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ABSTRACT: Naturally occurring arsenic in groundwater affects millions of people around the world. In order
to assess the extent of this problem, we have used machine learning to create a global prediction map of
groundwater arsenic greater than 10 mg/L. The resulting model includes already known arsenic-affected areas as
well as new potentially contaminated areas. Combining the global arsenic prediction model with household
groundwater-usage statistics, we estimate that 94–220 million people are potentially exposed to high arsenic
concentrations in groundwater. As groundwater is increasingly utilized to support a growing population and
buffer against increasing water scarcity due to a changing climate, this model will help raise awareness, identify
suitable areas for safe wells and guide where testing for arsenic should be prioritized.

1 INTRODUCTION

The natural occurrence of arsenic in groundwater is a
global problem with wide-ranging health effects,
including disorders of the skin and vascular and nervous
systems as well as cancer. The major source of inorganic
arsenic in the diet is through arsenic-contaminated
water, whether consumed directly by drinking or used
for cooking or irrigating crops. As a consequence, the
World Health Organization (WHO) has set a guideline
concentration of 10 mg/L in drinking water.

In most large-scale cases of geogenic groundwater
arsenic contamination, arsenic accumulates in aquifers
composed of recently deposited alluvial sediments.
Under anoxic conditions, arsenic is released from
arsenic-bearing iron(III) minerals in the aquifer sedi-
ments (Berg et al., 2008; Nickson et al., 1998). Also
under oxidizing high-pH conditions, arsenic can desorb
from iron and aluminum hydroxides (Litter et al.,
2019). Other processes responsible for arsenic release
into groundwater include oxidation of arsenic-bearing
sulfide minerals as well as release from arsenic-enriched
geothermal deposits.

In order to help identify areas likely to contain high
concentrations of arsenic in groundwater, statistical
learning methods can be employed to create arsenic
risk maps that predict regions of safe and unsafe
groundwater. The predictor variables used in these
studies generally include various climate and soil
parameters, geology and topography.

Here we use the random forest machine learning
method (Breiman, 2001) to model an extensive compi-
lation of groundwater arsenic concentrations with the
latest global datasets of relevant environmental para-
meters. The result is a global risk map of groundwater
arsenic that represents a large improvement over a

first-generation global As-prediction map created over
ten years ago (Amini et al., 2008).

2 MATERIALS AND METHODS

2.1 Preparation of arsenic data

Measurements of arsenic concentration in ground-
water (n = 208,097) were compiled from a wide vari-
ety of sources, excluding measurements known to
have originated from a depth greater than 100 m.
These were aggregated into 58,555 data points by
taking the geometric mean of concentrations falling
within 1-km square pixels and were then converted
into binary form by setting all arsenic concentrations
meeting the WHO guideline of � 10 mg/L to zero and
all concentrations >10 mg/L to one (Figure 1). The
dataset of 58,555 arsenic points was then randomly
divided into training (80%) and test (20%) datasets.

2.2 Random forest modeling

A collection of 52 spatially continuous predictor
variables with global coverage representing various
climatic, geologic, soil and other parameters known

Figure 1. Arsenic concentration measurements
excluding those known to originate from a depth greater
than 100 m, averaged to 1-km square pixels (n = 58,555).
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or hypothesized to be related to the dissolution and
accumulation of arsenic in groundwater was assem-
bled. A subset of 11 variables was then identified for
use in the final model by evaluating the variables’
effect on model accuracy in an iterative random forest
modeling scheme.

A random forest was grown with 10,001 trees
using the training dataset and associated 11 indepen-
dent variables. The model was then applied to the test
dataset with its performance being evaluated by the
Area Under the ROC (receiver operating character-
istic (ROC)) Curve (AUC), which generally ranges
from 0.5 (random model) to 1 (100% accurate). The
variables’ importance was measured as the mean
decrease in accuracy and Gini node impurity when
the values of each variable were randomly resorted.

2.3 Calculation of population affected

The random forest model was further employed to
estimate the number of people potentially exposed to
high levels of geogenic arsenic in drinking water. A
probability cutoff at which the model equally well
predicts high and low values was then used to delineate
areas with high arsenic hazard and thereby calculate
the number of people potentially affected, also
accounting for rates of urban and rural household
untreated groundwater use.

3 RESULTS AND DISCUSSION

3.1 Random forest model

The performance of the random forest model on the
test dataset (20% of the data) is summarized in the
confusion matrix in Table 1. Despite a prevalence of
high values (>10 mg/L) of only 0.22 in the dataset, the
model performs well in predicting both high values
(sensitivity: 0.79) and low values (specificity: 0.85) at a

probability cutoff of 0.50. The average of these two
figures, known as balanced accuracy, is correspond-
ingly high at 0.82. Likewise, the model’s Area Under
the Curve (AUC), which considers the full range of
possible cutoffs, has a very high value of 0.89 with the
test dataset (Table 1).

3.2 Regions and populations at risk

Areas predicted to have high arsenic concentrations in
groundwater exist on all continents. Known areas of
groundwater arsenic contamination are generally well
captured, and some new areas of potential geogenic
arsenic contamination include large sections of Central
Asia, the Sahel region and the Okavango Delta in
Africa, and parts of the Arctic. The resulting global
arsenic risk assessment indicates that approximately
94–220 million people around the world are potentially
exposed to high concentrations of arsenic in ground-
water from their domestic water supply.

4 CONCLUSIONS AND
RECOMMENDATIONS

The arsenic prediction model should be used to guide
further groundwater arsenic testing. This model high-
lights areas at risk and will provide a basis for targeted
surveys and mitigation measures. If existing wells are
not thoroughly tested, the already large number of
people potentially affected can be expected to increase
as groundwater use expands with a growing popula-
tion and increasing irrigation, especially with warmer
and drier conditions related to climate change.
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Table 1. Confusion matrix summarizing the results of
applying the random forest model to the test dataset at a
probability cut-off of 0.50. The receiver operating
characteristic curve (AUC = 0.89) is also displayed.

Measured

As �
10 mg/L

As> 10 mg/L

Mod. As
� 10 mg/L

7710 555

Mod. As
> 10 mg/L

1394 2037

Sensitivity: 0.79
Specificity: 0.85
Positive
Pred.
Value:

0.59

Negative
Pred.
Value:

0.93

Prevalence: 0.22
Balanced
Accuracy:

0.82
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