey Program”, conducted by the
Chinese Ministry of Health, tested some 445,000 wells in 20,517 villages of 292 counties
(12% of all counties in Chma) for arsenic contamination. In almost 5% of wells, arsenic
levels were higher than the Chinese standard guideline of 50 ng L', and about 10 ,000
individuals were found to be affected by arsenicosis in known and suspected endemic
areas (21). Screening of wells has continued and it has been estimated that roughly 5.6
mllhon people are exposed to high concentrations of arsenic in drinking water >50 pg L
") and that some 14.7 million are exposed to As concentrations >10 pg L™ (22). Due to the
sheer size of China, it will take several decades to complete the screening of millions of
wells to determine the spatial occurrence and magnitude of arsenic contamination
throughout the country.

Here we present a predictive model that uses survey data and geological and hydro-
geochemical parameters as proxies of processes that affect arsenic solubility in
groundwater aquifers to pinpoint safe and unsafe areas with respect to natural or geogenic
groundwater arsenic contamination. The model was validated with an independent
dataset and an optimal cut-off probability value of 0.46 (SM, section 3.3), revealing fairly
good agreement (Cohen's Kappa = 0.51), with 77% of the samples correctly classified in
the high and low I‘lSk classes. The model sensitivity (ability to correctly classify samples
w1th As >10 pg L") and specificity (ability to correctly classify samples with As <10 pg
L") were 83% and 75% respectively, which indicates good performance for the
prediction of both safe and unsafe areas with respect to As. The model uncertainty is
predominantly low (SM, Fig. S5), but >0.5 in the sparsely inhabited sand deserts.

Previous studies in Southeast Asia have identified a relatively small number of geological
and hydro-geochemical parameters as significant spatial predictors that can be used to
characterize the regional distribution of high As (23-26). Holocene sediments, for
example, have been found to be strongly associated with arsenic contamination. Such
coincidence can be also observed in areas reported to suffer from As contamination in
China (Fig.1). We initially considered 16 environmental proxies, in the form of 30 arc-
second (=1 km? ) digital raster maps, as potential factors for identifying areas affected by
geogenic arsenic hazard. Only eight proxies were significantly linked to the regional
distribution of high As occurrence (SM, section 2) and were used, together with 2,668
georeferenced As measurements, to develop an ensemble model with binomial logistic
regression as the base classifier (SM section 3). The model (Flg 2-A) forecasts that the
area at risk of groundwater arsenic contamination (>10 pg L™ may encompass more than
580,000 km®, and it pinpoints elevated arsenic concentrations in regions where endemic
arsenic p01son1ng has already been detected (27-30). Large areas such as Tarim basin
(Xinjiang), Ejina basin (Inner Mongolia), Heihe basin (Gansu), Qaidam basin (Qinghai),
the North-eastern Plain (Inner Mongolia, Jilin and Liaoning) and the North China Plain
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(Henan and Shandong) were identified for the first time as being potentially affected,
although these results must be confirmed with additional field measurements.

The mean model coefficients (Table S1) indicate a positive correlation of Holocene
sediments, soil salinity, fine subsoil texture, Topographic Wetness Index (TWI) and
density of rivers with high As and a negative contribution of slope, distance to rivers and
gravity. Holocene sediments, soil salinity, subsoil texture and TWI were significant in
most of the ensemble members, highlighting their relative importance in predicting the
occurrence of groundwater arsenic in relation to the remaining variables. This is
consistent with the conditions found in most studies performed in high risk areas in
China, such as Xinjiang Province (model sensitivity = 85%) and Hetao-Huhhot Basin
(model sensitivity = 95%), where high As tends to be associated with the anoxic
environments of poorly drained aquifers in young sediments with flat topography and
high salinity (Fig. 2B) (/6). The model also performed well for oxic aquifers, such as
Minqin Basin, Chahaertan oasis and Liao-Ho Basin (Figs. 2-B3 & 2-B4). Surveys in
these areas (27, 22) revealed that these aquifers bear low arsenic concentrations, as
correctly predicted by our model with an accuracy ranging from 83-98%.

We categorized areas on the probability map as low-risk (p<0.46) and high-risk (p>0.46),
and cross-referenced the map with a population distribution map for the year 2000.
Correspondingly, an estimated 19,580,000 people in China live in high-risk areas, mainly
in Xinjiang, Inner Mongolia, Henan, Shandong and Jiangsu provinces (Fig. 3). tThis may
be an overestimation of the actual population at risk because treated and piped water may
be used in some places, but water use statistics are not available. However, most of the
As affected areas in China correspond to arid/semiarid regions, where groundwater is the
predominant source of drinking water. Furthermore, there was insufficient survey data to
develop a risk model with a threshold of 50 pg L™, the Chinese standard, as only 7% of
the elevated As concentrations in our calibration dataset were above this value.

Our approach complements traditional groundwater quality surveys, which are expensive
and time-consuming. The model requires only a small number of geospatial parameters to
provide a preliminary assessment of affected areas, reducing the area that needs to be
screened. It may also be appropriate for use in other parts of the world, especially in arid
regions such as the Southwestern United States, where high arsenic concentrations have
been reported, or in countries such as Mongolia, Kazakhstan and Kyrgyzstan where risk
assessments for groundwater As contamination have not yet been performed.
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Fig. 1: Location of known and potential arsenic-affected basins. Areas with high
levels of arsenic are generally characterized by Holocene sediments (green) and
large basins may be affected.
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Fig. 2: Arsenic predictive model and validation maps. Modelled probability of As
concentrations exceeding 10 ug L in groundwaters (A). The boxes indicate the
location of the basins used to describe the model performance (B).
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Fig. 3: Estimated population at potential risk of exposure to As >10 pg L.
Calculation is based on the model results and the population density estimates.



