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Introduction

This study presents geostatistical modeling of
soil metal concentrations in the Operable Unit
(OU) 3 study area of the Upper Columbia River
site. Geostatistics is a specialized field within
applied statistics that models spatially distrib-
uted data, providing reliable estimates at un-
sampled locations and quantifying associated
uncertainties.

The text description of Mapping Methodology,
Database, Data Analysis, Post-Processing, and
Conclusions are presented immediately below,
followed by maps, figures and tables. The vari-
ous maps are shown in Maps 1 - 15, the statisti-
calanalysis in Figures 1 - 7, the local coordinate
system in Figure 8, and validation checks in Fig-
ures 9-12.

Mapping Methodology

The geostatistical modeling completed for the
Upland Remedial Investigation (RI) has three
main objectives:

1) The predictions of lead, cadmium, and
zinc concentrations in unsampled sur-
face soil

2) The prediction of the uncertainty in the
estimated concentrations, and

3) Preparation of maps showing the proba-
bilities of concentrations exceeding
specific concentrations.

Geostatistics offers a toolkit for developing all
the maps that are needed: the estimates of soil
concentrations, the associated uncertainties,
and the probabilities of exceeding specific
thresholds. This approach has been used for en-
vironmental studies for over 40 years, with some
of the earliest applications being surface soil
contamination studies conducted using the Ge-
ostatistical Environmental Assessment Soft-
ware (GeoEAS) software by the EPA in the 1980s
(Englund and Sparks, 1988).
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The specific geostatistical tools used for the
UCR studies are: Sequential Gaussian Simula-
tion and Universal Kriging, also known as
“kriging with a trend model.”

The factors that create uncertainty in predicted
concentrations include: laboratory measure-
ment error, distance from nearby samples, the
variability of nearby samples and the ability to
recognize and model local trends. These will all
contribute to uncertainty and cause it to vary
spatially across the study area. To support fu-
ture Rl decision-making, the Upland Rl will need
these spatially varying uncertainties to be pre-
dicted, i.e. for each map of surface soil concen-
trations an associated map of predicted uncer-
tainties. Because there is uncertainty in the es-
timates at every location, there is also a chance
that the true but unknown concentration will ex-
ceed thresholds relevant to human health and
environmental protection. For future decisions
related to possible remedial actions, maps are
also needed for the spatially varying probabili-
ties that the unknown soil concentration ex-
ceeds specific thresholds.

Sequential Gaussian Simulation (SGS)

SGS (Gémez and Journel, 1993) is a method
used to model spatial uncertainty by producing
a set of 100 equally probable maps that honor:

e sample data at specific locations

e theirdistribution (histogram)

e their pattern of spatial variation (vario-
gram)

SGS is often referred to as a “spatial Monte
Carlo” method because it implements random
sampling of a model spatially. The maps that it
produces are all plausible renditions of actual
surface soil concentrations. The 100 different
simulated values at each location were used to:
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e calculate a predicted value: the 50th
percentile (P50) by taking the median of
the 100 values

e quantify uncertainty: the difference be-
tween the 90th percentile (P90) and the
10th percentile (P10)

e calculate probabilities of exceedance: a
count of the number of times a simu-
lated value exceeds a given threshold

SGS uses nearby data to estimate the mean and
variance of the local distribution, then sequen-
tially samples random values from these Gauss-
ian distributions to create multiple realistic sce-
narios. The method used to estimate the local
means and variances is called “kriging” in geo-
statistics, which is the same as what is referred
to as “Gaussian Process Regression” in other
branches of statistics. There are several differ-
ent types of kriging, which differ in the assump-
tion made about the local mean. The specific
kriging approach used for these studies is “uni-
versal kriging.”

Universal Kriging (UK)

UK (Matheron, 1969) is applied for estimating lo-
cal probability distributions when local trends
are believed to exist. It does not explicitly model
large-scale regional data trends; instead, it re-
lies on nearby data to fit a local trend that de-
pends on spatial coordinates. UK effectively
captures large-scale data trends indirectly by
combining numerous local trends into a coher-
ent regional model. In UK, the user chooses the
functional form of the trend (linear, quadratic,
cubic, sinusoidal, etc.) and also decides the co-
ordinates along which these functions should
be used. As discussed below, linear local trends
were used in these geostatistical modeling
studies and were a function of local coordinates
(X'Y") that are aligned parallel and perpendicular
to the Columbia River.

Mapping Area and Grid

Map 1 shows the footprint of the UCR study area
within which metal concentrations of surface
soils were mapped. The perimeter of this area
extends 2,500 m beyond the available samples
used for surface soil mapping and is bounded
on the northern edge by the US-Canada border.
Within this footprint, estimates were calculated
at the center of square 30 m cells that are
aligned with UTM coordinates. The choice of
2,500 m was made by testing various possible
extrapolation distances and choosing the one
that created a single contiguous region. At
smaller extrapolation distances, the footprint
became a collection of separate islands. At
larger distances, the outermost estimates de-
pended mostly on the local trend model calcu-
lated by UK; the extrapolation of the local trend
several kilometers past the last available sam-
ple made the outermost estimates unreliable
and not useful for sampling decisions and reme-
diation planning.

The estimates for each 30 m cell were based on
the closest 30 samples.

Database

The data set utilized for this analysis was the Up-
land RI Data Set provided as Appendix D to the
Revised Draft Final Upland RI Report. The data
set was approved by EPA on August 23, 2024, in
email correspondence from Bonnie Arthur to
Rob Orr.”

Samples analyzed in this study were classified
into two subsets; Subset | comprises the set of
samples used to map metal concentrations
(Map 2). Subset Il consists of a smaller collec-
tion of samples gathered specifically around
historical mining and milling areas within the re-
gion (Map 3). These two subsets overlap spa-
tially to some extent, i.e. some of the Subset Il
samples lie within the mapping footprint

T USEPA (U.S. Environmental Protection Agency). 2024. Personal communication (email to Rob Orr, TAI, dated August 23,
2024, from Bonnie Arthur, EPA Remedial Project Manager, regarding Proposed Geostatistical Modeling Data Set). U.S. En-

vironmental Protection Agency, Seattle, WA.
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defined for Subset I. Analysis of the spatial vari-
ation in the two subsets showed that the range
of correlation is low for the mines-and-mills
data and their short-scale variation is very high
(Figure 1)2.

These two characteristics entail that attempting
to predict Subset Il concentrations at locations
where there are no samples is going to lead to
unreliable estimates; for this reason, it is only
the surface soil samples in Subset | that were
spatially interpolated and mapped. The loca-
tions and concentrations of Subset Il are dis-
played spatially, but no attempt has been made
to produce grids of predicted values for Sub-
setll.

The data set included 1,406 samples in total.
Subset | contained the majority, with 1,106 sam-
ple locations with laboratory measurements for
Pb and Cd and 875 for Zn; Subset Il had 300
samples. Within Subset |, there were 26 sam-
ples in British Columbia, Canada, located
within 1 km of the US-Canada border. Samples
from Canada were included in the mapping of
surface soil concentrations because they im-
proved the reliability of estimates just south of
the border.

The concentration distributions of Pb, Cd, and
Zn in each subset are shown in the histograms
in Figures 2, 3, and 4 and Tables 1, 2, and 3.

Data Analysis

Spatial Trends

Geochemical distributions of Pb, Cd, and Zn in
the study area exhibit significant statistical spa-
tialtrends influenced by distance from-the-river
and distance along-the-river. As shown in Figure
5, the range of correlation for Pb along the river
is three times longer than across the river. The

same 3:1 directional anisotropy was also seen
in Cd and Zn.

Figure 6 shows the distance from-the-river trend
for Pb. Higher concentrations of the element are
observed closer to the river, with a decreasing
trend moving outward. The modeled trend indi-
cates a gradual stabilization of concentrations
beyond 10,000 m from the river.

Figure 7 shows the trend along-the-river exhibit-
ing a gradual decay in concentrations, but there
is also evidence of fluctuations, indicated by
spikes in local locations such as Northport and
Bossburg. The trends for Cd and Zn demonstrate
similar overall patterns.

Locally Varying Anisotropy

Figure 8 demonstrates a flexible grid system de-
signed to capture locally varying anisotropy
along and away from the Upper Columbia River.
The reliability of estimates will be improved by a
grid design that captures the geometry of the lo-
caltrends and environmental characteristics in-
fluenced by directional processes.

The flexible grid was generated based on two pri-
mary directional influences; distance from the
river, where the zero location is the centreline of
the river, and distance along the river, where the
zero location is where the river crosses the Can-
ada-US border.

When the Easting (X) and Northing (Y) are used
directly for the local trend calculations that UK
will do, the resulting maps are not as coherent
as they are when Distance-from-the-river (X’)
and Distance-along-the-river (Y’) are used in-
stead. This amounts to locally rotating the XY
coordinate system so that X’Y’ always line up
with the river.

UK could also incorporate concentration trends
in elevation where there appears to be a de-
crease in metal concentrations in samples

2Subset Il has a range of 250 m with a high nugget effect of 0.9; the range of Subset | is three times longer at

750 m and a lower nugget effect of 0.6.

Geostatistical Modelling for the OU3 Study Area
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taken higher up the slopes of the ridges that
form the Columbia River valley. This possibility
was tested for these studies but not imple-
mented for the final maps because the use of
the locally rotated X'Y' coordinates has the ben-
eficial effect of elevation changes being picked
up in the distance from-the-river coordinate (X').

Box-Cox Transformation

The Box-Cox transformation is a statistical tech-
nique (Box and Cox, 1964) used to make data
more closely approximate a normaldistribution.
SGS applies to data that follow a normal distri-
bution (the classical “bell-shaped” curve). Ap-
plying the Box-Cox transformation to the Pb-Cd-
Zn data sets enables SGS to produce more reli-
able estimates.

The Box-Cox transformation is defined as:

T(p) = % forp+0
T(p) = In(C) forp=10

where C represents the observed concentration
values, p is an adjustable parameter that de-
pends on the skewness of the original data, and
Tis the transformed Box-Cox value.

For this study, the Box-Cox transformation was
applied locallyto Pb, Cd, and Zn to reduce skew-
ness and achieve a more normal-like (or
“Gaussian”) distribution with the optimal p
value determined globally for each element. The
use of a local transformation based on the clos-
est 30 samples allows the SGS simulations to
locally customize the uncertainty distributions
to local data. This avoids unduly smearing high
values into areas with low concentrations and
vice versa.

The optimal p for Cd and Zn was 0, meaning a
log transformation was most suitable. The opti-
mal p for Pb was -0.1, indicating that a mild in-
verse transformation was required to achieve
normality. The transformation significantly re-
duced the skewness, normalizing the data set

Geostatistical Modelling for the OU3 Study Area
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and improving statistical assumptions for fur-
ther analysis.

Variograms

To determine the spatial continuity of vario-
grams in the trend directions, experimental vari-
ograms were calculated in the along-river and
across-river distance directions, using the Box-
Cox transformed residual values. When the
Easting (X) and Northing (Y) values were used for
this, the graphs weren’t as coherent as the
graphs produced using the more flexible dis-
tance-from-the-river (X’) and distance-along-
the-river (Y’).

Table 4 shows the variogram model parameters
used in the estimation. Of these user-selected
parameters, the two with the greatest influence
on the maps are: the relative nugget effect and
the directional anisotropy, which is the ratio of
the along-the-river range to the from-the-river
range.

The relative nugget effect quantifies variability
atvery short scales. Itis acombination of impre-
cision due to the variability of laboratory meas-
urements and due to genuine in-situ short-scale
variations in soil concentrations. For areas
within the OU 3 study area, where aerial deposi-
tion is understood to be the primary source of
regional scale elevated Pb, Cd, and Zn concen-
trations in surface soil, the in-situ short-scale
variability should be smaller than the variability
of laboratory measurements. Field duplicate
samples were extracted from the Subset | data
setfor all Pb, Cd, and Zn samples, and using the
Box-Cox transform, the variance of differences
between duplicate pairs was used as the mini-
mum relative nugget effect for each element.
The relative nugget effects are high for all three
metals, close to 50%. This is because the vari-
ance of laboratory duplicates is also high for all
three metals. These high short-scale variabili-
ties have two consequences:

e The predicted concentrations exhibit a
high degree of uncertainty due to the
variability exhibited in the data set. With
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half of the fluctuations seen over the en-
tire data set being seen in duplicate
pairs taken at essentially the same loca-
tion, any estimate, no matter what
methodology is used, is going to have
poor precision due to the imprecision in
the data themselves.

e The benefit of additional sampling in
high-uncertainty areas is limited by the
fact that new laboratory measurements
are expected to have the same impreci-
sion as historical measurements. The
key to reducing uncertainty is to do mul-
tiple lab measurements of the same
sample material so that imprecision is
reduced through the averaging of dupli-
cate measurements. The collection of
additional individual samples is unlikely
to significantly reduce large-scale un-
certainty within the UCR study area.

The importance of local directional anisotropy is
that local estimates will assign more weight to
nearby samples that are parallel to the river and
less weight to those that are perpendicular to
the river. Contour lines of the mapped concen-
trations will tend to run parallel to the river, fol-
lowing it around bends.

Post-Processing

Outputted Maps

Following the validation of the simulated mod-
els, post-processing steps are performed to
generate statistical summaries and visual repre-
sentations of simulation outcomes. This report
includes three primary output maps:

e The median of simulated values at any
location serves as the prediction for un-
known Pb-Cd-Zn concentrations at that
location (Maps 4, 5, and 6).

e Uncertainty is summarized using the
spread between the 10th and 90th per-
centiles of 100 simulated values (Maps
7,8,and9).

Geostatistical Modelling for the OU3 Study Area
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e Probabilities of exceeding defined
thresholds are calculated by counting,
at each location, the number of times
(out of 100 simulations) the simulated
value exceeds the threshold (Maps 10 -
15).

Cross Validation

For the Subset | samples in the United States,
cross-validation was conducted using the “one-
at-a-time” method to assess the effectiveness
of the interpolation procedure. This involved se-
quentially removing one sample, re-estimating
its element concentration using the remaining
samples, and comparing the predicted value to
the actual measurement.

Tables 5 - 7 show a comparison of the summary
statistics of each element. In each metal, the
statistics show good agreement between the
measured and the predicted values.

Visual Validation Checks

Several visual validation checks were per-
formed. One involved visually inspecting simu-
lated concentration maps against actual sam-
ple measurements. Specifically, simulated con-
centrations were compared to field-measured
values to confirm consistency in patterns and
spatial distributions.

Another check of the maps is shown in Figure 9,
which shows the Pb, Cd, and Zn maps side-by-
side. Even though the three elements were not
estimated as a cross-correlated set and no re-
gional trends were used, the mapping method-
ology, especially the use of UK with distance
along-the-river and across-the-river coordi-
nates, produces a set of three maps that show
broad similarities: concentrations tend to be
higher at the US-Canada border and to decrease
to the southwest, following the river valley.

Statistical Validation Checks

Although cross-validation studies are usually
summarized by correlation coefficients and
global averages, for a mapping task that may
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eventually inform Rl decision-making, an analy-
sis of misclassification provides additional rele-
vant information.

Tables 8 - 16 show the misclassification rates
among the elements and the provided thresh-
olds. Figures 10, 11, and 12 show scatter plots
for cross-validation of the three metals. These
tables and figures show a high correlation be-
tween predicted and actual values and low mis-
classification errors at the chosen thresholds.

Conclusion

Probabilistic models mapping Pb, Cd, and Zn
concentrations were developed using Universal
Kriging and Sequential Gaussian Simulation,
which are robust geostatistical techniques that
have been used in environmental studies for
decades. Following model development, valida-
tion procedures compared simulation outputs
to original input data to verify accuracy. These
included cross-validation as well as visual and
statistical checks. Cross-validation confirmed
good agreement between measured and pre-
dicted values, visual checks showed con-
sistency between the patterns and spatial distri-
butions for all three metals, and low misclassifi-
cation errors for the statistical checks at each
chosen threshold.

These validation metrics collectively demon-
strated the models' ability to predict surface
metal distributions. To facilitate interpretation,
post-processing workflows generated:

e Statistical summaries quantifying metal
concentration ranges

e Spatial probability maps highlighting ar-
eas with elevated concentrations in sur-
face soil

e Maps visualizing predicted uncertain-
ties

Geostatistical Modelling for the OU3 Study Area
Upper Columbia River, Washington State
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Map 6. Predicted Zinc Concentrations in Surface Soil (P50 or Median Value)
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Figure 1 - Variograms showing differences in nugget effect and range between the Subsets of Pb
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Figure 2 - Histogram showing the distribution of Pb samples in Subsets | and Il
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Figure 3 - Histogram showing the distribution of Cd samples in Subsets | and Il
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Figure 5 - Variograms showing the ranges differences relative to river
Geostatistical Modelling for the OU3 Study Area
Upper Columbia River, Washington State 25 |R ED‘D OT‘3 D|

Upland Rl Repart 2025




Box-Cox transform of Pb

Box-Cox transform of Pb

il AP [ [ Moving average smoother i
5.5 [T RN 1 prttet T i ++4+++++ Exponential decay regression
50 |-—
4.5 e
4.0
35 L
--.-..-....-_-'"..". _/—"'V"J { N1 INEREI {
0 e R AR AR EARLRRR A ARARL AR R
2.0
% 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000
Distance from river (m)
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Figure 7 - Trend in Box-Cox transform of Pb with distance-along-river
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Table 1 - Summary statistics comparison for Pb Subset | (SUB1) and Subset Il (SUB2)

Pb (ppm) SUB1 Pb (ppm) SUB2
Number 1106 300
Mean 224 .1 5709.3
Standard Deviation 295.2 20758.2
Coefficient of Variation 1.3 3.6
Max 2840 181000.0
75th Percentile 265.8 2115.0
Median 126 102.5
25th Percentile 62.4 17.0
Min 7.7 2.6

Table 2 - Summary statistics comparison for Cd Subset | (SUB1) and Subset Il (SUB2)

Cd (ppm) SUB1 Cd (ppm) SUB2
Number 1106 300
Mean 4.5 41.5
Standard Deviation 4.8 119.4
Coefficient of Variation 1.1 2.9
Max 59.3 1090.0
75th Percentile 5.7 23.5
Median 3.0 3.7
25th Percentile 1.7 0.6
Min 0.3 0.0

Table 3 - Summary statistics comparison for Zn Subset | (SUB1) and Subset Il (SUB2)

Zn (ppm) SUB1 Zn (ppm) SUB2
Number 875 300
Mean 285.4 10806.7
Standard Deviation 1251.5 34854.2
Coefficient of Variation 4.4 3.2
Max 36900 431000.0
75th Percentile 295.5 6612.5
Median 192.0 893.5
25th Percentile 129.5 90.8
Min 23.5 8.1

Table 4 - Summary of parameters used for each element

Parameter Lead Cadmium Zinc

p for Box-Cox Transf. -0.1 0.0 0.0

Relative Nugget Effect 0.55 0.5 0.4
Model Shape Spherical | Spherical | Spherical

Range (Distance along River) 1500 1500 1500

Range (Distance from River) 500 500 500
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Table 5 - Cross-validation statistics for Pb - Lab v P50

Lab P50
Number 1080 1080
Mean 140.8 126.1
Standard Deviation 146 157.9
Coefficient of Variation 1.0 1.3
Max 1537 2550
75th Percentile 166.7 152
Median 99.7 81.9
25th Percentile 54.0 38.4
Min 15.4 7.7
Correlation Coefficient 0.71

Table 6 - Cross-validation statistics for Cd - Lab v P50

Lab P50
Number 1080 1080
Mean 4.6 3.9
Standard Deviation 4.8 2.7
Coefficient of Variation 1.1 0.7
Max 59.3 18.4
75th Percentile 5.8 5.1
Median 3.0 3.0
25th Percentile 1.7 2.0
Min 0.25 0.62
Correlation Coefficient 0.81

Table 7 - Cross-validation statistics for Zn - Lab v P50

Lab

P50
Number 849 849
Mean 243.8 231.3
Standard Deviation 175.6 146.2
Coefficient of Variation 0.7 0.6
Max 1550 1279.5
75th Percentile 297 287.4
Median 193 187.4
25th Percentile 131 136.6
Min 33.9 36.8
Correlation Coefficient 0.92

Geostatistical Modelling for the OU3 Study Area
Upper Columbia River, Washington State
Upland Rl Repart 2025

32

IREDeDOTe3D)|




Table 8 - Classification agreement for Pb at each threshold

Threshold Classification

(ppm Pb) Agreement (%)
27.2 97
100 83
200 84
400 89
700 92

Table 9 - False negative rate for Pb at each threshold

Threshold False Negative
(ppm Pb) Rate (%)
27.2 0
100 4
200 4
400 2
700 1

Table 10 - False positive rate for Pb at each threshold

Threshold False Positive
(ppm Pb) Rate (%)
27.2 3
100 13
200 12
400 9
700 7

Table 11 - Classification agreement for Cd at each threshold

Threshold Classification
(ppm Cd) Agreement (%)
0.74 96
3.74 87
5.45 88
7.4 90
74 100
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Table 12 - False negative rate for Cd at each threshold

Threshold False Negative
(ppm Cd) Rate (%)
0.74 0
3.74 7
5.45 9
7.4 9
74 0

Table 13 - False positive rate for Cd at each threshold

Threshold False Positive
(ppm Cd) Rate (%)
0.74 3
3.74 6
5.45 4
7.4 1
74 0

Table 14 - Classification agreement for Zn at each threshold

Threshold Classification
(ppm Zn) Agreement (%)
111 91
220 90
378 95
1110 100
11100 100

Table 15 - False negative rate for Zn at each threshold

Threshold False Negative
(ppm Zn) Rate (%)
111 3
220 6
378 4
1110 0
11100 0
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Table 16 - False positive rate for Zn at each threshold

Geostatistical Modelling for the OU3 Study Area
Upper Columbia River, Washington State
Upland Rl Repart 2025

Threshold False Positive
(ppm Zn) Rate (%)
111 6
220 3
378 1
1110 0
11100 0
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