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Figure 5. Univariate statistical behavior of Si in terms of: 1) mean (top left), 2) standard deviation (top right), 3) skewness (bottom left), and 4) kurtosis
(bottom right).

260 The mean AS concentration (Figure 2, top left panel) indicates  ability is highest along the river flood plains of the Brahmaputra
the already-known phenomenon that AS contamination is geo- and Ganges rivers (Figure 2, top right panel). Although the skew-
logically dependent, with the highest and lowest concentrations ness and kurtosis maps appear qualitatively similar, we observe
abounding in the Holocene southcentral and Pleistocene North-  that the distribution of AS concentration is symmetric usually
west regions, respectively. However, a look at the standard de- in regions of very high mean concentration (Figure 2, compare 270
265 viation reveals that slightly more refined picture where the vari-  bottom left panel with top right panel), while the regions of low



P1: FIZ

UENF'A’289007

4C/Art

275

ENE.cls February 12, 2008 16:35

8 S.Rahman and F. Hossain

Legend

nati onad surveyzons B 0067001

Pearson's cor conas_Ace) [l 200 -0mer

[Jamyw I 086 . 0 0380 3
[ 2 cone- 00208 [ o000t 5070 [ o Ot seslabie

Legend

nakl cnal surveyzone | FEUIETIT]
Spearman’s cor cofias_AGE) [l 1 0im-0 182
1 0366 | ERES-RUECE L

) -2 coes - 0 0000

I 22554 - 0 276 (I o Cista svslatie

Legend

nationalsurveyzone [ 0oz 0

Pearson’s corcoflas_0) [l 0 720 - 0047
2305 I 0 odes - 0 oo X
432 - -03071 I o oot -0 2260 [0 o Cista weslatie

Legend

natianalsurveyzone Bl 24
Spearman’s cor cotias_D) [l © 100 s ‘k,"
24177 | EICHREET 1

[ 2 4726 0634

I oo e Ho Dists wealzbie

Figure 6. Bivariate statistical behavior of arsenic with age (left panels) and depth (right panels) of wells in terms of: 1) Pearson’s correlation coefficient

(top panels), and 2) Spearman’s rank correlation (bottom panels).

and moderate contamination usually reveal a highly skewed dis-
tribution. This indicates the need for data transformation in those
regions prior to the use of spatial mapping techniques such as
kriging (Hossain et al., in press).In another regard, the AS dis-
tribution tends to flatten in regions of high contamination. This
may be an indication of the presence of a uniform distribution.

Figure 3 shows the univariate statistical behavior of Fe in
groundwater. This parameter is physically important in further-

ing our understanding of AS release mechanism hypothesis 280
based on oxidation—reduction. In general, the mean Fe concen-
tration appears to be high in regions with high AS concentra-
tion (Figure 3, top left panel) although there is no overwhelm-
ing similarity observed. However, the spatial map of skewness
and kurtosis appears very similar to that for AS (Figures 2 285
and 3, compare bottom panels). This indicates that Fe con-
centration data may require similar kind of transformation as
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Figure 7. Bivariate statistical behavior of AS with Fe (left panels) and sulphate (right panels) of wells in terms of: 1) Pearson’s correlation coefficient

(top panels), and 2) Spearman’s rank correlation (bottom panels).

AS prior to application of geostatistical or nonlinear mapping
techniques.

The mean value of Ca and Mg concentrations shows a strong
spatial similarity (Figure 4, left panels) in the southwest region
of Bangladesh. This spatial similarity is also reflected in terms of
skewness of the data (Figure 4, right panels), although the kurto-
sis values were not found to be as similar (not shown herein). We

infer that the mapping of AS concentrations at nonsampled loca- 295

tions on the basis of multivariate factorial or regression models
may not require the dual presence of both Ca and Mg; hence, one
of them is redundant. We failed to observe any tangible behavior
in the statistical behavior of Na and Zn in space and hence they

are not reported herein. Finally, Figure 5 shows the univariate 300

statistical behavior of the parameter Si, which is as important
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as Fe in the analyses of hypotheses of AS release. Although the
mean Si concentration appears to exhibit little similarity with AS
concentration, an interesting pattern emerges on the univariate
statistical behavior. Both the skewness and kurtosis of the dis-
tribution appear very similar yet highly heterogeneous in space.
This may be an indication that Si data will require careful trans-
formation prior to any nonlinear or multivariate modeling only in
the smaller scale but not for country-wide/regional assessment
(Figure 5).

Bivariate Analyses

Based on preliminary univariate analyses (reported in the pre-
ceding section), we performed covariance analyses among the
following pairs of parameters: 1) AS with age of wells; 2) AS
with depth of wells; 3) AS with Fe; and finally 4) AS with sul-
phate. Furthermore, we present our bivariate findings in terms
of correlation statistics of Pearson’s (for linear correlation) and
Spearman’s rank (for nonlinear correlation), and finally in terms
of administrative regions of Bangladesh. These larger adminis-
trative regions are called divisions.

In Figure 6, the correlation of AS with depth (right panels)
and age of wells (left panels) are shown. It appears that only
the northeast and southeast regions are noticeably correlated. In
particular, the age of wells is only nonlinearly correlated in the
southeast region while the rest of the country shows very weak
correlation (Figure 6, left panels). The correlation of AS with Fe
appears strongest in the southwest region (Figure 7, left panels),
and this correlation appears more nonlinear (Figure 7, compare
top left with bottom left panels). This possibly indicates that the
oxidation—reduction hypothesis may be more appropriate as a
release mechanism in the southwest region. In another regard,
the sulphate concentration appears more correlated to AS in
the northwest Pleistocene region of Bangladesh, suggesting that
the pyrite—oxidation hypothesis may be more appropriate there
(Figure 7, right panels). Overall, the Spearman’s rank correlation
coefficient appears to be a better alternative for screening depen-
dent variables such as Fe and sulphate for multivariate modeling
and factorial kriging.

Conclusion

A comprehensive forensic analysis of AS contamination in
Bangladesh was undertaken using GIS, univariate and bivari-
ate statistics. Our assessment provided the background needed
for fine-tuning emerging/evolving methods of spatial mapping
based on nonlinear deterministic dynamics and multivariate fac-
torial analyses. The data were derived from the nation-wide AS
survey completed in 1999 by the BGS in collaboration with
the DPHE of Bangladesh. The study found that the standard
deviation of AS concentration is highest along the river flood
plains of the major rivers. The distribution of AS concentra-
tion was found to be symmetric in regions of very high mean
concentration while the regions of low and moderate contami-
nation reveal a highly skewed distribution. The mean value of
calcium and magnesium concentrations showed a strong spatial

similarity in the southwest region of Bangladesh. This spatial
similarity was also reflected in terms of skewness of the data 355
suggesting that the mapping of AS concentrations at nonsam-
pled locations on the basis of multivariate factorial or regres-
sion models in Bangladesh may not require the dual presence

of both Ca and Mg parameters and hence, one of them is re-
dundant. Both the skewness and kurtosis of the distribution of 360
Si concentration suggested that Si data would require careful
transformation prior to any nonlinear or multivariate modeling
only in the smaller scale but not for country-wide/regional as-
sessment. The age of wells was found to be only nonlinearly
correlated in the southeast region. The correlation of AS with 365
Fe also appeared strongest in the southwest region indicating that

the oxidation—reduction hypothesis may be more appropriate as

a release mechanism in the southwest region.In another regard,

the sulphate concentration was found to be more correlated to AS

in the northwest Pleistocene region of Bangladesh, suggesting 370
that the pyrite-oxidation hypothesis may be more appropriate.
Overall, our forensic analysis has revealed a useful knowledge
base for data transformation and selection of geochemical pa-
rameters towards spatial mapping based on multivariate factorial
and nonlinear deterministic models.

Our study is not without limitations. Most of the inference is
qualitative, and more definitive quantification would require the
use of detailed mathematical methods (such as hypothesis test-
ing). Furthermore, this study presents mostly from a data-based
perspective without formulating physically based mechanistic 380
hypothesis. Nevertheless, we believe the forensic findings from
our study can be a useful first step towards developing more
emerging spatial mapping techniques in light of uncertainty that
exists on probable release mechanisms and mainstream geosta-
tistical methods for mapping. Very recent work of Lin et al. 385
(2006), Goovaerts et al. (2005), and Hill et al. (in press) reveal
the importance of prior knowledge on data transformation, dis-
tribution analysis, principal components, and dominant variables
for more accurate spatial mapping techniques based on factorial
or nonlinear deterministic modeling.

Another limiting aspect of the study is that we have attempted
to draw regional-level conclusions without looking closely in to
the effect of spatial scale. For example, an open question remains
as follows: What role do the spatial resolution and sampling of
contamination data play in the statistical inferences on the foren- 395
sics? The paucity of quality-controlled data (approximately 50
samples per district; see section discussing study region, data,
and methods) makes it impossible to investigate if statistical
analyses at scales smaller than the district level would signifi-
cantly alter our forensic findings. Natural extensions of this work 400
would therefore be: 1) significance testing of the univariate and
bivariate statistical measures; 2) PCA; 3) establishment of con-
nections between geochemical parameters based on mechanistic
and physically based hypothesis; and 4) investigating the role of
spatial scale (with respect to geologic variability) of AS contam- 405
ination data on the univariate and bivariate statistical analyses.
Some work has already begun along the suggested line and we
hope to report them in the near future.
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