










blanks were aliquots of deionized water that were processed through
the same sampling equipment used to collect the environmental
samples and subjected to the same processing as the environmental
samples.

Sample processing, filtration, and preservation were performed in
the field using methods described by USGS (variously dated). Samples
were submitted to the USGS Strontium Isotope Laboratory in Denver,
Colorado for analysis of major dissolved ions and selected halides
using methods described by Fishman and Friedman (1989). Major dis-
solved ions were analyzed by Ion Chromatography (IC) following ap-
propriate dilutions and use of standards in the range of the sample
concentrations. Analytical uncertainty by IC is typically in the range of
5 to 10% of the reported value at the 95% confidence level.

3. Results

3.1. Vulnerability assessment

The calculated vulnerability assessment scores for all 780 sections
within the study area ranged from 7.5 to 82. These values were binned
into ten equal interval ranks, with 1 being the lowest potential for brine
contamination and 10 being the greatest. The section with the greatest
acreage of WPA land in each rank was then selected for analysis. Fig. 2
shows the spatial distribution of the variables used in the vulnerability
assessment, the resulting rank for each section, and the boundaries
of WPAs within the ten sections selected for water sampling. The
site rank, calculated vulnerability assessment score, and general
information pertaining to the ten selected sections andWPAs are listed
in Table 2. A total of 481 sections, or 62%of the study area, had low (1–3)
vulnerability assessment ranks. Sections with an intermediate (4–6)
vulnerability assessment rank totaled 203 and comprised 26% of the
study area. A total of 96 sections, or 12% of the study area, had high
(7–10) vulnerability assessment ranks.

3.2. Water quality

Specific conductance, chloride concentrations, and resulting CI
values varied both within and across the ten selected sections
(Table 3). The CI values indicated brine contamination (CI N 0.035) at
seven of the ten study sites and in 19 of the 40 total water samples.
The CI values generally increase with increased site rank (Fig. 3), with
this correlation being stronger for groundwater samples (R2 = 0.78)
than surface water samples (R2 = 0.53). The R2 values are from linear
regressions fixed through the origin as the CI cannot produce negative
values. Additionally, the R2 value for the surfacewater sites is calculated
using the average CI value from wetlands 3, 8, and 9 as both surface
water samples were collected from the same wetland.

For the six replicate sample pairs, the sample with the largest CI
value is plotted in Fig. 3 and used for the calculation of R2 values. The
percent differences in major ion and trace element concentrations
were within 10% for five of the six replicate sample pairs. In the sixth

replicate sample pair, a groundwater monitoring well at Goose Lake
WPA (site rank 6), the percent differences in major ion concentrations
were much greater. The percent difference in chloride concentrations
(6.37 and 9.62 mg/L, respectively) was 41%; while the percent differ-
ence in specific conductance values (1690 and 1680 μS/cm, respective-
ly) was less than 0.6%. The calculated CI values for these two samples
were 0.004 and 0.006 and both were well below the threshold of
0.035 that would indicate brine contamination. Although the replicate
samples with the greater CI values are shown, using the replicate sam-
pleswith the lower CI values only changes the R2 value for groundwater
samples from 0.78 to 0.77 and does not affect the R2 value for surface
water samples.

4. Discussion

The use and relativeweighting of the individual variables used in the
vulnerability assessmentwere determined fromhistorical oil-field prac-
tices, previous studies, and the expertise of STEPPE scientists and part-
ners. The PLSS section was chosen as the sampling unit because the
distance to the nearest oil well(s) is clearly important. The PLSS section
grid is approximately 2.59 km2 and, in addition to providing a sampling
unit that can be easily extended across the Williston Basin, limits the
distance of the analysis to areas near the oil well(s) modeled. The
dates 1982 and 1992 were selected to stratify the age of the oldest
well as these are the earliest possible dates when reserve pit liners
were commonly used and when trenching ceased, respectively. One of
the primary goals of this project was to include surficial geology in the
vulnerability assessment as the STEPPE project and previous studies
(Beal et al., 1987) have shown that brine contamination canmigrate fur-
ther in coarse-grained glacial outwash deposits than clay-rich glacial till.
The upper portion (top 6.1 m) of glacial tills and lacustrine deposits in
the PPR are often oxidized and vertically fractured which increases the
hydraulic conductivity (Grisak and Cherry, 1975); however, glacial out-
wash deposits have a much greater hydraulic conductivity compared to
unfractured and fractured till; 1.2 × 10−7–1.2 × 10−3 m/s compared
to 1 × 10−12–1.2 × 10−5 m/s, respectively (Schwartz and Zhang,
2003). Additionally, glacial till is the predominate deposit and much
more prevalent than glacial outwash in the PPR (76.1% and 10.4% in
our study area, respectively) and the majority of oil wells are located
in glacial till. Therefore, glacial outwash represents the geological de-
posit most conducive to brine migration in the PPR, and its inclusion
in the vulnerability assessment incorporates the effect that geological
controls have on the potential for brine contamination. The percent
of wetland cover and total length of stream reach were selected to pro-
vide a metric for surface water resources. Scores for these four variables
(age of the oldest oil well, percent outwash, percent wetland coverage,
and length of stream reach) were summed together to produce an as-
sessment of the general section characteristics. Finally, to encompass
the cumulative impacts of multiple oil wells, the general section charac-
teristic scorewasmultiplied by aweightedmultiplier that was based on
the total number of oil wells. Other variablesmay affect the potential for

Table 2
Site rank, scores for each variable used in the vulnerability assessment, total vulnerability assessment score, section acreage, percent of the section managed as a Waterfowl Production
Area (WPA), and WPA name for each of the ten selected sections. See Table 1 for the distribution of values and equation used to calculate the vulnerability assessment score.

Site rank Oldest well score % of glacial outwash score % of NWI score km NHD score Number of wells score Total score Section area (km2) % of WPA WPA name

1 5 3 5 0.5 1 13.5 2.59 59% Parry
2 5 1 3 0.5 2 19.0 3.39 60% State Line
3 5 5 3 0.5 2 27.0 2.59 34% Big Slough
4 15 1 2 0.5 2 37.0 2.56 53% Widgeon Slough
5 15 4 2 0.5 2 43.0 3.70 47% Erickson
6 15 5 3 0.5 2 47.0 3.50 59% Goose Lake
7 15 1 2 0.5 3 55.5 2.56 49% North Root
8 15 4 2 0.5 3 64.5 2.57 47% Rabenberg
9 15 1 1 0.5 4 70.0 2.58 13% Ward
10 15 3 2 0.5 4 82.0 3.00 68% Anderson
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brine contamination; however, according to previous research, the five
selected for this study are likely the most important.

The equation used to calculate the final vulnerability assessment
score (Table 1) is weighted more towards the age of the oldest oil well

and the total number of wells relative to the hydrogeological variables;
however, the oil well variables alone are not the sole predictors of po-
tential contamination to aquatic resources as evidenced by the total vul-
nerability assessment scores. To illustrate this point, Fig. 4 contains

Oil Well Age

No Date
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1982-1992

> 1992

Glacial Outwash

Wetlands

Streams

WPA Study Sites

Ranking

1

2

3

4
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7

8

9

10
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0 84 Kilometers

Fig. 2.Maps showing the spatial distribution of variables used in the vulnerability assessment (left) and the spatial distribution of calculated vulnerability assessment ranks for each sec-
tion, locations of oil wells, and selected Waterfowl Production Areas studied (right), Eastern Sheridan County, Montana.
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boxplots of the distributions of total vulnerability assessment scores for
each variable from all 780 sections (left column) and from the ten se-
lected sections (right column). As can be seen from panels A1 and A2
(Fig. 4), sections with greater oldest well scores generally had greater
total vulnerability assessment scores; however, the median vulnerabil-
ity assessment score in panel A1 for the 289 sectionswith themaximum
oldest well score (15) is only 38. This is less than half the maximum
value (82) calculated from the vulnerability assessment, and demon-
strates how the age of the oldestwell alone is not sufficient to determine
potential brine contamination. This is further supported by the fact that
only one third (96) of these 289 sections had total vulnerability assess-
ment scores above 52; the lowest bin range for sites with high vulnera-
bility assessment ranks (7–10). Similarly, in panels E1 and E2 (Fig. 4),
sections with greater scores for the total number of wells generally
had greater total vulnerability assessment scores. However, only 13 of
the 780 sections (b2%) have the greatest possible score for the total
number of wells (4) and of the 90 sections with the second largest

score for the total number of wells (3), the median value was 55.5
(panel E1, Fig. 4); only slightly above the minimum value of the lowest
bin with a high vulnerability assessment rank (52). Therefore, the total
number of wells variable is also not sufficient to determine potential
brine contamination by itself.

The hydrogeological variables (percent glacial outwash, percent
wetland, and stream reach) are present across the landscape in areas
with and without oil development; therefore, a larger score for any sin-
gle variablewould not be expected to produce a greater total vulnerabil-
ity assessment score because the total score is heavily influenced by the
presence and density of oil wells. This is indeed the case as can be seen
in the boxplots for the hydrogeological variables in Fig. 4. With the ex-
ception of a modest increase in the median total vulnerability assess-
ment score for sections with larger scores for the percentage of glacial
outwash (panel B1, Fig. 4), there is no discernible trend in total vulner-
ability assessment scores associatedwith larger scores in the percentage
of wetland cover (panel C1, Fig. 4) or the length of stream reach (panel

Table 3
Site rank, sample type, specific conductance (μS/cm), chloride concentration (mg/L), and Contamination Index (CI) value for the 40 water samples collected in Eastern Sheridan County,
Montana.

Site rank Sample type Specific cond. (μS/cm) Chloride conc. (mg/L) CI value Site rank Sample type Specific cond. (μS/cm) Chloride conc. (mg/L) CI value

1 Wella 755 4.88 0.006 6 Wella 1680 9.62 0.006
1 Well 1430 9.80 0.007 6 Well 1800 12.3 0.007
1 Wetland 4480 69.4 0.015 6 Wetland 2180 14.3 0.007
1 Wetland 883 13.7 0.016 6 Wetland 5410 163 0.030
2 Well 3700 18.1 0.005 7 Well 2210 264 0.119b

2 Well 16,500 838 0.051b 7 Well 41,200 15,000 0.364b

2 Wetland 3570 62.9 0.018 7 Wetland 300 0.55 0.002
2 Wetland 11,000 316 0.029 7 Wetlanda 3950 465 0.118b

3 Wella 1210 5.25 0.004 8 Well 11,700 3110 0.266b

3 Well 1130 9.26 0.008 8 Well 8900 3040 0.342b

3 Wetlandc 3470 108 0.031 8 Wetlandc 5380 1530 0.284b

3 Wetlandc 3470 110 0.032 8 Wetlandc 5320 1580 0.297b

4 Well 3490 125 0.036b 9 Wella 41,000 15,300 0.373b

4 Well 23,100 863 0.037b 9 Well 36,700 15,000 0.409b

4 Wetland 1220 39.8 0.033 9 Wetlandc 453 21.4 0.047b

4 Wetland 26,100 894 0.034 9 Wetlandc 414 20.6 0.050b

5 Well 4710 110 0.023 10 Well 40,300 13,600 0.337b

5 Well 3220 107 0.033 10 Well 27,900 9960 0.357b

5 Wetland 9980 306 0.031 10 Wetland 2660 121 0.045b

5 Wetland 16,300 1280 0.079b 10 Wetlanda 36,400 13,000 0.357b

a Replicate water sample pairs collected at this location.
b Indicates brine contamination.
c Both water samples collected from the same wetland.
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Fig. 3. Contamination Index (CI) values by site rank for water samples collected in Eastern Sheridan County, Montana. Linear regression lines and R2 values are included in each
graph. Table 2 lists site rank and corresponding WPA names. Note: the value for the contamination threshold line is 0.035 as defined by Reiten and Tischmak (1993).
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D1, Fig. 4). Additionally, the range of total vulnerability assessment
scores from the hydrogeological variables (panels B1, C1, and D1,
Fig. 4) is similar across most of the possible values for each individual

variable and between the different variables. This further illustrates
how these variables are not the drivers of the overall vulnerability as-
sessment score, but rather enhances the analysis by identifying the
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1159T.M. Preston et al. / Science of the Total Environment 472 (2014) 1152–1162



areaswith surficial geologic deposits most conducive to brinemigration
and/or areas with larger amounts of aquatic resources. Therefore, while
the total vulnerability assessment score is highly influenced by the oil
well variables, the hydrogeological variables incorporate the local envi-
ronmental factors in each section and provide a stronger assessment of
potential brine contamination to aquatic resources compared to using
the oldest well and/or total number of wells alone.

Overall, the vulnerability assessmentworked extremelywell for sec-
tions with low (ranks 1–3) and high (ranks 7–10) scores; however, the
assessment for sectionswith intermediate (ranks 4–6) scoreswas not as
definitive. Only one of the 12 water samples from the three sites with a
low vulnerability assessment score (panels 1–3 in Fig. 5) had a CI value
indicating brine contamination (Table 3 and Fig. 3). This suggests that
brine contamination is possible in sections with low vulnerability as-
sessment scores (7.5–30), but is unlikely. In contrast, only one water
sample (discussed below) of the 16 water samples from the four sites
with high vulnerability assessment scores (panels 7–10 in Fig. 5) had
a CI value that did not indicate brine contamination (Table 3 and
Fig. 3). This implies that brine contamination is extremely likely, and
probably widespread, in sections with a high vulnerability assessment
score (N52). In sections with intermediate vulnerability assessment
scores (panels 4–6 in Fig. 5), three of the 12water samples had CI values
that indicated brine contamination; however, an additionalfive samples
had CI values between 0.030 and 0.035, or very close to the contamina-
tion threshold (Table 3 and Fig. 3). Two of the three contaminated sam-
ples were from Widgeon Slough WPA (site rank 4) and the remaining
sample was from Erickson WPA (site rank 5). No water samples from
Goose Lake WPA (site rank 6) indicated brine contamination. Thus,
brine contamination is considered probable in sites with intermediate
vulnerability assessment scores (30–52). While the vulnerability as-
sessment did not perform ideally in the intermediately ranked sections,
the low and high ranked sections (where the vulnerability assessment
performed extremely well) cover approximately 74% of the study area
and illustrate the value of using such an approach to model potential
contamination from oil and gas development across large geographic
areas.

The stronger correlation between site rank (or vulnerability assess-
ment score) and CI values for groundwater samples compared to sur-
face water samples (Fig. 3) is likely due to differences in selecting
sample locations, the proximity of sample locations to oil well sites,
and being confined within the WPA boundaries. The goal of this study
was to determine if brine contamination was present in the sections se-
lected from the vulnerability assessment; therefore, we were actively
trying to locate contaminated aquatic resources. To facilitate this goal,
geophysical surveys were used to identify contaminated groundwater
plumes based on the elevated apparent conductivities associated with
highly saline brine. Groundwater wells were then installed where ap-
parent conductivity measurements were greatest. In contrast, surface
water samples were collected from the wetlands that contained water
in closest proximity to oil well sites; thus, there was less control regard-
ing the locations of these samples. As a result, groundwater samples
generally were collected much closer to oil well sites than surface
water samples. Finally, although the vulnerability assessment score
was based on characteristics from the entire section, access was limited
to only the portions of the sectionswithin theWPA boundary and some
wetlands and oil well sites used to calculate the vulnerability assess-
ment score were inaccessible. Other factors, including the location of
wetlands in relation to groundwater flowpaths and possible dilution
of small amounts of brine in larger wetlands, may also account for
some of the difference in correlations between surface water and
groundwater samples; however, these are likely less important than
the factors discussed above.

For example, the aforementioned issues are clearly illustrated at the
North RootWPA (rank 7), which covers the north half of T36NR58ES34
(panel 7, Fig. 5). The two groundwater wells were installed in an area of
high apparent conductivity emanating from the one oil well site in the

WPA. This resulted in the groundwater samples being collected in closer
proximity to the oil well site compared to the surfacewater samples. Al-
though this section had three oil wells installed prior to 1982, two of
these are outside the WPA boundary, as is a large wetland. It would
have been preferred to sample the large wetland outside the WPA, as
it is close to and downgradient from an oil well site. Instead, the eastern
wetland sampled in North Root is relatively far away from and
upgradient of all the oil well sites in the section and is the only sample
in sites ranked 7–10 that did not indicate brine contamination. Indeed,
this sample had the lowest CI value and chloride concentration of any
water sample (0.002 and 0.55 mg/L, respectively).

Finally, there is currently a need for land managers to be able to
quickly and easily identify areas with the greatest potential for contam-
ination to aquatic resources from brine associated with oil and gas de-
velopment across the Williston Basin. This GIS-based vulnerability
assessment method could provide land managers with a cost-effective
and science-based way to quantify areas with a high potential for
brine contamination. Once high risk areas are identified, land managers
can focus limited monitoring and reclamation funds to these areas. Ad-
ditionally, such an analysis could be used to identify areas that require
baseline water-quality data in relation to on-going oil and gas develop-
ment. Our initial analysis in eastern Sheridan County, Montana, illus-
trates the successful applicability of using a GIS-based vulnerability
assessment to examine potential brine contamination across a large
geographic area.

5. Conclusions

We present a prototype PLSS section-level GIS-based vulnerability
assessment to determine the potential for brine contamination to
aquatic resources from oil and gas development in Eastern Sheridan
County, Montana. The vulnerability assessment is based on the age of
the oldest oil well, percent of glacial outwash deposits, percent of wet-
land area, length of stream reach, and the total number of oil wells in
each section. Water chemistry results, namely CI values, from ten sec-
tions selected across the range of vulnerability assessment rankings
generally validated the vulnerability assessment results; although
there was a stronger correlation between the vulnerability assessment
score and brine contamination in groundwater samples compared to
surface water samples. However, the stronger correlation for ground-
water samples compared to surface water samples is likely the result
of differences in selecting water sample locations, proximity of water
samples to oil well sites, and the requirement thatwater samples be col-
lected within the WPA boundaries in the selected sections.

Water sample analytical results show the section level GIS-based
vulnerability assessment did very well at identifying areas with high
or low levels of brine contamination. Based on the CI value, only one
of the 12water samples from the three lowest ranked sections indicated
brine contamination, whereas 15 of 16 water samples from the four
highest ranked sections indicated brine contamination. Results from
the three intermediate-ranked sections were not as definitive, with
three of the 12water samples indicating brine contamination. However,
the low number of contaminated water samples is likely related to the
issues described above.

These results validate the applicability of using this GIS-based tech-
nique across the entire U.S. portion of the Williston Basin overlain by
the PPR. Such an analysis would provide land owners and managers
with a science-based assessment regarding the potential for brine con-
tamination to aquatic resources fromoil and gas development. These re-
sults could then be used to allocate limitedmonitoring and reclamation
funding, as well as identify areas in need of baseline water-quality data,
in relation to on-going oil and gas development.
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