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ABSTRACT

The Northeast Montana Wetland Management District provides habitat for numerous different species of breeding water-
fowl and migrating shorebirds, including the threatened Piping Plover and endangered Whooping Crane. The management 
district is also located within the Williston Basin, which is often considered Montana’s top oil-producing region, char-
acterized by dense oil fi elds both currently operational and historic. The majority of the waterfowl production areas are 
located in the eastern half of Sheridan County, Montana, where very high densities of oil wells are also located. Produced 
water is the dominant waste product of the oil production process. Prior to the 1970s, it was often stored in unlined reserve 
pits or disposed of in infi ltration pits. Produced waters of the Williston Basin are highly saline brines that often contain 
co-occurring contaminants that were either included as additives during the drilling process or derived from the deep oil-
producing zones and brought to the surface during the extraction process. Improper disposal of produced water brines can 
degrade surface water and groundwater. This study was conducted to evaluate the extent of produced water contamination 
throughout the Northeast Montana Wetland Management District.

Numerous techniques were employed to assess produced water brine contamination throughout the Northeast Montana 
Wetland Management District. In the fi eld, a contaminant index (i.e., chloride concentration/specifi c conductivity) was 
calculated for wetlands visited to initially quantify the extent of surface-water brine contamination. Water quality was as-
sessed at 87 wetlands. Thirty-fi ve of the visited wetlands had average contaminant index values indicating brine contami-
nation. Impacted wetlands were found in 17 of the 29 waterfowl production areas and one refuge visited. The apparent 
terrain conductivity of sites where the contaminant index suggested produced water brine impacts was then characterized 
using soil electromagnetic conductivity (EM-31) surveys. Completed EM-31 surveys delineated the movement of brine 
from its original disposal location and indicated whether or not produced water and associated contaminants may have 
contaminated surface waters on the WPAs. Ionic compositions of groundwater monitoring well samples were quantifi ed 
in areas with suspected contamination, and the calculated groundwater contaminant index value often verifi ed the results 
of the EM-31 surveys. Furthermore, analyses for petroleum hydrocarbons on soil and groundwater samples and analyses 
for trace elements on groundwater and surface-water samples indicated that certain constituents from each group of co-
occurring contaminants were present in the environment at potentially toxic levels as a result of the oil exploration and 
production processes. In an effort to quantify the impacts of co-occurring contaminants, an ion-toxicity model was applied 
in coordination with laboratory toxicity tests using site water. 

The presence of historical infi ltration disposal pits, coupled with underlying glacial outwash, represent scenarios in which 
the risk of environmental contamination is elevated due to the likelihood of drilling waste migrating offsite. Historic aerial 
maps could be used to identify historical brine pits and the application of the contaminant index could be used in coordi-
nation to identify other contaminated areas or to identify areas that are susceptible to contamination.

Keywords: DEC ID: 200460001, FFS: 61130- 6N51, Produced Water, Brines, Williston Basin, Northeast Montana Wet-
land Management District, EM-31
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INTRODUCTION

The Williston Basin, which extends into the northeastern 
corner of Montana, is Montana’s top oil-producing re-
gion, accounting for 81% of all oil produced in the state 
(Montana Oil and Gas Conservation Division, 2000). The 
Northeast Montana Wetland Management District (WMD), 
found in Daniels, Sheridan, and Roosevelt Counties of 
Montana, contains a portion of the prairie pothole region, 
and also overlies numerous oil fi elds located in the Willis-
ton Basin. The majority of the waterfowl production areas 
(WPA) were purchased without underground mineral rights, 
and perpetual wetland and grassland easements do not 
prevent oil exploration or drilling activities. Consequently, 
oil fi eld development in eastern Sheridan County, Montana 
has caused the transfer of highly concentrated sodium 
chloride brines from deep oil-producing zones to shallow 
aquifers, lakes, and wetlands. Therefore, the overlap of oil 
production activities has created concerns for the Northeast 
Montana WMD. 

Oil was fi rst discovered in the Williston Basin in North 
Dakota along the Nesson Anticline near the town of Tioga 
in 1951. The fi rst oil boom in eastern Sheridan County, 
Montana did not occur until the early 1960s, when sev-
eral large fi elds were developed. Two of the larger fi elds 
developed were the Goose Lake and Flat Lake fi elds. The 
primary targets for oil extraction were zones in the lower 
Charles Formation of the Mississippian Madison group. 
A second oil boom occurred in the 1970s when deeper oil 
formations were targeted, mainly in the Ordovician Red 
River Formation. Renewed oil exploration activity began 
in the mid-1990s with the advent of horizontal drilling and 
three-dimensional seismic technology (USFWS, 2000).  
Recent targets include the Bakken Shale and the underly-
ing Three Forks Formation. Typical production from these 
units requires horizontal boreholes to be completed within 
the producing formation. To produce hydrocarbons, the 
formations surrounding the horizontal legs are hydrofrac-
tured using highly pressurized fl uids developed to carry 
fi ne-sand-sized proppants into fractures induced by the 
high-pressure fl uids. These induced fractures are propped 
open and stabilized by the sand grains, allowing hydrocar-
bons to fl ow toward the borehole, where they are extracted 
by surface pumps. 

Environmental contaminants generated in conjunction 
with oil exploration and production that may cause adverse 
effects are drilling muds and production activity wastes, 
including produced water. Congress exempted these wastes 
from the more stringent requirements of the hazardous 
waste management provision of the Resource Conservation 
and Recovery Act (RCRA). Consequently, reserve pits, 
reinjection wells, and well site abandonment procedures 
are less stringent than would otherwise be required under 
RCRA, increasing the potential for contamination to remain 
in the environment (Kharaka and others, 1995).

Drilling fl uids or muds are crucial production components 
for cooling and lubricating the drill bit, removing the drill 
cuttings from the drilling area, and transporting them to the 
surface. They counterbalance the geologic formation pres-
sure to prevent formation fl uids (i.e., oil, gas, and water) 
from entering the well prematurely and prevent the open 
uncased wellbore from caving in (EPA, 2000). Additives 
enhance the performance of the drilling fl uids and typically 
contain weighting materials such as barium sulfate and 
various types of corrosion inhibitors such as iron oxide, 
aluminum bisulfate, zinc carbonate, and zinc chromate 
(EPA, 2000). In the Williston Basin, most drilling requires 
negotiating salt-bearing formations, which necessitates the 
use of special drilling muds. Muds used for these forma-
tions are either saltwater-based or oil-based. Saltwater-
based muds typically contain 250,000 mg/L NaCl, while 
oil-based muds contain combinations of diesel fuel, crude 
oil, oxidized asphalt, fatty and organic acids, and stabiliz-
ing agents (Montana Offi ce of the Governor and others, 
1989). Other drilling additives employ dispersants such as 
iron lignosulfonates; fl occulants such as acrylic polymers; 
surfactants; and biocides such as organic amines, chloro-
phenols, and formaldehydes, which are used to kill bacteria 
that may produce sulfi de gas (EPA, 2000). 

Drilling wastes range from 8 to 84 gallons for each foot 
drilled (EPA, 2000). In Sheridan County, where well depths 
vary between 6,520 and 12,000 ft (Montana Oil and Gas 
Conservation Division, 2000), drilling wastes may range 
from 52,000 to 1 million gallons per newly drilled well. 
Formation fl uids, as well as rock cuttings from the drilling 
process, are also often found in the drilling wastes and may 
contribute to contaminant loads (EPA, 2000). 

When brought to the surface through the extraction process, 
the formation fl uid normally contains several constituents 
in addition to crude oil, such as natural gas, produced wa-
ter, sand, silt, and various additives. In the Williston Basin, 
gas fraction hydrocarbons are typically burned off in a fl are 
pit and the remaining formation fl uid is piped to an onsite 
or nearby tank battery where initial oil/water separation 
occurs. The extraction process is turbulent, so the formation 
fl uid usually is comprised of a high percentage of oil–water 
emulsion (EPA, 2000).

By volume, produced water is the largest waste product 
from the oil production process (EPA, 2000). The Montana 
portion of the Williston Basin has numerous older oil wells, 
defi ned as those wells drilled prior to the mid-1980s, and 
because the volume of produced water also increases with 
the age of the well, this basin likely produces saline water 
at far higher rates than oil. In fact, 90–98% of extracted 
fl uid in older wells is produced water instead of oil (EPA, 
2000). On a national scale, oil production in the U.S. 
resulted in the extraction of 2.5 billion barrels of crude 
oil and 25 billion barrels of produced water, a volume 
10-fold greater than the crude oil produced (USGS, 1997). 
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Contaminant concentrations in produced water vary by 
region, depth to production zone, and age of the well (EPA, 
2000). Frequently occurring produced water contaminants 
include hydrocarbons, trace elements, radionuclides, drill-
ing mud additives, and salts (Stephenson, 1992).  Trace ele-
ment occurrence and concentration in produced waters can 
vary. Commonly occurring trace elements include barium, 
boron, cadmium, chromium, copper, lead, lithium, nickel, 
silver, strontium, and zinc (Stephenson, 1992; Jacobs and 
others, 1992). Some trace elements such as boron, lithium, 
and strontium are present in produced water because they 
are co-located within the oil-producing zones, while other 
trace elements such as silver, cadmium, lead, chromium, 
barium, aluminum, nickel, and zinc occur in produced 
water as drilling additive constituents (Reiten, 1991). 
Further, oil extracted from deep formations can be very 
corrosive, and can entrain high concentrations of trace ele-
ments added in the drilling process during extraction (Brian 
Cain, USFWS, written commun., 2009). Radionuclides are 
also a commonly occurring constituent in produced water. 
These radionuclides, often referred to as NORM (naturally 
occurring radioactive material), primarily consist of radium 
(226Ra and 228Ra; Stephenson, 1992), although uranium 
and radon can also be present (EPA, 2000). NORM can 
be found in high concentrations in the scale formation on 
the well casing. Scale forms as the salts in produced water 
precipitate out of solution as the formation fl uid approaches 
the surface and cools. Scale and paraffi n removal are 
regular maintenance activities completed with hydrochloric 
and hydrofl uoric acid, organic acids, and phosphates (EPA, 
2000). These maintenance activities can be continuous, 
and cleaning chemicals and associated scale material will 
likely become additional contaminant components in the 
produced water.

An additional concern associated with oil drilling is that 
co-produced water in the Williston Basin is some of the 
most saline produced water in the United States. In fact, the 
oil fi eld brines produced from within the Williston Basin 
can be up to 10 times as salty as seawater. Migration of 
produced water brines to surface-water or groundwater has 
been characterized in many areas of the United States, and 
many of the contamination pathways are similar, such as 
leaching of brines from disposal pits, migrating from road 
spreading sites, and reinjection wells leaking into freshwa-
ter aquifers and contaminating drinking water and irrigation 
wells (Bair and Digel, 1990; Baker and Brendecke, 1983; 
Thamke and Craigg, 1997; Jones and Waite, 1988; Dutton 
and others, 1989).

Traditionally, infi ltration pits and unlined reserve pits were 
excavated at the drill site and used to dispose of produced 
water, as well as other oil fi eld wastes (Reiten, 1992). 
After the drilling was completed, the pits were left open 
to be used for additional produced water disposal, or they 
were backfi lled (Reiten, 1991). Delivery of contaminated 
produced waters to these pits ranged from one half to 420 
barrels (a standard oil barrel is 42 gallons) a day, and it 

was assumed that the contaminated produced water deliv-
ered to these unlined pits was evaporating (Murphy and 
others, 1988). Rather than evaporating, much of the pro-
duced water leached into the shallow groundwater system 
underlying the infi ltration and reserve pits. Based on the 
average pit size and conservative chloride concentrations, 
an estimated 260 tons of sodium chloride salts was pres-
ent in each pit (Reiten, 1992). Recharge events that allow 
moisture to infi ltrate the soil layers above shallow aquifers 
have the potential to dissolve salts and cause downgradient 
migration, further increasing the mobile salt loads present 
in groundwater. Migration of salts from old infi ltration pits 
has been documented numerous times, often resulting in 
lost productivity of crop ground and salinization of shal-
low groundwater and surface waters (Reiten and Tischmak, 
1993). Prior to the mid-1970s, reserve pits were reclaimed 
by simply backfi lling the pit.

While current reserve pit rules and regulations for the state 
of Montana require that all pits must now be lined, the 
liners used in these pits often become compromised dur-
ing placement, or in time through use. Many of the liners 
observed at new drilling sites appear to be ripped, torn, or 
punctured (J. Reiten, Montana Bureau of Mines and Geol-
ogy, and K. Nelson, USFWS, oral commun., 2009). Ad-
ditionally, reserve pit liners were often breached as a means 
to reclaim the site, allowing salt-saturated mud to move to 
unlined trenches. Brines are extremely mobile, and only 
infi ltrating snowmelt or rainfall dilutes the salt load. The 
rate of dilution is very slow, and high concentrations of salt 
can be found in both the soil and groundwater below a site 
for decades (Reiten, 1991). 

Migration of brine results in salt contamination of soil and 
groundwater offsite. Recharge events have the potential 
to mobilize salts, contributing to downgradient migration. 
Additionally, upward migration of salt is common in areas 
with high water tables, resulting in the movement of salt 
into the soil, effectively sterilizing the soil to a point in 
which the system can no longer support vegetation. Pro-
duced water brines can kill vegetation, prevent germina-
tion of seeds, and cause increased erosion. The sodium in 
produced water can cause dispersion of clays, disruption of 
soil texture, and loss of soil cohesion (Otton and Zielinski, 
2000). Additionally, produced water brines may cause dam-
age to aquifers, contaminating water wells throughout the 
county. The cost of relocating and redrilling wells to avoid 
contaminated aquifers can be high. It may require drilling 
several test holes to fi nd uncontaminated groundwater. 
Sampling in the 1990s indicated increased salt concentra-
tions in and around parts of the Clear Lake aquifer near 
Dagmar. The Clear Lake aquifer eventually discharges to 
the many lakes and wetlands in Sheridan County that are 
protected as WPAs or are included in the Medicine Lake 
National Wildlife Refuge (NWR). Indirect costs include the 
loss of wildlife habitat caused by oilfi eld brine-contaminat-
ed wetlands and contaminated aquifers. 
This investigation intends to determine to what extent 
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oilfi eld exploration and production wastes, principally 
through produced waters, have impacted WPAs adminis-
tered by the Northeast Montana WMD and to promote the 
implementation of environmentally sound technology to 
new oil and gas drilling. Specifi cally, this investigation will 
determine the number of WPAs impacted by oil fi eld waste 
and determine which wetlands contain potentially toxic 
concentrations of ions and co-occurring contaminants from 
oil exploration and production activities. 

STUDY AREA

The study area for this project, located in the northeastern 
corner of Montana, included Daniels, Sheridan, and Roos-
evelt Counties as well as the Medicine Lake NWR and the 
Northeast Montana WMD, which is administered by the 
Medicine Lake NWR complex (fi g. 1). National Wildlife 
Refuge System lands within the WMD include 44 WPAs, 
totaling 12,507 acres; the two noncontiguous units of 
Medicine Lake NWR, totaling 31,660 acres; an additional 

8,573 acres of wetlands protected under perpetual wetland 
easements; and perpetual grassland easements protecting 
10,968 acres of grassland.

The Northeast Montana WMD provides habitat for approxi-
mately 200,000 waterfowl breeding pairs and in excess of 
100,000 migrating shorebirds (M. Rabenberg, USFWS, oral 
commun., 2006). The area has been used by endangered 
Whooping Cranes (Gus Americana) and supports 85% of 
Montana’s breeding population of the threatened Piping 
Plover (Charadrius melodus). Surveys completed in June 
2000 indicated 144 adult plovers (66 breeding pairs) were 
using the WPAs as well as state and private lands in the 
area (USFWS, 2000).

Dry land farming and livestock grazing are the traditional 
land uses in Sheridan County. Irrigation development 
has increased in the past 29 years, occurring mainly in 
the southeastern part of the county where the Clear Lake 
aquifer is being tapped. Irrigable soils and suffi cient water 
supplies for irrigation overlie several of the oil fi elds. 

Figure 1. Location of the Northeast Montana WMD and Medicine Lake NWR in Daniels, 
Sheridan, and Roosevelt Counties.
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Resource extraction industries that are present within 
Sheridan County include oil production, coal mining, and 
gravel mining. Reserves of lignite within the Fort Union 
Formation underlie the glacial and terrace deposits. Several 
abandoned coal mines are located near the town of Coal-
ridge. Most of the glacial outwash deposits in this area are 
composed of sand and gravel, and are mined throughout 
eastern Sheridan County.

Hundreds of lakes and wetlands are located in eastern 
Sheridan County. These surface-water sources have a very 
diverse chemistry, with several-fold increases in dissolved 
solids possible between lakes separated by only a few 
hundred yards. The diverse chemistry implies the integra-
tion of complex groundwater fl ow systems including local, 
intermediate, and regional fl ow systems supplying water to 
the lakes and wetlands. The lakes are used by wildlife, live-
stock, and recreationists. Many of the lakes are important 
to the water balance of the region both as focused recharge 
sources and as buffers infl uencing groundwater levels.
 

Climate

Eastern Sheridan County has a semiarid continental cli-
mate, characterized by cold, dry winters, moderately hot 
and dry summers, and cool, dry falls. Cold winters are often 
interrupted by warming trends, with summers dominated by 
hot days and cool nights. January is generally the coldest 
month and July the warmest. Based on the 29-year period 
of record from 1980 to 2009, the average precipitation 
at Westby is approximately 13.07 in/year with about 66 per-
cent of the precipitation falling from May through August. 
June is typically the wettest month. Evaporation is typically 
much higher than precipitation in this area. The closest 
station with long-term Class A evaporation pan data is at 
Sidney. Long-term data from the Sidney site indicates that 
between 25 and 35 in of water evaporates annually. Evapo-
ration data from a Class A pan of the U.S. Department of 
Agriculture research farm near Froid indicates signifi cantly 
higher evaporation rates than at Sidney. The average evapo-
ration at the Froid station was 52 in per year between 1984 
and 1988. In contrast, the Sidney station reported 34 in of 
annual evaporation over the same period (Donovan, 1988). 
Wind and hot temperatures contribute to an average 6 to 12 
in of monthly evaporation from May to August at the Froid 
site. The Froid climatic station appears to be more repre-
sentative of conditions in eastern Sheridan County than the 
Sidney climatic station because of the proximity and more 
similar physiography.

Long-term climatic trends show a large range of monthly 
precipitation for individual months. This trend is most 
evident from April through September. A 10- to 20-year 
periodicity of below average precipitation is often ac-
companied by above average temperatures, indicating that 
cycles of drought are common in this region. The 1980s 
were drier than average, resulting in drought during much 
of the decade.

Regional Hydrogeology

Eight major aquifer systems underlie eastern Sheridan 
County from the Paleozoic Madison Group to the Quater-
nary alluvium (table 1). Aquifers within 200 to 300 ft of 
ground surface include the Tongue River Member of the 
Tertiary Fort Union Formation, Tertiary/Quaternary terrace 
deposits, Quaternary glacial outwash deposits, and recent 
alluvial deposits. The lower Hell Creek–Fox Hills aquifer 
is the deepest source of potable water in this region. Depth 
to this aquifer ranges from 700 to 1100 ft. Deeper aquifers 
in rocks of Mesozoic and Paleozoic age contain non-
potable water, but are important aquifers because they are 
associated with oil reservoirs. Water from these aquifers is 
commonly pumped to the surface during oil production and 
can degrade potable supplies if allowed to infi ltrate shallow 
aquifers. 

The Prairie Pothole region of northeastern Montana con-
sists of glaciated terrain that makes up parts of the Mis-
souri Coteau and the Coteau Slope physiographic regions 
(Bluemle, 1991). Underlying the Quaternary glacial 
deposits are sediments and rocks that form a large regional 
structural feature known as the Williston Basin. The Basin 
is fi lled with Paleozoic to Recent Age sediments. Hydro-
carbons were generated and trapped in several different 
Paleozoic age sediments. Depths of hydrocarbon targets 
range from about 6000 ft to more than 12,000 ft. Hydro-
carbons accumulated in rocks of the Red River Formation, 
Three Forks Formation, Bakken Formation, and several 
formations within the Mississippian Group. Co-produced 
brines from this part of the Williston Basin are typically ten 
times more concentrated than sea water.

The Missouri Coteau and the Coteau Slope physiographic 
regions are clearly identifi able on aerial photographs, on 
satellite images, and on a variety of maps showing the 
topography. Plate 1 is a near-surface geologic map showing 
predominant lithologic units draped over a hillshade map of 
the area. The geologic map was developed using informa-
tion from outcrops, drill holes, soil surveys (Richardson 
and Hanson, 1977), and open-fi le geologic maps (Ber-
gantino, 1986). The Missouri Coteau is found in the two 
northern townships of this area. The Coteau Slope occupies 
the rest of the area. The topography of the Missouri Coteau 
is very hummocky with abundant potholes and sharp hills. 
The predominant near-surface deposits are glacial till with 
minor areas of lake sediment, outwash, and alluvium. The 
remnants of several ice-walled lakes are found in the Mis-
souri Coteau region of Sheridan County. These are often 
slightly hummocky due to lake development over ice and 
subsequent differential melting of the stagnant ice. The 
topography of the Coteau slope is smoother, with gentler 
hills and fewer potholes. A relict swale trending southwest 
to northeast aligns with the ancestral valley of the Missouri 
River. The alluvial aquifer section of the Clear Lake Aqui-
fer occupies the central part of the swale. Glacial till and 
glacial outwash are the predominant near-surface deposits. 
The glacial outwash section of the Clear Lake aquifer 
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underlies areas mapped as glacial outwash from Medicine 
Lake to Westby.

The distribution of surfi cial glacial deposits of till, out-
wash, and lake sediments are mapped throughout most of 
Sheridan County. These sediments were deposited during 
and after the advance of Late Wisconsinan glaciers into the 
region. Glacial till is the most widespread surfi cial geologic 
unit mapped in the study area. The glacial till consists of 
unbedded and unsorted gray to light olive brown, pebbly 
clay-loam, and is considered an aquitard. Pebbles, cobbles, 
and boulders of local and northern sources are common in 
this unit. Water in the till aquitards is generally under con-
fi ned conditions. Secondary porosity caused by fractures in 
the till accounts for most of the groundwater fl ow.

Glacial outwash deposits are the second most widespread 
surfi cial geologic unit mapped in the study area. The 
outwash consists of light gray, brown, and reddish-brown 
silty sand, sand, and gravel. It is composed of a heteroge-
neous mixture of igneous, metamorphic, and sedimentary 
rock fragments. The outwash is typically composed of 
poorly sorted to moderately well-sorted sediments. Glacial 
outwash was deposited by meltwater streams draining the 
glaciers. Deposits of glacial outwash typically form aqui-
fers, which if buried by glacial till or other fi ne-grained 
materials are commonly under confi ned or leaky confi ned 
conditions.

Glacial lake sediments cover the least area of the surfi cial 
geologic units mapped. These lake sediments consist of 
light brown to dark gray interbedded, fi ne-grained sand, 
silt, and clay. Lake sediments were deposited by interfl ow 
and underfl ow currents in glacially dammed lakes. All of 
the surfi cial lake deposits are restricted to the portion of 
Plate 1 north and west of McElroy. Due to its fi ne-grained 
nature, lake sediments typically form aquitards. As in 
glacial till, fractures cause secondary porosity, increasing 
the water-transmitting capabilities of this unit. Water in lake 
deposits is generally under confi ned conditions. For sim-
plicity, recent deposits of alluvium, loess, colluvium, and 
slough sediment are not typically mapped. These deposits 
are usually thin (less than 3 ft thick) and where thicker are 
diffi cult to distinguish from the older glacial deposits.

Aquifers in Sheridan County range from non-potable 
water sources associated with deep hydrocarbon explora-
tion and production to potable sources that are commonly 
used for stock, domestic, municipal, and irrigation sup-
plies (Donovan, 1988). Water produced from aquifers 
stratigraphically below the Bearpaw Shale are typically 
unusable for most purposes and are generally considered a 
waste, often requiring injection into a properly engineered 
disposal well. These include aquifer zones within the 
Cretaceous Age Judith River Formation, Cretaceous Age 
Lakota and Dakota sandstone, Mississippian Age Madison 
Group limestone and dolomite, and deeper Paleozoic Age 
carbonate and sandstone. Waters from these aquifers are 

often co-produced with hydrocarbons and contain very high 
concentrations of dissolved minerals, sometimes greater 
than 300,000 mg/L total dissolved solids (TDS). Aquifer 
zones from the Dakota and deeper are often targeted for 
injection wells used for disposal of produced water from 
hydrocarbon production. Containment of this water is a 
signifi cant concern to water users because of potential con-
tamination from discharges into shallower potable supplies. 
Aquifers in the Madison Formation and deeper may have 
a potential for low-temperature geothermal exploitation 
because of high artesian pressures and water temperatures 
reaching 60ºC. These aquifers are believed to be part of a 
deep regional groundwater fl ow system with recharge areas 
located farther west in Montana and discharge areas in 
eastern North Dakota. As the groundwater fl ows from west 
to east, the dissolved minerals tend to increase signifi cantly. 
Another signifi cant component of the deep aquifer system 
is vertical leakage, where water leaks vertically to either 
overlying or underlying stratigraphic units dependent on 
differential hydrostatic pressures.

Water Quality

Potable groundwater can be produced from several gener-
ally reliable aquifers underlying Sheridan County. Charac-
teristics of these aquifers are summarized in table 1.

Groundwater occurring within sandstone units of the Fox 
Hills–Hell Creek aquifer system underlies Sheridan County 
at depths ranging from about 1000 to 1300 ft. This is the 
stratigraphically lowest aquifer that dependably yields 
potable water in this area. It is exposed or thinly covered by
unconsolidated materials around the Poplar Dome located 
just west of Sheridan County. Water quality is summarized 
based on the results of fi ve water analyses in Sheridan 
County. A Stiff diagram showing the dominant ions is 
shown in fi gure 2. Water from the Fox Hills–Hell Creek 
aquifer is dominated by ions of sodium and bicarbonate. 
The TDS ranged from 1187 to 1643 mg/L in samples from 
fi ve wells in Sheridan County. The mean TDS was 1429 
mg/L and mean sodium absorption ration (SAR) was 78. 
Fluoride concentrations ranged from 1.1 to 4.1 mg/L and 
are likely to be greater than drinking water standards.  
Based on regional studies in nearby areas it appears that 
groundwater from the Fox Hills–Hell Creek aquifer dis-
charges to the deep incised trenches formed by the Big 
Muddy meltwater channel and ancestral Missouri River 
channel and eventually fl ows towards the Missouri River. 
Little is currently known about the volume of these dis-
charges or how these discharges impact the water quality of 
surface-water bodies in Sheridan County.

The Fort Union Formation underlies Sheridan County and 
is about 1000 to 1500 ft thick. There are four Members 
of the Fort Union mapped in northeastern Montana. The 
Tullock Member is the oldest unit. It is largely yellow 
sandstone interbedded with grayish brown and black shale 
and thin beds of coal. This unit is overlain by the Lebo 
Member, which is composed of dark gray carbonaceous 
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Table 1. Water-yielding and water-quality characteristics of principal aquifers in Sheridan County. 
Stratigraphic Unit Principal Aquifers Aquifer Characteristics 

Quaternary
unconsolidated deposits 

0–100 ft thick 
(110QAL)

Alluvial sand and gravel along 
and underlying the Big Muddy 

and its tributaries 

Groundwater under unconfined and 
semi-confined conditions in alluvial 
sand and gravel along the 
Yellowstone River. Saturated 
thickness generally less than 40 ft.  
Well yields and quality adequate for 
domestic and stock uses. Water 
quality variable, mean TDS 1,470 
mg/L.

Quaternary glacial aquifers 
unconsolidated deposits 

0–250 ft thick 
(112OTSH, 112DRFT, 112TILL) 

Minor low-yield aquifers in 
glacial till.  High yield aquifers 

in glacial outwash deposits 
associated with buried 

channels

Groundwater is semi-confined or 
confined in buried channel aquifers.  
May directly overlie alluvial aquifer in 
buried channels, resulting in gravel 
deposits 100–250 ft thick. Well 
yields and quality commonly 
adequate for irrigation. Irrigation 
potential limited by high SAR, mean 
TDS 1,323. 

Quaternary or Tertiary 
unconsolidated or poorly cemented 

deposits
0–300 ft thick 

(112ALVM, 112SNGR,112TRRC) 

Minor upland sand and gravel 
associated with Flaxville 

Formation. More commonly in 
buried channels containing 

ancestral Missouri River 
(Wiota) sand and gravel 

deposits

Groundwater under unconfined 
conditions in isolated sand and 
gravel deposits underlying terraces 
on uplands above Big Muddy Creek 
valley. Groundwater is semi-
confined or confined in buried 
channel aquifers. Saturated 
thickness ranges from 0 to 150 ft. 
Well yields and quality adequate for 
irrigation. Irrigation potential limited 
by high SAR, mean TDS 1,471 
mg/L.

Fort Union Formation 
up to 1500 ft thick 

(125FRUN,125TGRV) 

Fort Union Formation 
Sentinel Butte Member 
Tongue River Member 

Lebo Member 
Tullock Member 

Sandstone up to 100 ft thick and 
coal beds up to 8 ft thick are water-
yielding units. Groundwater 
generally unconfined in upper 200 ft, 
confined below. Yields typically 
average 10 gpm. Variable water 
quality, mean TDS 1,379 mg/L, may 
have high sulfate and iron 
concentrations. 

Fox Hills/Hell Creek Formation 
350–450 ft thick 

 (211FHHC, 211 HLCK) 
Fox Hills 

Groundwater is generally under 
confined conditions in sandstones in 
the lower part of the Hell Creek 
Formation and upper part of the Fox 
Hills Sandstone (Colgate Member). 
Wells may flow in low-lying areas. 
Well yields as high as 100 gpm have 
been reported, but average about 20 
gpm. Alkaline water, mean TDS 
1,429 mg/L, sodium and bicarbonate 
are the dominant ions, may have 
high fluoride concentrations. 
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shale, bentonitic claystone, sandstone, and coal.  The next 
overlying unit is the Tongue River Member, composed of 
yellowish orange sandstone, sandy and silty carbonaceous 
shale, and coal. The uppermost unit is the Sentinel Butte 
Member, consisting of dark gray shale with interbedded 
lignite and gray sandstone. Groundwater production is 
typically limited to sandstone or coal lithologies. All of 
the members contain permeable zones that are aquifers, 

but the Lebo Member contains signifi -
cantly more bentonitic claystone and 
shale. Wells completed in this unit are 
the least likely to produce signifi cant 
amounts of water.

Well depths in the Fort Union aquifer 
range from 40 to 500 ft, and static 
water levels range from 10 to 350 ft 
depending on topographic position and 
regional fl ow conditions. Water quality 
is summarized based on the results of 
38 water analyses in the Big Muddy 
watershed. A Stiff diagram showing 
the dominant ions is shown in fi gure 2. 
Water from the Fort Union aquifer is 
dominated by ions of sodium and bicar-
bonate. TDS ranged from 328 to 4009 
mg/L in samples from 38 wells in the 
Big Muddy drainage. The mean TDS 
was 1379 mg/L and mean SAR was 86. 
The median value of TDS was 1229 
and the median SAR was 8. While 
either the median or mean appear to 
be good predictors of TDS, the median 
of the SAR values is probably a better 
measurement of typical SAR values. 
Based on regional studies in nearby 
areas, it appears that groundwater 
discharges to the deep incised trench 
formed by the Big Muddy meltwater 
channel and eventually fl ows towards 
the Missouri River. Little is currently 
known about the volume of these dis-
charges or how these discharges impact 
the water quality of the Big Muddy.

Deposits of the ancestral Missouri 
River in northeastern Montana are 
known as the Flaxville Formation and 
Wiota gravels. These units formed 
when the ancestral Missouri River 
fl owed northeast towards Hudson Bay. 
The Flaxville Formation is a Tertiary 
Age gravel deposit that commonly 
forms unconfi ned aquifers typically 
less than 100 ft deep. It is restricted to 
upland alluvial gravel plateaus west of 
the Big Muddy, but is buried by glacial 
deposits in parts of eastern Sheridan 
County. Local rainfall and snowmelt 

provide abundant recharge and springs commonly form 
along the plateaus. The Wiota gravels are Quaternary age 
and contain fragments of Canadian Shield rocks, indicating 
association with glacial deposits. These gravels are overlain 
by 50 to 250 ft of glacial sediments. Aquifers developed in 
these gravels are typically semiconfi ned or confi ned. Water 
quality is summarized based on the results of 18 water 

Figure 2. Stiff diagram based on the average values of major anions and cations in 
samples from Big Muddy Creek and wells completed in major geological sources in 
the Big Muddy watershed of Sheridan County.
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analyses in Sheridan County. A Stiff diagram showing the 
dominant ions is shown in fi gure 2. Water from the alluvial 
gravel aquifer is dominated by ions of sodium and bicar-
bonate. TDS ranged from 477 to 2068 mg/L in 18 samples 
from wells in the Big Muddy drainage. The mean TDS was 
1282 mg/L and mean SAR was 8.

METHODS
Site Selection

Study site selection began by compiling spatial data in 
ArcView. Locations of oil wells drilled in Sheridan, Dan-
iels, and Roosevelt Counties in Montana were obtained 
from the Montana Board of Oil and Gas Conservation 
(MBOGC). The Habitat and Population Evaluation Team 
(HAPET) of the U.S. Fish and Wildlife Service (Service) 
provided shapefi les for WPA and Refuge boundaries in 
these same counties; this included the Medicine Lake NWR 
and the Northeast Montana WMD. HAPET also provided 
wetland data and worked with MBOGC to create current 
information on the locations of all wells drilled in the Wil-
liston Basin. Wetlands were separated into basin classes 
when displayed in WPA maps. These classes, adopted from 
Niemuth and others (2010), include temporary, seasonal, 
semi-permanent, and lake classes. Digital elevation models 
(DEM), as well as hydrologic unit boundaries, soil types, 
landcover, and major roads were also added to the spatial 
data used.  The created maps and the use of the associated 
attribute data allowed for desktop site selection. Site selec-
tion involved fi rst compiling a list of all WPAs that have or 
have had oil exploration and production activities in their 
watershed. This subset of WPAs was then reviewed by ex-
amining the attribute data associated with the wells drilled 
on or nearby the selected WPA. Well information reviewed 
included date of drilling (wells drilled before the late 1970s 
will likely have unlined infi ltration pits), type of well 
(i.e., oil, dry hole, injection well), and status (i.e., closed, 
temporarily abandoned, producing). All these factors were 
used to determine potential risks from a particular well. The 
Service also worked with the local inspector for MBOGC. 
The inspector was able to provide historical information 
about infi ltration pits used in the area as well as provide ac-
cess to tank batteries, or a group of tanks that are connected 
to receive product from a producing well, located off 
Service-owned lands. Previous research conducted in the 
area was also used for site selection. Some of this previous 
work included landowner interviews regarding improper oil 
fi eld waste disposal. 

Produced Water in Wetlands

Sites selected for investigation were then visited to deter-
mine the Contaminant Index (CI), i.e., the ratio of fi eld 
chloride concentration (mg/L) to fi eld specifi c conductance 
(μS/cm; Reiten, 1992). This evaluation was conducted for 
all wetlands within each selected WPA. At each wetland, 

HACH Quantab titrators for chloride were employed to 
determine chloride concentrations. A small amount of wet-
land water was placed in a certifi ed cleaned container with 
a chloride strip. Dilutions were completed with a graduated 
cylinder with distilled water if chloride concentrations 
exceeded the 613 mg/L maximum reading of the titra-
tion strips. Dilution water and site water in the graduated 
cylinder were mixed prior to measuring chlorides. Specifi c 
conductivity was determined using a Hydrolab MiniSonde 
4a, while dissolved oxygen (DO), pH, and temperature 
were also recorded. Chloride concentrations were then 
divided by the specifi c conductance to determine the CI. 
Previous investigations completed in eastern Sheridan 
County determined an empirical lower limit for indicat-
ing produced water impacts at CI > 0.035 (Reiten, 1992). 
When possible, all wetlands within a WPA were sampled, 
although several wetlands were dry for the duration of this 
investigation. WPAs that were not necessarily under current 
risk from oil fi eld exploration and production were also 
sampled as time allowed. This information would then be 
available to the WMD as baseline data if a new well was 
drilled in the area.

Characterizing Oil Field Production 
Waste Migration

Sites where the CI showed produced water impacts were 
then characterized using soil electromagnetic conductivity 
(EM-31) surveys. EM-31 surveys document soil conduc-
tivity by measuring the electrical conductivity of pore 
water. This method was used to delineate the extent and/or 
movement of produced water from infi ltration pits, reserve 
pits, or spills. The EM-31 was used in combination with 
a Trimble (Model GeoXT) global positioning system unit 
with sub-meter accuracy for accurate map production. 
Transects for each site were set up at each location and 
typically ran north to south, or east to west. Transects were 
located approximately 50 ft apart and crossed the location 
of an infi ltration pit, reserve pit, or suspected location if no 
visual clues were evident. The transect length was deter-
mined by assessing background soil conductivity at each 
site. At the start of each survey, the EM-31 was monitored 
while walking in a presumed background area to determine 
soil conductivity of these areas. Once the background 
conductivity was noted, the length of each transect was 
determined by starting and ending in concentrations ap-
proximating background. The number of transects was also 
determined using the same method. However, mapping ef-
forts were often stopped by property boundaries, wetlands, 
or roads.

Completed EM-31 surveys delineated the movement of 
brine from its original disposal location and indicated 
whether or not produced water and potentially associated 
contaminants have contaminated surface water on the 
WPAs (by looking at the extent of the mapped plume). The 
EM-31 surveys provided information on the movement of 
brines from reserve pits, as well as old infi ltration pits. In-
formation on the potential constituents in the ground water 
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was then determined at a subset of sites by installation of 
monitoring wells. 

Mapping EM-31 Surveys

Electrical conductivity data measured using an EM-31 
and recorded in the fi eld using a Trimble (Model GeoXT) 
global positioning system unit were imported to ArcGIS 
9.3.1 as shapefi les. Several steps were involved to create 
maps that accurately displayed the electrical conductiv-
ity values collected. All of the proceeding analyses were 
done using ArcGIS 9.3.1. First, a single buffer was created 
around each set of measurement points at a distance of 85 
ft, or until no gaps were left within the buffered zone. Next, 
the inverse distance weighted (IDW) function was used to 
interpolate the electrical conductivity to the same extent 
as the buffer layer. This creates a spatially interpolated 
surface that has the same rectangular extent as the buffer.  
We chose the IDW function as it is an exact interpolation 
method, meaning the surface produced is forced through all 
the data points, giving the exact value on the interpolated 
surface at the location of the corresponding data point. 
For this analysis we used a neighborhood of three points, 
which allows for fi ner resolution of rapidly changing values 
commonly encountered in these EM-31 surveys. Other 
interpolation methods, namely different krigging styles 
and splines, were also attempted. However, these methods 
are often used in studies that rely on fewer data points and 
cover much larger areas and commonly underestimate high 
values and overestimate low values. While these methods 
are more statistically robust, the interpolation surfaces cre-
ated failed to honor the true electrical conductivity values 
collected in the fi eld.

The IDW output produces a fl oating point raster, which is 
not supported by many other applications in ArcGIS 9.3.1. 
Therefore, these raster fi les where converted to ASCII 
text and then converted back to raster, which changes the 
format to an integer raster. These integer raster fi les were 
then converted to polygons. This conversion to polygon 
creates a separate polygon for each grid cell in the interpo-
lated surface. To reduce the number of polygons, groups of 
neighboring polygons with the same electrical conductivity 
values were dissolved into single polygons. This polygon 
layer was then clipped to the buffer extent, thus restrict-
ing our interpolated surface to the area close to our data 
points. The accuracy of the spatially interpolated surface 
decreases moving away from the data points; therefore this 
clip allows us to only display data where we have appropri-
ate control over electrical conductivity values and removes 
areas with strange artifacts of interpolation commonly seen 
on the edges of interpolated surfaces. Finally, the clipped 
spatially interpolated surface was classifi ed as a quantity 
using a graduated color scheme with no outline and dis-
played with a 30% transparency.

Monitoring Wells

Sites were selected for installation of monitoring wells 
near where produced water signatures were detected in 
wetlands and maps created with EM-31 survey informa-
tion showed conditions greater than background levels. In 
total, 33 monitoring wells were drilled on six WPAs and 
two different locations on Medicine Lake NWR. In addi-
tion, 12 wells drilled by the Montana Bureau of Mines and 
Geology (MBMG) in an earlier investigation located on 
or adjacent to fi ve WPAs were refurbished. Samples were 
collected from all wells for a total metals and major ions 
scan. Selected wells were also sampled for total petroleum 
hydrocarbon (TPH) based on well logs created during the 
drilling process. During the drilling of several monitoring 
wells, a hydrocarbon layer was encountered. In these cases, 
we added TPH to the analyte list.

The wells were drilled with an MBMG auger rig and were 
constructed through shallow-stem auger fl ights. All of 
the wells were completed using 2-inch PVC casing and 
PVC well screen. The annulus around each well screen 
was packed with 10/20 slot silica sand and sealed to the 
surface with bentonite chips, and in some cases, benton-
itic well cuttings. The wells were fl ushed with water and 
developed by pumping and bailing until they produced 
water representative of ambient groundwater conditions, 
as determined by fi eld water-quality parameters. Well logs 
and completion results are available through the MBMG’s 
Groundwater Information Center website (http://mbmgg-
wic.mtech.edu/). To access this data, go to the Groundwater 
Information Center (GWIC) homepage above, where you 
will be prompted to sign in and establish a password and 
data use prior to connecting to the database. Data can be 
accessed by project name, sample number, and location. 
The best way to view and download data associated with 
the Medicine Lake project is to navigate to Projects at the 
top of the page. Click on the General MBMG Program 
Data and scroll down to “OILFIELD BRINE IMPACTS 
ON USFWS WETLANDS IN SHERIDAN COUNTY, MT 
(USFWSBRINE).” For this project, there are data listed 
under Site Data, Site Visit Data, Water Quality Data, and 
Water Level Data. At this point, you can select the type of 
data you want to view. The Site Data table provides direct 
access to well logs, well completion reports, water-quality 
data, hydrographs, and a plot of the well locations. Unique 
GWIC identifi cation numbers were included throughout 
the document for sites that have data accessible through the 
MBMG’s Groundwater Information Center.

Soil Salinity at Monitoring Well Drilling Locations 
and Salt Scald Areas

Soil samples were collected at selected monitoring well 
drilling sites and from two salt scars in 2005. Samples were 
collected at approximately 3 ft intervals (0–3, 3–5, 5–8, 
etc.) and were stored in wirl-pak plastic bags.  The samples 
were placed in a cooler and then transported to the Ser-
vice’s Montana Field Offi ce for processing.
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Samples weighing approximately 200 grams were oven-
dried at 50°C and then placed in a blender to disaggregate 
clay-cemented clumps formed during the drying process. 
Soil from the blender was then placed in a stainless steel 
sieve with a 2 mm aperture, and mesh number 10. Exactly 
50 g of sieved soil was weighed into a polycarbonate 
centrifuge bottle and 50 ml of deionized water added. Each 
1:1 (by weight) mixture was stirred vigorously, allowed 
to stand overnight at room temperature, and again stirred. 
The slurries were centrifuged at 4,000 revolutions per 
minute for 40 minutes to remove suspended particles larger 
than approximately 0.1 μm diameter. Clear solution was 
decanted and passed through a fi lter membrane of 0.45 μm 
pore size using a syringe. Specifi c conductance of each 
clear extract was measured immediately with an Oakton 
Con 510 Bench Conductivity/TDS meter, and chloride was 
measured using a HACH Quantab titrator for chloride.

Invertebrate Community and Sampling

Light traps were deployed overnight in selected wetlands 
to determine the invertebrate community. Dr. Dan Gus-
tafson from Montana State University agreed to identify 
all invertebrates collected from approximately 40 different 
wetlands.  These data have not been provided to the Service 
at this time, but we hope to obtain the data in the future. 
Additionally, invertebrate sampling for 2006 at several 
wetlands for body burdens of contaminants could not be 
completed because the wetlands targeted for sampling were 
dry.

Modeling Ion Toxicity and Toxicity Testing

In 2005, water was collected from 20 different wetlands in 
the study area. Samples were collected early in the morning 
and shipped overnight to the University of Wyoming’s Red 
Buttes Environmental Biology Laboratory (UWRBEBL) 
to be used in toxicity tests. Toxicity tests were then started 
the next day to ensure test water did not exceed a 48 h 
holding time and followed the general guidance of the U.S. 
Environmental Protection Agency (EPA, 1991, 1993) for 
conducting acute whole effl uent toxicity tests. All tests 
were conducted in 30 ml plastic beakers containing 10 ml 
of test solution and fi ve organisms per chamber. Organ-
isms used in these tests were Ceriodaphnia dubia. Tests 
were conducted under a 16 h:8 h light:dark photoperiod at 
25°C. Each test was completed using four replicates of each 
control and site water.  Exposure periods were 48 h with 
observations for mortality completed daily. The criteria for 
death were no visible movement and no response to prod-
ding. During the tests, temperature, conductivity, pH, and 
DO were monitored at the beginning, at 28 h, and at 48 h.

Analyses completed on site waters included dissolved 
organic carbon (DOC), alkalinity, and major ions (Cl, NO3, 
SO4, Ca, K, Mg, and Na). Upon receiving results on the 
major ions present in water samples collected from selected 
wetlands, we used the statistical model developed by 

Mount and others (1997) to determine the predicted toxicity 
of the selected site waters to C. dubia. Predicted toxicity 
was then compared to the observed toxicity produced from 
the toxicity tests.

Surface-Water and Groundwater Samples

Surface-water and groundwater samples were collected 
from monitoring wells, wetlands, and Medicine Lake and 
submitted for major ion analyses and/or a total metals scan. 
Water-quality parameters were recorded at locations of 
water samples using a Hydrolab MiniSonde 4a
to determine pH, DO, specifi c conductivity (SC), and 
temperature. Surface-water samples were collected in a 
5-gallon plastic bucket that was previously washed with 
an Alcanox-water solution and rinsed with 10% nitric acid 
and distilled water. Groundwater samples were collected at 
all wells capable of producing enough water for analysis. 
Samples were collected by pumping or bailing each well 
until three well casing volumes were removed or SC mea-
sured with a Hydrolab MiniSonde 4a stabilized. Groundwa-
ter was then pumped or bailed into a 5-gallon plastic bucket 
that was previously washed with an Alcanox-water solution 
and rinsed with 10% nitric acid and distilled water. 

A Geopump Peristaltic Pump was then used to pump sur-
face water or groundwater from the bucket to the certifi ed 
chemically cleaned sample bottles. A Geotech Dipos-a-
fi lter (0.45 μm) was used for samples requiring fi ltration. 
Filtered samples collected for trace element analyses were 
acidifi ed with trace metal grade nitric acid to a pH <2. 
All samples were stored at 4°C until shipment to Trace 
Element Research Laboratory (TERL) or delivery to the 
MBMG. Analytical work was completed by two different 
laboratories, the MBMG Analytical Division and TERL. 
The MBMG completed analytical work for ions and trace 
elements, where metals including cations were determined 
using ICP and ICP-MS, and anions were determined using 
ion chromatography. Analytical work for a total metals 
scan was completed by TERL using atomic fl uorescence 
spectroscopy for selenium, cold-vapor atomic absorption 
spectroscopy for mercury, graphite furnace atomic absorp-
tion spectroscopy for arsenic, and ICP for the rest of the 
trace elements. Quality assurance/quality control (QA/
QC) for both laboratories consisted of procedural blanks, 
duplicate analyses, and spike recoveries. All reports of QA/
QC completed by TERL were also reviewed by the Ser-
vices Analytical Control Facility for acceptability before 
results are distributed. QA/QC for ion scans completed by 
the MBMG also included a mass balance.

A subset of monitoring wells was also sampled for TPH. If 
hydrocarbons were encountered during the monitoring well 
drilling process, TPH was sampled in those wells. Several 
soil samples were also collected in these areas. Additional-
ly, if TPH were present in the wells, those wells were again 
sampled in the following year for aliphatic and aromatic 
hydrocarbons. All hydrocarbon samples were collected with 
a bailer, and decanted directly into certifi ed cleaned amber 
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glass containers. These samples were shipped immediately 
to Mississippi State Chemical Laboratory where they were 
preserved prior to analysis.

The Kendall’s tau statistic (Helsel and Hirsch, 1992), 
a nonparametric measure of the monotonic correlation 
between two continuous variables, was used to measure the 
strength of the relationship between the CI and trace ele-
ment concentrations in groundwater and surface water. This 
statistic relies on ranks rather than actual values to calculate 
a correlation coeffi cient, so it is considered resistant to 
outliers and will perform on data with moderate censuring. 
Water-quality data are often not normally distributed and 
contain censored data values (data reported as being less 
than the analytical limit of detection). Ranging between -1 
and 1, tau is dimensionless and calculates the relationship 
between two variables based on the direction of paired 
values. For example, when one variable increases as the 
second increases, tau is positive. Kendall’s tau correlation 
coeffi cients were considered statistically signifi cant when 
probabilities (p-values) were less than 0.05. Free Statistics 
Software (v1.1.23-r6) based on the R framework was used 
to calculated Kendall’s tau correlation coeffi cients and 
resulting probabilities (p-values; Wessa, 2008).

Quality Assurance/Quality Control

Contract laboratories performing analyses and the Service’s 
Analytical Control Facility were responsible for adequate 
laboratory quality assurance and quality control. Precision 
and accuracy of laboratory analyses were confi rmed with 
procedural blanks, duplicate analyses, test recoveries of 
spiked material, and reference material analyses when ap-
propriate. Standard reference materials and spiked samples 
were analyzed to verify the accuracy of analytical tech-
niques. Sample collection and storage followed standard 
operating procedures.

RESULTS AND DISCUSSION
Anderson WPA

Anderson WPA was established in August 1989 and is 
approximately 530 acres in area (fi g. 3). Bird surveys have 
indicated that much of the WPA’s habitat is suitable for 
breeding waterfowl during nesting season, with observa-
tions of 42–88 duck pairs per square mile in the northern 
portion of the WPA and 88–111 duck pairs per square mile 
in the southern portion of the WPA (Brian DeVries, US-
FWS, written commun., 2009).  Much of the upland habitat 
is intact native prairie, so management practices, such as 
prescribed grazing and prescribed fi re, are implemented to 
maintain and increase the diversity of native prairie plants 
and the wildlife species that rely on that native prairie habi-
tat. As of January 2010, there were four production wells 
and one tank battery located within the WPA. Using abbre-
viated American Petroleum Institute (API) well numbers, 
well 21351 is an approved plugged and abandoned dry 
hole that was completed in January 1981. Wells 05188 and 
05191 are active enhanced oil recovery (EOR) injection 
wells that were completed in November 1964 and March 
1965, respectively. Well 05184 is a shut-in oil well that was 
completed in February 1965. Additionally, many wells are 
located in close proximity to the WPA. For instance, well 
05194 is a shut-in oil well completed in March 1965 that is 
located along the edge of the northwestern WPA boundary. 

Geology

The surfi cial geology of this site is a mix of glacial outwash 
and glacial till (fi g. 4).  Nearby deeper drilling indicates 
that there is about 50 to 70 ft of glacial deposits overlying 
Fort Union bedrock. Lithologic logs indicate a mixture of 
glacial sediments, including: sand and gravel deposits (gla-
cial outwash), pebbly clay loam deposits (glacial till), and 
fi ne-grained silt and clay deposits (glacial lake sediments).

Groundwater Hydrology

The water table altitude was estimated from water levels 
measured in the fall of 2005. Groundwater fl ow in the local 
fl ow system is shown in fi gure 5. The fl ow radiates away 
from the upland north and east of the site and in general 
mimics the topography (fi g. 5). The cross section (fi g. 6) 
indicates glacial outwash overlying glacial till except near 
the eastern wetland, where lake sediments directly underlie 
the outwash and eventually the outwash pinches out. The 
outwash forms a water table aquifer and the relatively high 
transmissivity of this glacial outwash aquifer creates a 
preferential pathway for contaminants moving offsite.
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Figure 3. Map depicting locations of sampling sites, oil wells, and bodies of water for the Anderson WPA: T. 37 N., R. 58 
E., sec. 4 & 5.

Figure 4. Geology of the Anderson WPA. 
Location: T. 37 N., R. 58 E., sec. 4 & 5.
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Figure 5. Groundwater fl ow map at the Anderson Tank battery and Site 4.
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Figure 6. Hydrogeologic cross-section showing near-surface conditions below the 
Anderson tank battery.

Figure 7. Location of the fi ve EM-31 terrain-conductivity 
survey sites conducted at the Anderson WPA. 
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Characterizing Oilfi eld Production Brine Migration

EM-31 surveys identifi ed fi ve areas of high terrain conduc-
tivity associated with several of the oilfi eld locations on the 
Anderson WPA (fi g. 7).  Test drilling was conducted in and 
around these areas of high terrain conductivity in an effort 
to map plumes of brine-contaminated groundwater. Twelve 
monitoring wells were constructed at three of the Anderson 
sites in an effort to characterize brine plumes associated 
with oil wells 05194 and 21351, as well as the tank battery. 
One baseline well, well A-1MW (GWIC ID 221721), was 
also installed and 11 surface-water sites were visited to 
assess wetland condition.

Extensive areas of high conductivity associated with the 
Anderson tank battery, or Anderson WPA site 3 and An-
derson WPA site 4, are shown in fi gures 9 and 10.  For site 
3, water-quality samples indicate that chloride concentra-
tions and associated CI values diminish in groundwater 
downgradient of well A-8MW (GWIC ID 221707; fi g. 11).  
Well A-1MW (GWIC ID 221721) is located outside the 
brine plume and is representative of a background ionic 
composition. Based on aerial photos taken in 1974, a large 
infi ltration pit is clearly identifi able around the location of 

A-2MW (GWIC ID 221574). Not surprisingly, the wells 
A-2MW (GWIC ID 221574), A-3MW (GWIC ID 221727), 
A-4MW (GWIC ID 221737), A-5DMW (GWIC ID 
221731), and A-8MW (GWIC ID 221707) refl ect impacted 
groundwater conditions dominated by Cl- ions, while 
wells A-10MW (GWIC ID 221733) and A-11MW (GWIC 
ID 221687) refl ect background condition (fi g. 12). Similar 
results can be seen at site 4, where the ionic concentrations 
(fi g. 13) and composition (fi g. 14) of the sample collected 
from A-14MW (GWIC ID 221724) are indicative of brine 
impacts. However, well A-15MW (GWIC ID 221716), lo-
cated near the suspected reserve pit location, did not show 
produced water impacts. This corresponds to the location 
where the outwash aquifer pinches out into fi ne-grained 
lake sediments.

Test holes were also drilled at the Anderson WPA site 1 
based on measured high EM-terrain conductivities that ap-
peared to relate to offsite migration of produced water (fi g. 
15). The surfi cial geologic map (fi g. 4) indicates a narrow 
ridge of glacial till separating glacial lake deposits to the 
northwest and glacial outwash to the east. The well A-16 
MW (GWIC ID 221715) was drilled on the slope directly 
east of the oilfi eld site. This well encountered a thin layer 

Figure 8. Distribution of the mean chloride contamination index measured in wells and wetlands at the Anderson WPA.
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of artifi cial fi ll from the well pad overlying slightly oxi-
dized glacial till to a depth of 38 ft. Unoxidized glacial till 
was encountered for the bottom 5 ft of the test hole. An-
other well, A-17MW (GWIC ID 221703), was constructed 
about 100 ft east of A-16 MW. This well encountered a thin 
layer of oxidized glacial till to a depth of 3 ft underlain by 
slightly oxidized till from 3 to 26 ft. Unoxidized glacial till 
was encountered for the bottom 10 ft of this test hole.  Both 
wells confi rm the presence of glacial till as the unit mapped 
at this site. A cross section constructed between these wells 
depicts the near-surface hydrogeologic conditions (fi g. 16). 
Groundwater fl ow is generally towards the east.
 
Water-quality samples were collected at both of these 
wells. Sampling results indicate high concentrations of total 
dissolved solids and chloride concentrations. A high CI of 
0.485 was identifi ed at A-16MW (GWIC ID 221715) and 
0.272 at A-17MW (GWIC ID 221703; fi g. 17). Although 
very similar in ionic composition (fi g. 18), the A-17MW 
(GWIC ID 221703) sample was more dilute with a slightly 
elevated SO42- concentration (fi g. 17). These results 
verify a brine plume migrating away from the pad location 
with the groundwater fl ow direction. The ultimate fate of 
produced water moving off this site is unclear. Previous 
work around oilfi eld sites underlain by relatively thick 
glacial till have shown similar results, characterized by 
highly concentrated brine plumes migrating slowly because 
of the low transmissivity of the glacial till. The brines are 
slowly diluted and may ultimately fl ow into more produc-
tive aquifers.

High EM-31 terrain conductivities were mapped around 
Anderson site # 2 (fi g. 19) and Anderson site # 5 (fi g. 20), 
associated with oil wells 5191 and 5184, respectively, that 
show movement of brine out of the reserve pit  location to 
the adjacent areas. Although groundwater wells were not 
constructed at these sites, movement of brine plumes is 
suspected based on the mapped terrain conductivities and 
near-surface materials. The near-surface geologic materials 
at site 2 consist of sand and gravel glacial outwash. The 
relatively high permeability at this site would promote a 
wider spread of a developing plume along with increased 
dilution. In contrast, the lower permeability associated with 
the glacial till underlying site 5 would typically result in a 
more localized, higher-concentrated brine plume. Plume 
geometry would require additional test drilling to verify 
these hypotheses.

In addition to EM-31 surveys and groundwater analyses, 
soil samples were collected at selected monitoring well 
drilling sites and leachates were analyzed for specifi c 
conductivity and chlorides. When depths were compared, 
specifi c conductance and CI values were highly variable for 
all sites (table 2). This variability likely refl ects the poten-
tial infl uence of contamination, geology, and the location of 
each site topographically. For instance, A-1MW, A-2MW, 
A-3MW, and A-5DMW share a similar increasing trend 
in specifi c conductance to a depth of 13–18 ft, while sites 

Figure 9. Apparent terrain-conductivity based on EM-31 
surveys at Anderson WPA Site 3.

Figure 10. Apparent terrain-conductivity based on EM-
31 surveys at Anderson WPA Site 4.
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Figure 11. Major groundwater ionic concentrations and associated contaminant index for monitoring wells 
present within EM-31 survey site 3 of the Anderson WPA during 2005.

Figure 12. Major groundwater ionic compositions and associated contaminant index for monitoring wells 
present within EM-31 survey site 3 of the Anderson WPA during 2005.
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Figure 13. Major groundwater ionic concentrations and associated contaminant index for monitoring wells present 
within EM-31 survey site 4 of the Anderson WPA during 2005.

Figure 14. Major groundwater ionic compositions and associated contaminant index for monitoring wells present 
within EM-31 survey site 4 of the Anderson WPA during 2005.
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A-8MW, A-10MW, and A-11MW showed a general de-
creasing trend in specifi c conductance with depth. 

These differences refl ect the permeability and transmissiv-
ity of the glacial outwash found at sites A-1MW, A-2MW, 
A-3MW, and A-5DMW and evaporative concentration 
effects seen in the near-surface lake sediments of A-8MW, 
A-10MW, and A-11MW. Similarly, the distribution of 
chlorides appeared to be largely dependent upon proximity 
to the contaminant source and hydrogeology, with A-1MW 
upgradient of the historic infi ltration pit and sites A-10MW 
and A-11MW below the extent of downgradient impacts. 
Trends were less apparent at sites A-14MW, A-15MW, 
A-16MW, and A-17MW, although the consistently low CI 
values seen at A-15MW suggest this area is not impacted. 
Otherwise, the rather variable specifi c conductance and 
CI values seen throughout these soil profi les may refl ect a 
different hydrogelogic condition, one dominated by glacial 
till. The low permeability of glacial till concentrates and 
stores ions throughout the profi le as opposed to the shifting 
concentrations seen in outwash. 

Figure 15. Apparent terrain-conductivity based on EM-31 
surveys at Anderson WPA Site 1.

Figure 16.  Hydrogeologic cross-section showing near-surface conditions below the Anderson site #1. Location: T. 37 N., 
R. 58 E., sec. 5.
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Figure 17. Major groundwater ionic concentrations and associated contaminant index for monitoring wells present 
within EM-31 survey site 1 of the Anderson WPA during 2005.

Figure 18. Major groundwater ionic compositions and associated contaminant index for monitoring wells present 
within EM-31 survey site 1 of the Anderson WPA during 2005.
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Wetland Water Quality

Specifi c conductance and chloride concentrations of the 
sampled wetlands of the Anderson WPA ranged from 
around 260 to 90,000 μS/cm and 9 to 32,000 mg/L, re-
spectively (table 3). Based on the CI, brine impacts (CI 
> 0.035) were seen at 5 of the 11 sites—AND2, AND4, 
AND8, AND9, and AND11— but fi ve of the other sites 
visited were dry. In fact, AND 2 and AND 10 were the only 
sites to produce CI values less than the CI empirical lower 
limit, though on average, AND 2 exceeded the lower limit. 
Based on EM-terrain conductivity surveys and groundwater 
monitoring, it appears that AND 10 is not impacted by pro-
duced water. This may be because the migrating produced 
water brine plume has yet to interact with the wetland, the 
migratory path of the plume is completely missing AND 
10, consequently impacting the wetland directly north, or 
this wetland may serve as a point of groundwater recharge. 
Unfortunately, there are no data for the seasonal wetland 
directly north of AND10. Although the average CI for AND 
2 exceeds the empirical lower limit, it only slightly exceeds 
this limit, and this site’s CI values are lower than most 
of the other sites measured at the Anderson WPA. Even 
though AND 2 is in close proximity to an oil pad, it appears 
to have minimal interaction with the migrating brine plume.  
Conversely, AND 4 consistently produced the highest CI 
values, indicative of its location downgradient of the tank 
battery and historic infi ltration pit. Similarly, AND 11 is 
also located within the migrating brine plume fl ow path, 
which is likely contributing to its elevated CI. Interestingly, 
AND 8 and AND9, both of which are located in the same 
groundwater fl ow path as AND4 and AND11, produced 
elevated CI values, but water-quality samples from the sur-
rounding groundwater wells A-10MW (GWIC ID 221733), 
A-11MW (GWIC ID 221687), and A-15MW (GWIC ID 
221716) suggest that AND8 and AND9 are beyond the 
extent of the brine plumes detected at EM-31 survey sites 
3 and 4.  Historic oil production waste disposal methods, 
including the direct release of produced water to the sur-
face, leaking pipelines, and increased surface connectivity 
between wetlands during periods of deluge, are possible 
explanations for the impacts seen at these two wetlands.

Co-occurring Contaminants

Analyses were done to quantify elemental concentrations 
from samples taken from every monitoring well and the 
three wetlands AND2, AND4, and AND11. Numerous trace 
elements were detected from every groundwater sample, 
but concentrations exceeding Montana numerical water-
quality standards for human health in groundwater were 
detected in the three wells A-3MW (GWIC ID 221727), 
A-14MW (GWIC ID 221724), and A-16MW (GWIC 
ID 221715) for cadmium, the well A-15MW (GWIC 
ID 221716) for selenium, and all wells except A-1MW 
(GWIC ID 221721) and A-5DMW (GWIC ID 221731) 
for strontium (table 4). Both cadmium and strontium have 
signifi cant positive correlations with the CI, suggesting that 
the elevated levels detected at monitoring wells A-3MW 

Figure 19. Apparent terrain-conductivity based on EM-
31 surveys at Anderson WPA Site 2.

Figure 20. Apparent terrain-conductivity based on EM-
31 surveys at Anderson WPA Site 5.
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Table 2. Specific conductivity and CI of 1:1 (by weight) aqeuous leachates of soil samples at different depths in the Anderson WPA.

Depth (ft) Soil Property 

A
-1M

W
 

A
-2M

W
 

A
-3M

W
 

A
-5D

M
W

 

A
-8M

W
 

A
-10M

W
 

A
-11M

W
 

A
-14M

W
 

A
-15M

W
 

A
-16M

W
 

A
-17M

W
 

0–3 SC (μS/cm) 292 5,930 15,770 675 6,470 20,600 21,400 26,000 10,410 32,200 7,110
CI NA 0.148 0.326 0.169 0.150 0.009 0.029 0.150 0.003 0.389 0.045

3–8 SC (μS/cm) 392 5,750 19,170 1,440 6,060 17,810 15,240 59,500 13,250 21,800 4,860
CI NA 0.195 0.295 0.176 0.131 0.006 0.014 0.315 0.006 0.327 0.181

8–13 SC (μS/cm) 341 17,310 16,700 2,350 4,100 10,970 6,950 53,400 11,340 13,840 11,190
CI NA 0.271 0.255 0.219 0.044 0.006 0.008 0.352 0.021 0.199 0.148

13–18 SC (μS/cm) 1,284 17,730 12,720 4,810 NA 7,390 NA 21,300 9,500 15,990 9,900
CI 0.065 0.290 0.216 0.120 NA 0.007 NA 0.294 0.009 0.321 0.167

18–23 SC (μS/cm) NA 8,700 6,200 3,380 NA NA NA 49,000 5,290 19,500 8,610
CI NA 0.174 0.064 0.008 NA NA NA 0.255 0.011 0.321 0.228

23–28 SC (μS/cm) NA 5,910 4,850 NA NA NA NA NA NA 19,900 6,910
CI NA 0.098 0.066 NA NA NA NA NA NA 0.314 0.140

28–33 SC (μS/cm) NA NA NA NA NA NA NA NA NA 12,830 4,900
CI NA NA NA NA NA NA NA NA NA 0.304 0.075

33–38 SC (μS/cm) NA NA NA NA NA NA NA NA NA 7,930 4,510
CI NA NA NA NA NA NA NA NA NA 0.191 0.048

38–43
SC (μS/cm) NA NA NA NA NA NA NA NA NA 7,590 NA

CI NA NA NA NA NA NA NA NA NA 0.200 NA

Note. NA, Data not available. 

Table 3. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers developed 
by Cowardin and others (1979) for wetlands visited at Anderson WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

AND1 4/29/2004 — — — Dry 
AND2 4/28/2004 4,351 145 0.033 Oligosaline 
AND2 7/27/2004 9,681 366 0.038 Mesosaline 
AND2 9/9/2004 14,160 590 0.042 Mesosaline 
AND2 7/8/2005 8,575 325 0.038 Mesosaline 
AND3 4/28/2004 — — — Dry 
AND4 4/29/2004 82,463 27,293 0.331 Hypersaline 
AND4 5/16/2004 43,626 14,540 0.333 Polysaline 
AND4 7/27/2004 68,366 31,660 0.463 Hypersaline 
AND4 7/8/2005 46,350 15,220 0.328 Eusaline 
AND5 4/28/2004 — — — Dry 
AND6 4/28/2004 — — — Dry 
AND7 4/28/2004 — — — Dry 
AND8 4/28/2004 12,647 1,198 0.095 Mesosaline 
AND8 7/27/2004 26,286 2,589 0.098 Mesosaline 
AND9 5/15/2004 19,657 2,748 0.140 Mesosaline 
AND9 7/27/2004 89,693 12,948 0.144 Hypersaline 

AND10 4/29/2004 260.1 9 0.034 Fresh 
AND11 5/16/2004 44,819 6,550 0.146 Polysaline 
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(GWIC ID 221727), A-14MW (GWIC ID 221724), A-
15MW (GWIC ID 221716), and A-16MW (GWIC ID 
221715) are a result of oil production activities (table 5). In 
fact, cadmium and strontium are two commonly detected 
elements in produced waters, and cadmium is often as-
sociated with drilling fl uid additives (Stephenson, 1992; 
Jacobs and others, 1992; Neff, 1982). We failed to detect a 
signifi cant correlation between groundwater selenium con-
centrations and the CI (table 5), although selenium has been 
detected in produced water samples collected from pro-
duced water reinjection sites in the Williston Basin before 
(Chen-Northern, 1994). Regardless, the well in which the 
elevated selenium concentration was detected, A-15MW 
(GWIC ID 221716), does appear to be located beyond the 
extent of the brine plume detected at A-14MW (GWIC ID 
221724), suggesting that the elevated level of selenium is a 
result of some other process.

Two wetland sites, AND4 an AND11, had aluminum 
concentrations that exceeded established benchmark values 
(table 6). Due to the large number of sites with aluminum 
concentrations below the analytical limit of detection, the 
relationship between surface-water aluminum concentra-
tions and the CI was not formally assessed (table 7). In 
spite of this, it is important to note that these two wetland 
sites consistently had the highest CI values, providing evi-
dence that the elevated levels of aluminum may be a result 

of oil production activities.
The elevated concentrations of cadmium and strontium are 
at levels that would likely elicit a toxicological response, 
but their exposure pathways are largely confi ned to the 
groundwater systems in which they were detected. On the 
other hand, a signifi cant positive relationship was detected 
between wetland strontium concentrations and the CI, 
inferring a surface water–groundwater interaction in which 
groundwater brine plumes are contributing strontium to 
surface-water systems. Although we failed to detect a 
signifi cant relationship between wetland cadmium concen-
trations and the CI, potentially due to the large number of 
samples that were below the analytical limits of detection, 
cadmium concentrations were slightly elevated at sites 
AND4 and AND11. 

Numerous processes affect the mobilization and attenuation 
of trace elements, and when coupled with dilution effects, it 
is not surprising that elements associated with groundwater 
that are likely interacting with surface-water systems are 
found at lower levels, especially when insoluble complexes 
are not considered (EPA, 2007). Nevertheless, aqueous 
aluminum concentrations exceeded water-quality standards 
in wetlands AND4 and AND11, environments in which 
numerous organisms may be exposed. In fact, toxic effects 
have been reported in algae, macroinverterbrates, and fi sh 
at concentrations below those detected at sites AND4 and 

 Table 4. Groundwater concentrations (μg/L) of trace elements present in groundwater samples from monitoring wells present 
within the Anderson WPA during 2005. 

A
-1

M
W

 

A
-2

M
W

 

A
-3

M
W

 

A
-4

M
W

 

A
-5

D
M

W
 

A
-8

M
W

 

A
-1

0M
W

 

A
-1

1M
W

 

A
-1

4M
W

 

A
-1

5M
W

 

A
-1

6M
W

 

A
-1

7M
W

 

Al <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 <50 
As 0.39 7.43 6.66 <0.5 3.18 2.39 4.07 <2.55 25.8 2.45 5.54 1.8 
B 215 69,500 74,500 4,760 5,130 326 385 378 11,000 347 249 294 

Ba 23 55 243 52 134 44 20 59 660 68 51 26 
Be <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Cd 0.05 2.26 16.9* <0.1 0.33 0.18 0.27 <0.51 5.57* 0.36 10.6* 1.21 
Co <5 5 6 <5 8 <5 11 <5 <5 10 12 13 
Cr <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 
Cu <5 5 7 <5 <5 <5 5 9 7 11 7 <5 
Hg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Mo <10 40 10 <10 10 <10 20 30 10 20 <10 <10 
Ni <5 53 59 5 14 <5 24 45 68 30 82 38 
Pb <0.01 0.58 <0.51 <0.1 <0.05 0.13 <0.2 <0.51 0.59 0.69 <0.1 <0.05 
Se 6.24 1.86 9.13 6.07 0.47 24.9 3.4 4.96 1.9 145* 13.9 33.7 
Sr 450 15,300* 48,000* 6,510* 3,650 5,320* 6,200* 7,170* 152,000* 7,540* 15,300* 5,610*

Ti <5 10 19 9 10 12 6 <5 77 10 21 9 
V <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
Zn 9 35 10 <5 10 40 65 <5 15 67 17 7 

   *Indicates value exceeded Montana numerical water-quality standards for human health in groundwater. 
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AND11; however, aluminum toxicity is pH-dependent, 
with increasing toxicity as water becomes more acidic 
(Gensemer and Playle, 1999). The water-borne aluminum 
concentrations detected in this survey are likely highly 
complexed, diminishing their bioavailability, but varying 
conditions may alter the availability of aluminum to aquatic 
organisms as well as increase the risk to terrestrial organ-
isms that may be exposed to elevated aluminum concentra-
tions through dietary uptake (Gensemer and Playle, 1999; 
Rosseland and others, 1990).

Five soil samples were collected in 2005 for total petroleum 
hydrocarbon analysis. Concentrations ranged from 50 mg/
kg to 22,600 mg/kg dry weight (DW). Sites A-2S and A-4S 
produced the highest concentrations, 8,210 mg/kg (DW) 
and 22,600 mg/kg (DW), respectively, with the next highest 
concentration, 382 mg/kg (DW), found at A-14S (fi g. 21). 
Interestingly, A-4S was collected at the tank battery historic 
infi ltration pit location and A-14S was collected at the sus-
pected reserve pit location associated with oil well 21351.

In 2006, A-14S and A-2S were resampled and soil samples 
were analyzed for aliphatic and polynuclear aromatic 

hydrocarbons. These values were then compared to estab-
lished toxic benchmark values to assess the relative toxicity 
at each site. For each hydrocarbon fraction assessed, con-
centrations detected at both sites, A-2S and A-14S, exceed-
ed every benchmark value (table 8). Although both sites 
exceeded benchmark values, concentrations at site A-2S 
were consistently higher than those at A-14S. Although the 
toxicity criteria used in this assessment were developed to 
be protective of human health, values detected, specifi cally 
at A-2S, were at levels that have been reported as causing 
environmental impacts. For example, sublethal effects to 
plants, including reduced shoot and root length and reduced 
shoot and root biomass, and to invertebrates, including 
reduced reproductive success, as well as lethal effects, 
have been reported for values comparable to or less than 
the values detected at A-2S (Cermak and others, 2010). 
Additionally, impacts to microbial communities, including 
reduced microbial biomass and soil enzyme activity, have 
been reported for soils that possess hydrocarbon concentra-
tions similar to those at A-2S (Megharaj and others, 2000). 
While the two soil samples taken at the Anderson WPA are 
not representative of large-scale hydrocarbon contamina-
tion to soil, they do illustrate that oil production practices 

Table 5. Kendall's tau correlation coefficients and resulting probabilities (p-values)
between groundwater trace element concentrations and the CI with associated sample 
size from samples collected across the Northeast MT WMD. 

Trace
Element 

Kendall's Tau Correlation 
Coefficient 

p-value Number of Samples 

Sr 0.59 <0.001 83
Li 0.56 <0.001 47
Cu 0.49 <0.001 81
B 0.49 <0.001 81

Cd 0.48 <0.001 80
Ba 0.42 <0.001 42
Ti 0.36 <0.001 81
V 0.31 <0.001 81

Zn 0.30 <0.001 80
Se 0.17 0.14 39 
As 0.02 0.80 74 
Co -0.04 0.67 75 
U -0.05 0.72 40 
Be NC NC 76 
Hg NC NC 73 
Br NC NC 46 
Al NC NC 80 
Mo NC NC 42 
Cr NC NC 79 
Zr NC NC 44 
Pb NC NC 50 
V NC NC 81 
Ni NC NC 81 
Ag NC NC 44 

Note. NC, not calculated due to high number (>50%) of values below detection limit. 
Bolded text indicates p<0.05.
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Table 6. Surface-water concentrations (μg/L) of trace 
elements present in the sampled wetland AND2 during 
2004 and the wetlands AND4 and AND11 during 2005. 

AND2 AND4 AND11 
Al <50 328# 252#

As 6.76 11.6 17.4 
B <500 19,800 1,610 

Ba 56 106 126 
Be <0.5 0.5 <0.5 
Br — 1,340,000 1,030,000 
Cd 0.1 0.17 0.26 
Co <5 <5 <5 
Cr <5 <5 <5 
Cu <5 <5 6 
Hg <0.1 <0.1 <0.1 
Mo <10 40 30 
Ni <5 7 5 
Pb <0.05 0.14 0.11 
Se 0.58 1.21 4.5 
Sr 1,990 19,100 7,720 
Ti 6 — — 
V <10 <10 <10 
Zn 6 6 9 

#Indicates value exceeded  EPA’s recommended 
national water quality criteria 

Figure 21. Concentrations (mg/kg DW) of total petroleum hydrocarbons from soil samples collected 
across the Northeast MTWMD in 2005 with the sites located in the Anderson WPA bracketed.
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at the Anderson WPA are releasing petroleum hydrocarbons 
into the environment at potentially toxic levels.

In 2005, fi ve groundwater samples were collected from fi ve 
different wells and analyzed for total petroleum hydro-
carbons. Hydrocarbons were detected at every well and 
concentrations ranged from 300 μg/l at A-2MW (GWIC 

ID 221574) to 810 μg/l at A-4MW (GWIC ID 221737; fi g. 
22). Out of the fi ve wells, four were resampled in 2006 and 
analyzed for aliphatic and polynuclear aromatic hydro-
carbons. Many compounds were below detection limits 
and no individual chemical or chemical group exceeded 
any benchmark value when compared to multiple toxicity 
criteria (table 9).

Table 7. Kendall's tau correlation coefficients and resulting probabilities (p-
values) between surface-water trace element concentrations and the CI with 
associated sample size from samples taken across the Northeast MT WMD. 

Trace
Element 

Kendall's Tau Correlation 
Coefficient 

p-value Number of Samples 

Li 0.69 0.07 7 
Ba 0.45 <0.01 28
Sr 0.44 <0.01 28
Se 0.37 0.01 28
Br 0.17 0.60 9 
Cd 0.03 0.90 20 
Pb 0.01 0.97 20 
As -0.01 0.94 28 
B -0.08 0.53 28 
Zn NC NC 20 
Ni NC NC 21 
Al NC NC 28 
Ag NC NC 9 
Ti NC NC 20 
Be NC NC 28 
Co NC NC 28 
Cr NC NC 28 
Cu NC NC 28 
Hg NC NC 21 
Mo NC NC 28 
U NC NC 28 
V NC NC 28 
Zr NC NC 7 

Note. NC, not calculated due to high number (>50%) of values below 
detection limit. Bolded text indicates p<0.05.

Table 8. Concentrations (mg/kg DW) of hydrocarbon fractions from soil samples 
collected in 2006 within Anderson WPA with associated toxicity criteria. 

Toxicity Criteria Site Values 

Carbon
Range

TPHCWG1 MADEP2 A-2S A-14S 
(mg/kg/day) (mg/kg/day) (mg/kg) (mg/kg) 

Aliphatic
C9-C18 0.10 0.10 8,005 9.57 

C19-C32 2.00 2.00 11,216 5.99 

Aromatic 
C9-C16 0.04 0.03 137.16 0.27 

C17-C32 0.03 0.03 3.96 1.07 
1Total Petroleum Hydrocarbon Criteria Working Group
(Gustafson and others, 1997). 
2Massachusetts Department of Environmental Protection  
(MADEP,  2003). 
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Figure 22. Concentrations (μg/L) of total petroleum hydrocarbons from groundwater samples collected 
across the Northeast Montana WMD in 2005 with sites from the Anderson WPA bracketed.
*Indicates concentrations were below the analytical limit of detection of 100 μg/L.

Table 9. Concentrations (μg/L) of hydrocarbon fractions from groundwater samples collected in 
2006 within Anderson WPA with associated toxicity criteria. 

Toxicity Criteria Site Values 
MT

RBSL1 MADEP2 A-2MW A-3MW A-4MW A-14MW
(μg/L) (μg/L) (μg/L) (μg/L) (μg/L) (μg/L) 

Aliphatics
Carbon Range C9–C18 1,000 50,000 0 6 0 2.1 
Carbon Range C19–C36 1,000 50,000 5.7 19.4 3.6 34.5 

Aromatics 
Carbon Range C9–C10 — 50,000 <0.3 <0.3 <0.3 <0.3 
Carbon Range C11–C22 1,000 5,000 0 0 0.5 0.3 
Acenaphthene 670 6,000 <0.3 <0.3 <0.3 <0.3 
Anthracene 2,100 30 <0.3 <0.3 <0.3 <0.3 
Benzo(a)pyrene 0.05 500 <0.3 <0.3 <0.3 <0.3 
Benzo(b)fluoranthene 0.5 400 <0.3 <0.3 <0.3 <0.3 
Benzo(k)fluoranthene 5 100 <0.3 <0.3 <0.3 <0.3 
Chrysene 50 70 <0.3 <0.3 <0.3 <0.3 
Dibenzo(a,h)anthracene 0.05 40 <0.3 <0.3 <0.3 <0.3 
Fluoranthene 130 200 <0.3 <0.3 <0.3 <0.3 
Flourene 1,100 40 <0.3 <0.3 <0.3 <0.3 
Indeno(1,2,3-cd)pyrene 0.5 100 <0.3 <0.3 <0.3 <0.3 
Naphthalene 100 20,000 <0.3 <0.3 <0.3 <0.3 
Pyrene 830 20 <0.3 <0.3 <0.3 <0.3 

1Montana Tier 1 Risk-Based Corrective Action Guidance for Petroleum Release (MT DEQ, 2009). 
2Massachusetts Department of Environmental Protection (MADEP,  2003). 
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Base Camp WPA

Base Camp WPA was established on 11/20/1968 with ad-
ditional land purchases made on 6/18/1969, 8/11/1969, and 
9/19/1969. The WPA encompasses an area of roughly 350 
acres, with multiple wetlands located within or partially 
within its boundaries (fi g. 23). Bird surveys have indicated 
that much of the WPA’s habitat is suitable for breeding 
waterfowl during nesting season, with observations of 
42–88 duck pairs per square mile (Brian DeVries, USFWS, 
written commun., 2009). Much of the upland habitat is 
intact native prairie, so management practices such as pre-
scribed grazing and prescribed burning are implemented to 
maintain and increase the diversity of native prairie plants 
and the wildlife species that rely on that native prairie 
habitat. As of January 2010, there were no production wells 
within the WPA. Using the abbreviated API well number, 
well 21337, located within 700 ft north of the WPA, is the 
closest well to the WPA. It is a producing oil well that was 
completed in January 1981.

Geology

The surfi cial geology underlying the Base Camp WPA 
is depicted in fi gure 24. Most of the Base Camp WPA is 
underlain by glacial till. The thickness of this relatively 
low-permeability unit is unknown, but based on nearby test 
holes and wells, the till thickness probably ranges from 50 
to 100 ft.  A relatively long and narrow deposit of moderate 
to high permeability alluvium is mapped trending north to 
south through the central part of the Base Camp.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the Base Camp WPA. It is likely that the localized 
fl ow is dominated by topography and groundwater fl ows 
from upland hummocks to the low-lying wetlands and 
lakes.

Figure 23. Map depicting locations of sampling sites, oil wells, and bodies of water for the Base Camp WPA: T. 37 N., R. 
58 E., sec. 9, 10, 15 & 16.
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Characterizing Oil Field Production Brine Migration

EM surveys were not conducted at this site and there are no 
monitoring wells.

Wetland Water Quality

Five wetlands were sampled to assess the potential infl u-
ence from brine contamination on surface-water quality. 
Among the fi ve surface-water sample locations at the 
Base Camp WPA, specifi c conductance, total dissolved 
solids, and chloride concentrations ranged from around 
240 to 43,000 μS/cm, 0.15 to 27 g/L, and 6 to 1,147 mg/L, 

respectively (table 10). Based 
on the chloride index, brine 
impacts (CI > 0.035) were 
seen at BC1, although one of 
the sites visited, BC2, was dry. 
While it is likely that brine 
plumes are associated with oil 
wells near this site, predicting 
the extent of contamination is 
diffi cult because of the com-
plex geologic setting.

Co-occurring Contaminants

There were no additional 
analyses done for the Base 
Camp WPA.

Chandler WPA

The Chandler WPA was 
established on 3/20/1969 
and encompasses an area of 
approximately 45.5 acres. 
The southern extent of a lake 
extends into the WPA, cover-
ing much of its area (fi g. 25). 
Bird surveys have documented 
the use of the Chandler WPA 
by breeding bird pairs, with 

observations of 42–88 duck pairs per square mile during the 
nesting season (Brian DeVries, USFWS, written commun., 
2009). As of January 2010, there were no production wells 
present within the WPA and the nearest well, an approved 
plugged and abandoned dry hole completed in October 
1978, is located around 1,000 ft northwest of the WPA.

Geology

The distribution of near-surface geologic materials is 
depicted in fi gure 26. As in many glaciated sites, glacial 
till, glacial lake sediments, and glacial outwash are all in 

Figure 24. Near-surface geology of the Base Camp WPA: T. 37 N., R. 58 E., sec. 9, 10, 
15 & 16.

Table 10. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for wetlands visited at the Base Camp WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

BC1 4/29/2004 14454 823 0.057 Mesosaline 
BC1 7/30/2004 17297 1147 0.066 Mesosaline 
BC2 4/29/2004 Dry 
BC3 4/29/2004 240.1 7 0.027 Fresh 
BC4 4/29/2004 16872 141 0.008 Mesosaline 
BC4 7/30/2004 25796 233 0.009 Mesosaline 
BC7 9/11/2004 42264 954 0.023 Polysaline 
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Figure 25. Map depicting locations of sampling sites, oil 
wells, and bodies of water for the Chandler WPA: T. 37 
N., R. 56 E., sec. 8.

Figure 26. Geology of the Chandler 
WPA: T. 37 N., R. 56 E., sec. 8.
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close proximity at this site. Most of the Chandler WPA is 
underlain by glacial till. The thickness of this relatively 
low-permeability unit is unknown, but based on nearby test 
holes and wells, the till thickness probably ranges from 50 
to 100 ft.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the Chandler WPA. It is likely that the localized fl ow 
is dominated by topography and groundwater fl ows from 
upland hummocks to the low-lying wetlands and lakes.

Characterizing Oil Field Production Brine Migration

EM-31 terrain conductivity surveys were not conducted on 
the Chandler WPA and there are no monitoring wells.

Wetland Water Quality

There was a single sample, CHA1, taken from the lake in 
the WPA. The specifi c conductivity was around 13,000 μS/
cm and the chloride concentration was 360 mg/L (table 11). 
The CI for this site was 0.027, suggesting minimal brine 
impacts.

Co-occurring Contaminants

There were no additional analyses done for Chandler WPA.

Long Lake WPA

The Long Lake WPA was established on 10/13/69. It en-
compasses approximately 210 acres with multiple wetlands 
located within its boundary (fi g. 27). The WPA also borders 
Long Lake. Bird surveys have documented the use of the 
Long Lake WPA by breeding waterfowl during nesting sea-
son, with observations of 42–88 duck pairs per square mile 
(Brian DeVries, USFWS, written commun., 2009). Much 
of the upland habitat is intact native prairie, so management 
practices, such as prescribed grazing and prescribed fi re, 
are implemented to maintain and improve the diversity of 
native prairie plants and the wildlife species that rely on 
that native prairie habitat. As of January 2010, well 21457, 
an approved plugged and abandoned dry hole completed in 
December 1981, is the only production well located within 
the Long Lake WPA.

Geology

Glacial deposits underlie the Long Lake WPA (fi g. 28).  
Most of the WPA is underlain by collapsed glacial outwash 
with lesser amounts of glacial till in the southeastern part of 
the area. The glacial deposits probably range from 100 to 
200 ft thick in this area and the site overlies deeper outwash 
of the Clear Lake aquifer. Based on completions records 
from a nearby irrigation well, the most productive interval 
of the Clear Lake aquifer is at depths ranging from 50 to 
150 ft.

Groundwater Hydrology

No monitoring wells were constructed to verify brine mi-
gration at this site. Groundwater of the Clear Lake aquifer 
underlies this site and, in general, fl ows to the southwest at 
this location.

Characterizing Oil Field Production Brine Migration

Only a few small areas of higher than background terrain 
conductivity were identifi ed from the EM-31 survey of the 
Long Lake WPA (fi g. 29). Based on the date of completion 
for well 21457, the area of high terrain conductivity to the 
east of the well may refl ect the presence of a lined reserve 
pit that has since been reclaimed. There are no monitoring 
wells at this site.

Wetland Water Quality

Among the three wetlands sampled at the Long Lake WPA, 
specifi c conductance and chloride concentrations ranged 
from around 2,000 to 9,000 μS/cm and 61 to 279 mg/L, re-
spectively (table 12). The highest specifi c conductivity was 
seen at LL3, while LL2 (GWIC ID 214789) had the highest 
chloride concentrations. In fact, LL2 (GWIC ID 214789) 
was the only site that exceeded a CI value of 0.035. How-
ever, CI values were slightly lower for LL2 (GWIC ID 
214789) during 2005. The slight reduction in chlorides, 
coupled with the increase in sulfates, contributed to the 
diminished CI. Fluctuating water volumes or fl ushing and 
dilution by rainfall may have contributed to the differences 
seen in ionic composition between years (Reiten, 1992).

Co-occurring Contaminants

Among trace element concentrations, the selenium con-
centration from the 2004 LL2 (GWIC ID 214789) sample 
and the nickel concentration from the 2005 LL2 (GWIC ID 

Table 11. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for the wetland visited at the Chandler WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

CHA1 6/14/2005 13,520 360 0.027 Mesosaline 
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Figure 27. Map depicting locations of sampling sites, oil wells, and bodies of water for the Long Lake WPA: T. 32 N., R. 58 
E., sec. 3.

Figure 28. Geology of the Long Lake WPA: T. 32 
N., R. 58 E., sec. 3.
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214789) sample were the only elements to exceed EPA’s 
recommended national water-quality criteria (table 13). Al-
though slight, a signifi cant positive relationship was detect-
ed between surface-water selenium concentrations and the 
CI (table 7). Selenium has been detected in produced water 
samples collected from produced water reinjection sites in 
the Williston Basin before (Chen-Northern, 1994). Food 
chain bioaccumulation and reproductive failure in certain 
fi sh and wildlife species has been reported for aqueous 
selenium concentra-
tion as low as 2 μg/l. 
Therefore, the concen-
tration detected at LL2 
(GWIC ID 214789) 
in 2004 of 62.6 μg/L 
posed a great risk to 
many wildlife species, 
particularly sensitive 
species like aquatic 
birds. Reproduc-
tive failure has been 
reported in birds 
exposed to dietary 
concentrations of se-
lenium as low as 4 μg/
kg (Heinz and others, 

1989). Interestingly, selenium concentrations, along with 
other elemental concentrations including chromium and 
strontium, were greatly reduced during the 2005 sampling 
event. Fluctuating water volumes or fl ushing and dilution 
by rainfall may have contributed to the differences seen 
in trace element concentrations between years (Reiten, 
1992).

Due to differences in analytical methodologies between 
2004 and 2005, the lower limit of detection for the 2004 
sample was greater than the value detected in 2005. 
Therefore, we are unable to accurately describe the tem-
poral trend for nickel concentrations in LL2 (GWIC ID 
214789). In spite of this, if nickel is behaving similarly in 
this wetland as other elements such as arsenic, chromium, 
selenium, and strontium, we would expect nickel to be 
slightly greater in 2004 than the value detected in 2005. 
Nickel is a naturally occurring element and is considered 
an essential element for certain organisms (Chau and 
Kulikovsky-Cordeiro, 1995; Phipps and others, 2002). It 
is present in the environment due to natural processes, as 
well as anthropogenic activities such as mining, smelt-
ing, fuel combustion, and waste incineration (Chau and 
Kulikovsky-Cordeiro, 1995). Moreover, nickel has been 
detected in produced water samples (EPA, 1981). Aquatic 
nickel toxicity is typically inhibited by the presence of 
competing ions, so a site-specifi c hardness factor is incor-
porated into the benchmark concentration. LL2 (GWIC 
ID 214789) has a relatively low hardness value, which 
lowers the benchmark concentration. Consequently, the 

2005 nickel concentration, albeit a concentration exceeding 
EPA’s hardness-dependent benchmark concentration, is not 
particularly elevated when compared to values from other 
sites across the Northeast Montana WMD. Regardless, 
nickel toxicity has been reported for aquatic and terrestrial 
organisms, including birds, but at concentrations greater 
than those detected at LL2 (Phipps and others, 1995; 
Outridge and Scheuhammer, 1993). Whereas oil production 
activities may be contributing nickel to the environment, it 
is diffi cult to determine if those activities are contributing 
signifi cantly to the concentrations detected at LL2 (GWIC 
ID 214789).

Figure 29. Location of EM-31 terrain-conductivity surveys 
conducted at the Long Lake WPA: T. 32 N., R. 58 E., sec. 3.

Table 12. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for wetlands visited at the Long Lake WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

LL1 4/27/2004 2,481 61 0.025 Oligosaline 
LL1 9/10/2004 3,631 68 0.019 Oligosaline 
LL2 7/21/2004 5,966 216 0.036 Oligosaline 
LL2 9/10/2004 6,900 279 0.040 Oligosaline 
LL2 7/11/2005 7,280 168 0.023 Oligosaline 
LL2 7/8/2005 7,834 228 0.029 Oligosaline 
LL3 7/21/2004 8,950 184 0.021 Mesosaline 
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Berger Pond WPA

The Berger Pond WPA was established on 3/14/1968 and encompasses an 
area of 12.79 acres. Much of the WPA is the southeastern portion of a lake 
(fi g. 30). Bird surveys have documented the use of the Berger Pond WPA 
by breeding bird pairs, with observations of 42–88 duck pairs per square 
mile during the nesting season (Brian DeVries, USFWS, written com-
mun., 2009). As of January 2010, there were no production wells present 
within, or in close proximity to, the WPA.

Geology

Glacial deposits underlie the Berger Pond WPA (fi g. 31).  Most of the 
WPA is underlain by collapsed glacial outwash, with limited glacial till in 
the southeastern part of the area. The glacial deposits are up to 200 ft thick 
in this area and the site overlies several permeable zones of the Clear Lake 
aquifer. The glacial materials overlie sandstone and mudstone of the Fort 
Union Formation.

Groundwater Hydrology

No shallow monitoring wells were constructed at this site. Groundwater 
of the Clear Lake aquifer underlies this site and, in general, fl ows to the 
southwest at this location.

Characterizing Oil Field Production Brine Migration

No oil wells or other oil fi eld activities are located on or near the Berger 
Pond WPA. No EM-31 surveys were conducted on the Berger Pond WPA 
and no test wells were constructed.

Wetland Water Quality

One wetland was sampled over three sampling events. Specifi c conduc-
tance and chloride concentrations ranged from around 10,600 to 11,300 
μS/cm and 198 to 357 mg/L, respectively. There were no apparent brine 
impacts based on the CI.

Co-occurring Contaminants

There were no additional analyses done for the Berger Pond WPA.

Table 13. Surface-water concentrations 
(μg/L) of trace elements present in the 
sampled wetland LL2 during 2004 and 
2005.

LL2
(9/10/2004)

LL2
(7/11/2005)

Al <100 <50 
As 33.3 17.3 
B 1471 1510 
Ba <20 7 
Be <20 <0.5 
Br 7710 
Cd <10 <0.05 
Co <20 <5 
Cr 33.5 <5 
Cu <20 <5 
Hg <0.1 
Li 221 
Mo <100 <10 
Ni <20 6#

Pb <20 <0.05 

Se 62.6# 0.13 
Sr 153 85 
Ti <10 <5 
U <5 
V <50 <10 
Zn <20 <5 
#Indicates value exceeded  EPA’s 
recommended national water-quality 
criteria. 
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Figure 30. Map depicting locations of sampling sites, oil wells, and bodies of water for the Berger Pond WPA: T. 32 N., R. 
58 E., sec. 10.

Figure 31. Geology of the Berger Pond WPA: T. 32 N., 
R. 58 E., sec. 3.
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Melby WPA

The Melby WPA was established on 7/17/1968 and en-
compasses an area of 20.08 acres. Portions of one seasonal 
wetland and one lake extend into the WPA (fi g. 32). Bird 
surveys have documented the use of the Melby WPA by 
breeding bird pairs, with observations of 42–88 duck pairs 
per square mile during the nesting season (Brian DeVries, 
USFWS, written commun., 2009). As of January 2010, 
there were no production wells present within the WPA, but 
one approved plugged and abandoned oil well is located 
approximately 100 ft from the southwestern boundary. This 
well, API well 21102, was completed in October 1987. 
Furthermore, an adjacent landowner allowed reserve pit 
waste to be land-farmed on land located just southeast of 
the WPA.

Geology

The Melby WPA is underlain by glacial till deposits (fi g. 
33). These deposits are estimated to be from 50 to 100 ft 
thick based on nearby test drilling. Fort Union Sandstone 
and mudstone underlies the glacial materials. Glacial 
outwash deposits are located east of the Melby WPA. These 

sand and gravel deposits may be associated with tributaries 
to the Clear Lake aquifer.

Groundwater Hydrology

Shallow groundwater fl ow in the Melby WPA is northwest 
towards the lake based on fall 2005 water-level measure-
ments (fi gs. 34, 35). The general fl ow of the tributaries to 
the Clear Lake aquifer is to the southwest at this location 
(fi gs. 34, 35).

Characterizing Oil Field Production Brine Migration

EM-31 terrain conductivity surveys identifi ed higher than 
background conditions near the abandoned oil well site 
and downgradient of the site towards the north and west 
(fi g. 36). These areas of high terrain conductivity appear to 
be associated with brine plumes migrating offsite. Ad-
ditionally, small patches of elevated conductivity along 
the southeastern boundary of the WPA likely refl ect the 
land-farming of pit wastes that once occurred (fi g. 36). 
Among the fi ve groundwater sampling sites, specifi c 
conductivity ranged from around 1,300 to 21,000 μS/
cm and chloride concentrations ranged from 16.5 to 7087 

Figure 32. Map depicting locations of sampling sites, oil wells, and bodies of water for the Melby WPA: T. 33 N., R. 58 E., 
sec. 2.
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mg/L. Based on the CI, brine impacts (CI > 0.035) were 
seen at two of the fi ve monitoring wells: M-3MW (GWIC 
ID 221714) and M-4MW (GWIC ID 221595). Additionally, 
the ionic concentrations (fi g. 37) and compositions (fi g. 38) 
of samples collected from M-3MW (GWIC ID 221714) 
and M-4MW (GWIC ID 221595) are indicative of brine-
impacted systems, dominated by Cl-, whereas M-5MW 
(GWIC ID 221725), M-1MW (GWIC ID 221690), and 
M-2MW (GWIC ID 221712) refl ect a more naturally min-
eralized shallow aquifer dominated by SO4

2-.  In summary, 
groundwater impacts were evident where a reserve pit once 
existed but not where land framing of pit waste took place.
The distribution of average CI values measured across the 
Melby WPA is shown in fi gure 39.

In addition to EM-31 surveys and groundwater analyses, 
soil samples were collected at all of the monitoring well 
drilling sites and leachates were analyzed for specifi c 
conductivity and chlorides. Generally, specifi c conductance 
increased to a depth of 3–8 ft, then began to decrease at 
depth at most sites except M-4MW (table 14). Chlorides 
followed a similar trend, as indicated by stable CI values 
across varying depths, although the elevated CI values 
at sites M-3MW and M-4MW suggest these sites have 
chloride contamination to depths of 23 and 13 ft, respec-
tively (table 14).  This contamination refl ects the residual 
impacts of the past use of a reserve pit at this site. While all 
of the sites are largely comprised of glacial till, indicative 
of the conserved patterns across different sites, artifi cial fi ll 
was identifi ed at M-4MW, which may explain the different 
patterns seen at this site.

Figure 33. Geology of the Melby WPA: T. 33 N., R. 58 E., sec. 2.

Wetland Water Quality

Three surface-water sites were sampled, two of which, 
MEL1 and MEL2 (GWIC ID 221718), were sampled from 
different locations within the same lake. Among the sam-
pling locations, specifi c conductivity ranged from around 
13,000 to 63,000 μS/cm and chloride concentrations ranged 
from 405 to 6,053 mg/L (table 15). Sites MEL1 and MEL2 
(GWIC ID 221718) had CI values at or just below 0.035 in 
2004, but a sample in 2005 at MEL2 (GWIC ID 221718) 
indicated there was a substantial increase in chlorides, 
characterized by a three-fold increase in the chloride 
concentration and a CI value over double what it was a year 
earlier. Furthermore, MEL3, a smaller seasonal wetland 
just south of the lake, showed clear signs of brine impacts 
based on the elevated CI. Based on EM-31 surveying and 
groundwater monitoring, it appears that M-5MW (GWIC 
ID 221725), M-1MW (GWIC ID 221690), and M-2MW 
(GWIC ID 221712) are beyond the extent of the brine 
plume’s fl ow path, which suggests that impacts seen at sites 
MEL1 and MEL2 (GWIC ID 221718) are from some other 
source. Conversely, it appears quite evident that MEL3 is 
receiving contaminated water via groundwater transport 
based on the elevated CI associated with wells M-3MW 
(GWIC ID 221714) and M-4MW (GWIC ID 221595). 
Furthermore, it is likely that MEL3 is a potential source of 
contamination to MEL1 and MEL2 (GWIC ID 221718), 
either through surface-water interactions, groundwater 
interactions, or both.
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Table 14. Specific conductivity and CI of 1:1 (by weight) aqueous leachates of soil 
samples at different depths in the Melby WPA. 

Depth (ft) Soil Property M-1MW M-2MW M-3MW M-4MW M-5MW

0–3 SC (μS/cm) 644 4,580 20,275 639 11,990
CI NA 0.007 0.273 0.169 0.008

3–8 SC (μS/cm) 12,050 10,800 77,700 1,708 12,480
CI 0.005 0.004 0.386 0.086 0.007

8–13 SC (μS/cm) 8,830 8,270 64,500 9,740 6,370
CI 0.005 0.004 0.388 0.170 0.007

13–18 SC (μS/cm) 5,560 3,330 10,410 9,100 4,420
CI 0.005 NA 0.205 0.041 0.007

18–23 SC (μS/cm) 5,160 3,420 6,950 NA 2,940
CI 0.006 NA 0.153 NA NA

23–28 SC (μS/cm) 2,890 2,700 3,310 NA 1,721
CI NA NA 0.028 NA NA

Note. NA, data not available. 

Figure 34. Groundwater fl ow at the Melby WPA: T. 33 N., R. 58 E., sec. 2.



43

Co-occurring 
Contaminants

One sample from 
MEL2 (GWIC ID 
221718) was analyzed 
for metals (table 16). 
Based on those data, 
aluminum was the 
only element to exceed 
EPA’s national recom-
mended water-quality 
criteria. Due to the 
large number of sites 
with aluminum con-
centrations below the 
analytical limit of de-
tection, the relationship 
between surface-water 
aluminum concentra-

tions and the CI was not formally assessed (table 7). There-
fore, it is diffi cult to determine the effect of oil production 
activities on aluminum concentrations in neighboring 
water bodies. Nevertheless, the concentration of aluminum 
at MEL2 (GWIC ID 221718) was at a level in which toxic 
effects have been reported in algae, macroinverterbrates, 
and fi sh (Gensemer and Playle, 1999). Aluminum toxic-
ity is considered pH-dependent, with increasing toxicity 
as water becomes more acidifi ed (Gensemer and Playle, 
1999). With a pH around 9 at MEL2 (GWIC ID 221718), 
the water-borne aluminum concentrations detected in 
this survey are likely highly complexed, diminishing its 
bioavailability. In spite of this, varying conditions may 
alter the availability of aluminum to aquatic organisms, as 
well as increase the risk to terrestrial organisms, like birds, 
that may be exposed to elevated aluminum concentrations 
through dietary uptake (Gensemer and Playle, 1999; Ros-
seland and others, 1990).

When compared to the Montana numerical water-quality 
standards for human health in groundwater, two sites, 
M-4MW (GWIC ID 221595) and M-5MW (GWIC ID 
221725), had exceedances for strontium and arsenic, 
respectively (table 16). There does not appear to be a 
relationship between arsenic and the CI suggestion that 
the elevated arsenic concentration detected at M-5MW 
(GWIC ID 221725) is from some other source (table 5). 
Conversely, there is a signifi cant positive relationship 
between the CI and groundwater strontium concentrations 
(table 5). Strontium is a commonly detected element in 
produced waters (Stephenson, 1992) and has been shown 
to be a useful indicator of produced water impacts through 
the use of isotopic fractions (Peterman and others, 2010). 

Figure 35. Hydrogeologic cross-sec. at the Melby WPA oil well site: T. 33 N., R. 58 E., sec. 2.

Figure 36. Location of EM-31 terrain-conductivity surveys 
conducted at the Melby WPA: T. 33 N., R. 58 E., sec. 2.
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Figure 37. Major groundwater ionic concentrations and associated contaminant index for monitoring 
wells present within the Melby WPA during 2005.

Figure 38. Major groundwater ionic compositions and associated contaminant index for monitoring 
wells present within the Melby WPA during 2005.

Table 15. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for wetlands visited at the Melby WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

MEL1 5/14/2004 13,233 405 0.031 Mesosaline 
MEL2 5/14/2004 13,207 464 0.035 Mesosaline 
MEL2 7/21/2004 15,637 414 0.026 Mesosaline 
MEL2 9/16/2005 22,800 1,338 0.059 Mesosaline 
MEL3 7/21/2004 62,540 6,053 0.097 Hypersaline 
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Figure 39. Distribution of the mean chloride contamination index measured in wells and wetlands associated with the 
Melby WPA: T. 33 N., R. 58 E., sec. 2.

Figure 40. Concentrations 
(mg/kg) of total petroleum 
hydrocarbons from soil 
samples collected across 
the Northeast Montana 
WMD in 2005 with the site 
located in the Melby WPA 
bracketed.
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While elevated strontium concentrations have been linked 
to reduced eggshell thickness in birds (Matz and Rocque, 
2007), the elevated concentrations at the Melby WPA are 
confi ned to groundwater, and therefor unavailable to most 
organisms. 
 
One soil sample, M-3S, was collected in 2005 for total 
petroleum hydrocarbon analysis (fi g. 40).  With a concen-
tration of 89,200 mg/kg (DW), this sample had the highest 
concentration of total petroleum hydrocarbons of all of 
the soil samples taken at the Northeast Montana WMD. In 
2006, two grab samples were taken at M-3S and were ana-
lyzed for aliphatic and polynuclear aromatic hydrocarbons. 
Average hydrocarbon values from 2006 were compared to 
established toxic 
benchmark values to assess the relative toxicity at each site. 
For each hydrocarbon fraction assessed, average concentra-
tions detected exceeded every benchmark value (table 17).

Although the toxicity criteria used in this assessment were 
developed to be protective of human health, values detected 
were at levels that have been reported as causing environ-
mental impacts. For example, sublethal effects to plants 

and invertebrates as well as lethal effects to invertebrates 
have been reported for values comparable to those detected 
at M-3S (Cermak and others, 2010). Additionally, impacts 
to microbial communities, including reduced microbial 
biomass and soil enzyme activity, have been reported for 
soils that possess hydrocarbon levels comparable to those 
at M-3S (Megharaj and others, 2000). While the two soils 
samples taken at the Melby WPA are not representative of 
large-scale soil contamination, they do illustrate that oil 
production practices at this WPA are releasing petroleum 
hydrocarbons into the environment at potentially toxic 
levels.

In 2005, one groundwater sample was collected from M-
3MW and analyzed for total petroleum hydrocarbons. Total 
petroleum hydrocarbons were present at a concentration 
of 810 μg/L, which was one of the highest concentrations 
detected (fi g. 41). M-3MW was resampled in 2006 and 
analyzed for aliphatic and polynuclear aromatic hydrocar-
bons. Numerous compounds were present at concentrations 
greater than the analytical detection limits, with one indi-
vidual compound, dibenz(a,h)anthracene, exceeding toxic-
ity criteria (table 18). Dibenz(a,h)anthracene is classifi ed 

Table 16. Surface-water and groundwater concentrations (μg/L) of trace elements 
present in the sampled monitoring wells and wetland of the Melby WPA in 2005. 

Groundwater 
Surface
Water

M-1MW M-2MW M-3MW M-4MW M-5MW MEL2 

Al <50 <50 <50 <50 <50 215#

As 5.06 4.47 5.16 2.79 13.8* 46.5 
B 273 228 288 671 230 5,800 

Ba 42 27 76 79 36 26 
Be <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Cd 0.11 0.04 0.18 0.18 0.04 <0.2 
Co <5 <5 <5 <5 <5 <5.00 
Cr <5 <5 <5 <5 <5 <5.00 
Cu <5 <5 <5 6 <5 <5.00 
Hg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Mo 20 <10 10 10 <10 20 
Ni <5 <5 8 <5 <5 5 
Pb 0.1 0.02 <0.05 <0.1 <0.01 0.82 
Se 1.76 <0.1 0.88 32.7 <0.1 0.81 

Sr 435 590 2,570 7,630* 435 220 
Ti <5 <5 <5 7 <5 10 
V <10 <10 <10 <10 <10 <10 
Zn <5 12 <5 14 <5 

*Indicates value exceeded Montana numerical water-quality standards for human 
health in groundwater. 
#Indicates value exceeded EPA’s recommended national water-quality criteria. 
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by EPA as a probable human carcinogen and is considered 
toxic to many wildlife species. However, groundwater is 
largely unavailable to most organisms, and if dibenz(a,h)
anthracene was transported to a surface-water body, it 
would likely be associated with the sediments. MacDonald 
and others (2000) proposed a consensus-based toxic effect 
concentration of 33 μg/kg, below which harmful effects are 
unlikely to occur. Groundwater may contribute trace levels 
of dibenz(a,h)anthracene to wetlands through groundwa-
ter–surface-water interactions, but runoff from contami-
nated soils will more likely contribute concentrations of 

dibenz(a,h)anthracene or other 
soil-bound hydrocarbons at 
toxic levels. No other individual 
compound or chemical group 
exceeded toxicity benchmarks, 
but many of these values were 
consistently higher than other 
samples taken throughout the 
Northeast Montana WMD. For 
instance, the lighter aliphatic 
fraction (C9–C18) concentration 
for M-3MW was greater than 18 
times the concentration found at 
A-3MW, the site with the next 
highest lighter aliphatic (C9–
C18) fraction concentration. 
The concentration of the lighter 
aromatic fraction (C9–C10) was 
at least twice that of the next 
highest concentration, although 
all other sites had concentrations 
below detection limits. Both of 

the heavier fractions of aliphatic (C19–C36) and aromatic 
(C11–C22) hydrocarbons were slightly less than two times 
the values found at A-14MW and A-4MW, the sites with 
the next highest concentrations of the heavier fractions of 
aliphatic (C19–C36) and aromatic (C11–C22) hydrocar-
bons, respectively.

Table 17. Concentrations (mg/kg DW) of hydrocarbon fractions from soil 
samples collected in 2006 within the Melby WPA with associated toxicity 
criteria. 

Toxicity Criteria Site Values 
Carbon TPHCWG1 MADEP2 M-3S 
Range (mg/kg/day) (mg/kg/day) (mg/kg) 

Aliphatic
C9–C18 0.10 0.10 11,311 

C19–C32 2.00 2.00 1,665.45 

Aromatic 
C9–C16 0.04 0.03 90 

C17–C32 0.03 0.03 6.81 
1Total Petroleum Hydrocarbon Criteria Working Group (Gustafson and 
others, 1997). 
2Massachusetts Department of Environmental Protection (MADEP,  2003). 

Figure 41. Concentrations (μg/L) of total petroleum hydrocarbons from groundwater samples col-
lected across the Northeast Montana WMD in 2005 with the site located in the Melby WPA bracketed. 
*Indicates concentration is below the analytical detection limit of 100 μg/L.
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Mallard Pond WPA

The Mallard Pond WPA was established on 3/14/1968 
and encompasses an area of approximately 160 acres with 
multiple bodies of water extending on to the property (fi g. 
42).  Bird surveys have documented the use of the Mallard 
Pond WPA by breeding waterfowl during nesting season, 
with observations of 42–88 duck pairs per square mile 
(Brian DeVries, USFWS, written commun., 2009). Much 
of the upland habitat is intact native prairie, so management 
practices, such as prescribed grazing and prescribed fi re, 
are implemented to maintain and improve the diversity of 
native prairie plants and the wildlife species that rely on 
that native prairie habitat. As of January 2010, well 21236, 
an approved plugged and abandoned oil well, was the only 
production well found within the WPA. The closest pro-
duction well outside of the WPA was a producing oil well 
located within 800 ft of the northern WPA boundary (fi g. 
42). Well 21236 was completed in June 1979. Historical 
aerial photos reveal that a tank battery was present at the 

location of well 21236, as 
well as a salt scar located 
just to the east.

Geology

The Mallard Pond WPA 
is underlain by glacial 
outwash deposits (fi g. 43). 
These deposits are esti-
mated to be from 50 to 150 
ft thick based on nearby 
test drilling. Fort Union 
sandstone and mudstone 
underlies the glacial 
materials. Quaternary al-
luvial deposits are located 
underlying the western 
part of the Mallard Pond 
WPA and are associated 
with swales and lowlands 
along Lake Creek and its 
tributaries. The sand and 
gravel glacial outwash de-
posits are associated with 
the upper permeable zone 
of the Clear Lake aquifer.

Groundwater Hydrology

The Mallard Pond site 
overlies the Clear Lake 
aquifer. Water levels at 
Mallard Pond and other 
wetlands in this area ap-
proximate the water table 
of the Clear Lake aquifer. 
Flow in the aquifer is 
generally towards the west 
or southwest. The cross 

section shown in fi gure 44 depicts the outwash overlying 
the aquifer and the similar water levels in monitoring wells 
constructed at the Mallard Pond WPA and Mallard Pond.

Characterizing Oil Field Production Brine Migration

EM terrain conductivity surveys indicated higher than 
background readings in an area east of the abandoned oil 
well (fi g. 45). These appear to be related to well construc-
tion activities where brine or brine-saturated materials 
were either spilled or buried. These could also refl ect the 
salt scars identifi ed in the historical aerial photos. Among 
the three monitoring well samples, specifi c conductance 
ranged from around 680 to 16,300 μS/cm and chloride 
concentrations ranged from 4.57 to 8581 mg/L. Based on 
the CI, brine impacts (CI > 0.035) were seen at two of the 
three monitoring wells: MP-1MW (GWIC ID 221735) and 
MP-2MW (GWIC ID 221704). The ionic concentrations 
(fi g. 46) and compositions (fi g. 47) of groundwater samples 

Table 18. Concentrations (μg/L) of hydrocarbon fractions from groundwater 
samples collected in 2006 within the Melby WPA with associated toxicity 
criteria. 

Toxicity Criteria Site Values 
MT RBSL1 MADEP2 M-3MW 

(μg/L) (μg/L) (μg/L) 
Aliphatics

Carbon range C9–C18 1,000 50,000 108.9 
Carbon range C19–C36 1,000 50,000 57.1 

Aromatics 
Carbon range C9–C10 — 50,000 0.7 
Carbon range C11–C22 1,000 5,000 0.8 
Acenaphthene 670 6,000 <0.3 
Anthracene 2,100 30 <0.3 
Benzo(a)pyrene 0.05 500 <0.3 
Benzo(b)fluoranthene 0.5 400 <0.3 
Benzo(k)fluoranthene 5 100 <0.3 
Chrysene 50 70 <0.3 

Dibenzo(a,h)anthracene 0.05 40 0.3†

Fluoranthene 130 200 <0.3 
Flourene 1,100 40 <0.3 
Indeno(1,2,3-cd)pyrene 0.5 100 <0.3 
Napthalene 100 20,000 0.7 
Pyrene 830 20 <0.3 

1Montana Tier 1 Risk-Based Corrective Action Guidance for Petroleum Release 
(MT DEQ, 2009). 
2Massachusetts Department of Environmental Protection (MADEP,  2003). 
†Indicates value exceeds a toxicity benchmark. 
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Figure 42. Map depicting locations of sampling sites, oil wells, and bodies of water for the Mallard Pond WPA: T. 33 N., R. 
58 E., sec. 33.

Figure 43. Geology of the Mallard Pond 
WPA: T. 33 N., R. 58 E., sec. 33.
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taken from wells MP-1MW (GWIC ID 221735) and MP-
2MW (GWIC ID 221704) are indicative of brine impacts, 
dominated by Cl- ions, whereas well MP-RW (GWIC ID 
161782) lacks that Cl- dominance. The distribution of 
mean CI values associated with the Mallard Pond WPA is 
shown in fi gure 48.

In addition to EM-31 surveys and groundwater analyses, 
soil samples were collected at the monitoring well drill-
ing sites of MP-1MW and MP-2MW, and leachates were 
analyzed for specifi c conductivity and chlorides (table 
19). MP-1MW consistently had high specifi c conductiv-
ity and CI values throughout the various sampled depths, 
while MP-2MW had a clearer increasing trend in values 
with depth.  The differences between the two sites may 
refl ect proximity to the contaminant source. For example, 
MP-1MW may have been the location of a chronic leak or 
waste site associated with oil well 21236, and the perme-
able outwash in which both sites are located have allowed 
chloride contamination to migrate to a point in which 
subsurface impacts are seen at MP-2MW. 

Wetland Water Quality

One wetland, Mallard Pond, was sampled four times 
between 1990 and 2005 (table 20). Results from the 1990 
sample were refl ective of the drought conditions that 
existed during the 1980s that had evapoconcentrated water 
in the pond, resulting in an elevated specifi c conductivity 
value of 2,590 μS/cm. However, the chloride concentra-
tion of 25.7 mg/L and the CI value of 0.01 were similar 
to the values seen during the 2004 sampling event. The 
specifi c conductivity in 2004, though, refl ected the wet-
ter conditions that existed after 1980 that improved the 

overall water quality. Much like the 2004 samples, the 2006 
specifi c conductivity value refl ected the wetter conditions 
that existed after 1980, although the chloride concentration 
increased to 54.9 mg/L with a resultant CI of 0.03, ap-
proaching the lower limit indicative of brine contamination. 
The variation in chloride concentrations seen at Mallard 
Pond is likely the result of regional infl uences.

Figure 44. Cross section showing hydrogeologic conditions in the vicinity of the of the Mallard Pond WPA.

Figure 45. Location of EM-31 terrain-conductivity surveys 
conducted at the Mallard Pond WPA: T. 33 N., R. 58 E., sec. 
33.
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Figure 46. Major groundwater ionic concentrations and associated contaminant index for monitoring 
wells present within the Mallard Pond WPA during 2005.

Figure 47. Major groundwater ionic compositions and associated contaminant index for monitoring 
wells present within the Mallard Pond WPA during 2005.
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Co-occurring Contaminants

Inorganic analyses were completed on samples taken from 
the wetland MP1A and the three monitoring wells MP-
1MW (GWIC ID 221735), MP-2MW (GWIC ID 221704), 
and MP-RW (GWIC ID 161782). Numerous trace elements 
were detected in the wetland sample, as well as the ground-
water samples. For surface water, zinc exceeded EPA’s 
national recommended water-quality criteria (table 21). The 
relationship between surface-water zinc concentrations and 
the CI was not formally assessed due to the large number 
of values below the analytical detection level (table 7), but 
there does appear to be a slight positive relationship with 
groundwater zinc concentrations and the CI (table 5). Re-
gardless, EM-31 surveys and groundwater surveys provide 
evidence that there is little to no interaction between the 
MP1A wetland sample and the brine plume present within 
the WPA. This does not account for other interactions that 
occur between the lake and neighboring surface-water 
bodies that may be intermittently connected. Nevertheless, 
it is diffi cult to determine the infl uence that oil production 
activities may have had on the present zinc concentration 

detected at MP1A, but zinc is often considered a commonly 
occurring trace element in produced waters (Stephenson, 
1992; Jacobs and others, 1992). Many species respond dif-
ferently to elevated zinc levels and there are numerous in-
teractions that may infl uence zinc toxicity, but effects have 
been reported for various species including some plants, 
macroinvertebrates, and amphibians at concentrations less 
than the concentration detected at MP1A (Eisler, 1993).

When groundwater concentrations were compared to the 
Montana numerical water-quality standards for human 
health in groundwater, sites MP-2MW (GWIC ID 221704) 
and MR-RW (GWIC ID 161782) had exceedances for arse-
nic, and sites MP-1MW (GWIC ID 221735) and MP-2MW 
(GWIC ID 221704) had exceedances for strontium (table 
21). There does not appear to be a relationship between 
arsenic and the CI, suggesting that the elevated arsenic 
concentrations detected at MP-RW (GWIC ID 161782) 
and MP-2MW (GWIC ID 221704) are from some other 
source (table 5). Conversely, there is a signifi cant positive 

Figure 48. Distribution of the mean chloride contamination index measured in wells and wetlands associated with the 
Mallard Pond WPA: T. 33 N., R. 58 E., sec. 33.
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Table 19. Specific conductivity and CI of 1:1 (by weight) aqueous 
leachates of soil samples at different depths in the Mallard Pond WPA. 

Depth (ft.) Soil Property MP-1MW MP-2MW 

0–3 SC (μS/cm) 7,270 265 
CI 0.209 NA 

3–8 SC (μS/cm) 4,460 261 
CI 0.238 NA 

8–13 SC (μS/cm) 8,720 638 
CI 0.316 0.174 

13–18 SC (μS/cm) 7,130 2,220 
CI 0.294 0.284 

18–23 SC (μS/cm) 7,420 8,970 
CI 0.306 0.350 

23–28 SC (μS/cm) 3,240 5,010 
CI 0.310 0.330 

28–33 SC (μS/cm) 787 2,410 
CI 0.241 0.317 

33–38
SC (μS/cm) 4,530 3,820 
CI 0.310 0.287 

Note. NA, data not available. 

Table 20. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for the wetland visited at the Mallard 
Pond WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification

MP1A 8/25/1990 2,590 26 0.010 Oligosaline 
MP1A 4/27/2004 1,049 24 0.023 Oligosaline 
MP1A 9/12/2004 1,194 16 0.014 Oligosaline 
MP1A 9/16/2005 1,650 55 0.033 Oligosaline 
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Table 21. Surface-water and groundwater concentrations (μg/L) of trace 
elements present in the sampled monitoring wells and wetland of the 
Mallard Pond WPA in 2005. 

Groundwater Surface Water 
MP-1MW MP-2MW MP-RW MP1A 

Al <50 <50 <50 <50 

As 3.21 13.3* 13.8* 4.39 
B 8,560 90 106 562 

Ba 640 3,440 545 12 
Be <0.5 <0.5 <0.5 <0.5 
Cd 2.16 1.79 0.08 0.03 
Co <5 <5 <5 <5 
Cr <5 <5 <5 <5 
Cu <5 <5 <5 <5 
Hg <0.1 <0.1 <0.1 <0.1 
Mo <10 <10 10 <10 
Ni 17 <5 <5 <5 
Pb <0.05 <0.05 0.12 0.05 
Se 2.26 2.8 0.14 0.16 

Sr 15,000* 6,930* 240 95 
Ti 9 24 <5.00 <5 
V <10 <10 <10 <10 

Zn <5 7 <5 11#

*Indicates value exceeded Montana numerical water-quality standards 
for human health in groundwater. 
#Indicates value exceeded EPA’s recommended national water-quality 
criteria. 

Table 22. Concentrations (mg/kg DW) of hydrocarbon fractions 
from the soil sample collected in 2006 within the Mallard Pond 
WPA with associated toxicity criteria. 

Toxicity Criteria Site Values 

Carbon
Range

TPHCWG1

(mg/kg/day)
MADEP2

(mg/kg/day)
MP-1S 
(mg/kg)

Aliphatic
C9–C18 0.10 0.10 0.248 

C19–C32 2.00 2.00 0.518 

Aromatic 
C9–C16 0.04 0.03 0 

C17–C32 0.03 0.03 0.003 
1Total Petroleum Hydrocarbon Criteria Working Group 
(Gustafson and others, 1997). 
2Massachusetts Department of Environmental Protection 
(MADEP, 2003). 
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Figure 49. Concentrations (mg/kg DW) of total petroleum hydrocarbons from soil samples col-
lected across the Northeast Montana WMD in 2005 with the site located in the Mallard Pond WPA 
bracketed.

Figure 50. Concentrations (μg/L) of total petroleum hydrocarbons from groundwater samples 
collected across the Northeast Montana WMD in 2005 with the site located in the Mallard Pond 
WPA bracketed. *Indicates concentration is below the analytical detection limit of 100 μg/L.
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relationship between the CI and groundwater strontium 
concentrations (table 5). Strontium is a commonly detected 
element in produced waters (Stephenson, 1992). The con-
centrations detected in MP-1MW (GWIC ID 221735) and 
MP-2MW (GWIC ID 221704) are at levels that could elicit 
a toxicological response (Matz and Rocque, 1997), but the 
exposure pathway is largely confi ned to the groundwater 
systems in which it was detected, rendering this element 
unavailable to many organisms.

One soil sample, MP-1S, was collected in 2005 for total 
petroleum hydrocarbon analysis. This sample had a total 
petroleum hydrocarbon concentration of 524 mg/kg (DW) 
(fi g. 49).  In 2006, another grab sample were taken at 
MP-1S and was analyzed for aliphatic and polynuclear 
aromatic hydrocarbons. Hydrocarbon fractions from 2006 
were then compared to established toxic benchmark values. 
Only the C9–C18 aliphatic fraction exceeded a benchmark 
value (table 22). The toxicity criteria used to assess toxicity 
were developed to be protective of human health, and as 
they do serve as a useful frame of reference, the concentra-
tions present in the soil at MP-1S will have little impact on 

wildlife. In 2005, one groundwater sample was collected 
from MP-1MW (GWIC ID 221735) and analyzed for total 
petroleum hydrocarbons. Total petroleum hydrocarbons 
were present at a concentration of 240 μg/l (fi g. 50). There 
were no further organic analyses done for MP-1MW 
(GWIC ID 221735). It appears that oil production activities 
have contaminated groundwater with petroleum hydrocar-
bons, but at levels that will unlikely produce a signifi cant 
toxicological impact to wildlife.

Northeast WPA

The Northeast WPA was established on 7/17/1968, 
although additional land purchases were made until 
8/11/1969. Currently, the Northeast WPA includes an 
area of 218.5 acres with multiple wetlands (fi g. 51). Bird 
surveys have documented the use of the Northeast WPA 
by breeding bird pairs, with observations of 42–88 duck 
pairs per square mile during the nesting season (Brian 
DeVries, USFWS, written commun., 2009). As of Janu-
ary 2010, there were no oil wells present within the WPA, 
but four are located in close proximity. Wells 05173 and 

Figure 51. Map depicting locations of sampling sites, oil wells, and bodies of water for the Northeast WPA: T. 37 N., R. 58 
E., sec. 3 & 10.
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05182 are both oil-producing wells that were completed in 
November 1965 and August 1965, respectively. Well 05250 
is an approved plugged and abandoned dry hole that was 
completed in December 1965 and well 05181 is an active 
injection EOR well that was completed in July 1965.

Geology

The surfi cial geology underlying the Northeast WPA 
is depicted in fi gure 52. Most of the Northeast WPA is 
underlain by glacial till. The thickness of this relatively 
low-permeability unit is unknown, but based on nearby test 
holes and wells, the till thickness probably ranges from 50 
to 100 ft. A relatively long and narrow deposit of moderate 
to high-permeability alluvium is mapped trending north to 
south through the central part of the Northeast WPA.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the Northeast WPA. It is likely that the localized fl ow 
is dominated by topography and groundwater fl ows from 
upland hummocks to the low-lying wetlands and lakes. No 
regional glacial outwash aquifers have been identifi ed in 
this area.

Characterizing Oil Field Production Brine Migration

EM surveys were not conducted at this site and no monitor-
ing wells were established.

Wetland Water Quality

Three wetlands were sampled, two of 
which, NE3 and NE5, were dry. For 
NE2, the specifi c conductivity was 
around 94,000 μS/cm and the chloride 
concentration was 5,179 mg/L (table 
21). Based on the CI value for NE2, 
chloride impacts (CI >0.035) were 
evident. Further investigations, such as 
EM-31 surveys and groundwater moni-
toring, would be required to determine 
the source of contamination for NE2.

Co-occurring Contaminants

There were no additional analyses done 
for the Northeast WPA.

North Root WPA

The North Root WPA was established 
on 6/19/1988 and contains an area of 
320 acres (fi g. 53). Bird surveys have 
documented the use of the North Root 
WPA by breeding bird pairs, with 
observations of 42–88 duck pairs per 
square mile in the eastern half of the 

WPA and 20–42 duck pairs per square mile in the western 
half during the nesting season (Brian DeVries, USFWS, 
written commun., 2009). As of January 2010, well 05101, 
an active injection EOR well completed in February 1965, 
was the only well present within the WPA. Well 05091, an 
approved plugged and abandoned dry hole completed in 
March 1965, is located just south of the WPA (fi g. 53).

Geology

The surfi cial geology underlying the North Root WPA 
is depicted in fi gure 54. Most of the North Root WPA is 
underlain by glacial till. The thickness of this relatively 
low-permeability unit is unknown, but based on nearby 
test holes and wells, the till thickness probably ranges from 
50 to 100 ft.  A deposit of moderate to high-permeability 
glacial outwash underlies the western part of this WPA in 
the vicinity of mapped oil fi eld location 05101.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the North Root WPA. It is likely that the localized 
fl ow is dominated by topography and groundwater fl ows 
from upland hummocks to the low-lying wetlands and 
lakes. At this location there is a strong potential for a brine 
plume associated with the oil well site to migrate towards 
the wetland to the west of the site. No regional glacial 
outwash aquifers have been identifi ed in this area.

Figure 52. Geology of the Northeast WPA: T. 37 N., R. 58 
E., sec. 3 & 10.
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Figure 53. Map depicting locations of sampling sites, oil wells, and bodies of water for the North Root WPA: T. 36 N., R. 58 
E., sec. 34.

Figure 54. Geology of the North Root WPA: T. 36 N., R. 58 
E., sec. 34.
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Co-occurring Contaminants

There were no additional analyses done for the North 
Root WPA.
 

Big Slough WPA

The Big Slough WPA was established on 12/20/1968, with 
additional land acquired on 12/30/1968 and 4/16/1969, 
ultimately encompassing an area of approximately 850 
acres. Multiple water bodies are located within the WPA, 
including lakes, semi-permanent, seasonal, and temporary 
wetlands (fi g. 56). Bird surveys have documented the 
use of the Big Slough WPA by breeding waterfowl, with 
observations of 42–88 duck pairs per square mile during 
the nesting season (Brian DeVries, USFWS, written com-
mun., 2009). Additionally, there is designated Piping Plo-
ver critical habitat located in the Big Slough WPA. Much 
of the upland habitat is managed as dense nesting cover 
through selective planting, prescribed haying, prescribed 
fi re, and limited grazing. As of January 2010, well 05056, 
an approved plugged and abandoned dry hole completed 
in September 1964, was the only well within the WPA. 
However, numerous wells, including an unapproved 
plugged and abandoned dry hole, approved plugged and 
abandoned dry wells, and a producing oil well were all 
located in close proximity to the WPA boundary (fi g. 56).

Geology

The Big Slough WPA is located near the western edge of 
a major glacial outwash deposit (fi g. 57). The entire WPA 
is underlain by glacial outwash deposits. These deposits are 
estimated to be from 50 to 150 ft thick based on nearby test 
drilling. Fort Union sandstone and mudstone underlies the 
glacial materials. Quaternary alluvial and lacustrine depos-
its are located underlying relatively small areas of the Big 
Slough WPA and are associated with swales and lowlands 
along wetlands and lakes.

Groundwater Hydrology

The Big Slough WPA overlies the Clear Lake aquifer. 
Several highly productive irrigation wells are located 
within 1 mile to the south and east of the WPA. Flow in the 
aquifer is generally towards the south or southwest.  There 
is a good potential for groundwater fl ow to be from oil well 
location 05056 towards nearby wetlands.

Characterizing Oil Field Production Brine Migration

EM-31 terrain conductivity surveys indicated higher than 
background readings in an area north of oil well location 
05056 (fi g. 58). These appear to be related to well construc-
tion activities, and based on the date of well construction, 
may refl ect the location of a historic unlined reserve pit.
Among the four monitoring wells sampled, specifi c con-
ductance ranged from around 1,600 to 8320 μS/cm and 
chloride concentrations ranged from 14.7 to 2,094 mg/L. 

Figure 55. Location of EM-31 terrain-conductivity surveys 
conducted at the North Root WPA: T. 36 N., R. 58 E., sec. 
34.

Characterizing Oil Field Production Brine Migration

EM terrain conductivity surveys indicated higher than 
background readings in an area west of oil well location 
05101 (fi g. 55). The area of high conductivity closest to 
the well is likely the location of a reserve pit, while the 
other elevated areas show a plume migrating downslope 
ending along the county road. There are no groundwater 
wells associated with this site to characterize groundwater 
chemistry.

Wetland Water Quality

One surface-water location, NR1, was sampled and had an 
average specifi c conductivity of 24,731.5 μS/cm and an 
average chloride concentration of 3067.5 mg/L.  Based on 
the average CI value for NR1, 0.121, chloride impacts (CI 
>0.035) were evident. Based on the EM-31 survey, it ap-
pears that a brine plume is moving offsite and is impacting 
NR1. Additionally, several fl ow lines and produced water 
lines have been observed along the shoreline of the NR1 
wetland. These may serve, or have served, as a contaminant 
source to the wetland through leaks or spills that may have 
occurred over time.
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Figure 56. Map depicting locations of sampling sites, oil wells, and bodies of water for the Big Slough WPA: T. 34 N., R. 
58 E., sec. 2, 10 & 11.

Figure 57. Geology of the Big Slough WPA: T. 34 
N., R. 58 E., sec. 2, 10 & 11.
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As indicated by the calculated CI values from the well 
samples, produced water impacts were evident at sites 
BS-1DMW (GWIC ID 221706), BS-1SMW (GWIC 
ID 221736), and BS-2MW (GWIC ID 221689). The 
ionic concentrations (fi g. 59) and compositions (fi g. 60) 
of groundwater samples taken from wells BS-1DMW 
(GWIC ID 221706), BS-1SMW (GWIC ID 221736), 
and BS-2MW (GWIC ID 221689) are less indicative of 
brine impacts than other groundwater sites sampled in 
the Northeast Montana WMD, which are typically more 
clearly dominated by Cl- ions. Rather, impacted well sites 
in the Big Slough WPA show only a slight displacement 
of naturally dominant ions, like HCO3-, by Cl- ions, 
although impacts are more clearly seen in BS-2MW 
(GWIC ID 221689). In agreement with the EM-31 survey, 
it appears that wells BS-1DMW (GWIC ID 221706) and 
BS-1SMW (GWIC ID 221736) are along the edge of 
the brine plume, while BS-2MW (GWIC ID 221689) is 
situated in a more concentrated, highly impacted area. 
Although no EM-31 surveys were conducted surrounding 
BS-RW (GWIC ID161785), this site appears to refl ect 
background groundwater conditions.

In addition to EM-31 surveys and groundwater analyses, 
soil samples were collected at the monitoring well drill-
ing sites of BS-1DMW and BS-2MW, and leachates were 
analyzed for specifi c conductance and chlorides (table 
23). Impacts are evident at both sites based on the elevat-
ed CI values, although the distribution of ions between the 
soil profi les differs. For instance, specifi c conductance, 
including the contribution of chlorides, was more pro-

nounced at depths greater than 8 ft at BS-1DMW, while 
surfi cial impacts were evident at BS-2MW. Hyrdogeologic 
differences between the two sites, as well as proximity to 

Figure 58. Location of EM-31 terrain-conductivity surveys 
conducted at the Big Slough WPA: T. 34 N., R. 58 E., sec. 
2, 10 & 11.

Figure 59. Major groundwater ionic concentrations and associated contaminant index for monitoring 
wells present within the Big Slough WPA during 2005.
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the contaminant source, may explain the differences seen 
between these two sites. For example, BS-1DMW is more 
representative of glacial outwash, with unequal distribu-
tions of ions refl ecting the permeability and transmissivity 
of these deposits, while BS-2MW, located in alluvium, 
is exhibiting elevated near-surface concentrations due to 
evaporative concentration effects. Furthermore, EM-31 
surveys show areas of high terrain conductivity closer to 
BS-2MW, where brine or brine-saturated materials were 
either spilled or buried. 

Wetland Water Quality

Among the fi ve wetlands sampled, specifi c conductance 
ranged from around 1,700 to 34,000 μS/cm and chloride 
concentrations ranged from 16 to 1,198 mg/L (table 24). 

Based on the CI values for the Big Slough WPA, there 
was only one site, BS4A, displaying chloride impacts. The 
results from the EM-31 surveys conducted onsite and the 
groundwater analyses suggest that past oil production and 
exploration activities are likely impacting BS4A though 
brine contamination.

Co-occurring Contaminants

Analyses for co-occurring contaminants were not con-
ducted for wetlands, but were completed on samples taken 
from every groundwater monitoring well. When compared 
to the Montana numerical water-quality standards for hu-
man health in groundwater, there were no constituents that 
exceeded any benchmark value (table 25).

Figure 60. Major groundwater ionic compositions and associated contaminant index for monitoring 
wells present within Big Slough WPA during 2005.

Table 23. Specific conductivity and CI of 1:1 (by weight) 
aqueous leachates of soil samples at different depths in the 
Big Slough WPA. 

Depth (ft) Soil Property BS-1DMW BS-2MW 

0-3 SC (μS/cm) 479 7,750 
CI NA 0.113 

3-8 SC (μS/cm) 630 3,300 
CI 0.044 0.138 

8-13 SC (μS/cm) 3,040 NA 
CI 0.185 NA 

13-18 SC (μS/cm) 1,147 NA 
CI 0.121 NA 

Note. NA, data not available. 
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Rabenberg WPA

The Rabenberg WPA encompasses an area of approxi-
mately 320 acres. Multiple bodies of water are located 
in, or partially located in, the WPA, including seasonal 
and semi-permanent wetlands (fi g. 61). Bird surveys have 
documented the use of the Rabenberg WPA by breed-
ing bird pairs, with observations of 42–88 duck pairs per 
square mile in the eastern half of the WPA and 20–42 duck 
pairs per square mile in the western half during the nesting 
season (Brian DeVries, USFWS, written commun., 2009). 
As of January 2010, API wells 05105 and 21056, two shut-
in oil wells completed in September 1965 and November 
1968, respectively, were located within the WPA. Further-
more, one producing oil well was located within 700 ft east 

of the WPA, a shut-in oil well was located within 1,000 
ft of the western WPA boundary, and a tank battery and 
producing oil well were located just over a quarter of a mile 
north of the northwestern corner of Rabenberg WPA (fi g. 
61). A slough located downslope of the tank battery creates 
a surface-water pathway for contaminants from the tank 
battery to the refuge. An expanded report detailing oil and 
gas impacts identifi ed at the Goose Lake Oil Field, includ-
ing Rabenberg WPA, is found in appendix A.

Geology

The Rabenberg WPA is underlain by collapsed glacial 

Table 24. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for  wetlands visited at the Big Slough WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

BS1 5/15/2004 2,216 32 0.014 Oligosaline 
BS2 5/15/2004 1,768 16 0.009 Oligosaline 

BS3A 5/15/2004 8,834 222 0.025 Mesosaline 
BS4A 5/15/2004 34,017 1,198 0.035 Polysaline 
BS8 5/15/2004 4,616 109 0.024 Oligosaline 

Table 25. Groundwater concentrations (μg/L) of trace elements 
present in the sampled monitoring wells of the Big Slough WPA in 
2005.

Groundwater 
BS-1DMW BS-1SMW BS-2MW BS-RW 

Al <50 <50 <50 <50 
As 1.06 1.03 1.57 11.3 
B 284 272 1450 439 

Ba 91 12 77 35 
Be <0.5 <0.5 <0.5 <0.5 
Cd 0.06 0.12 0.14 0.02 
Co <5 <5 <5 <5 
Cr <5 <5 <5 <5 
Cu <5 <5 <5 <5 
Hg <0.1 <0.1 <0.1 <0.1 
Mo <10 10 <10 <10 
Ni <5 <5 <5 <5 
Pb <0.01 0.02 <0.05 <0.01 
Se 2.72 3.6 0.49 <0.1 
Sr 670 445 3,240 1,140 
Ti <5 <5 6 <5 
V <10 <10 <10 <10 
Zn <5 <5 8 <5 
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Figure 61. Map depicting locations of sampling sites, oil wells, and bodies of water for the Rabenberg WPA: T. 34 N., R. 
58 E., sec. 2, 10 & 11.

Figure 62. Geology of the Rabenberg WPA: T. 36 N., 
R. 58 E., sec. 27.
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outwash overlying glacial till (fi g. 62). These sediments 
overlie sandstone and mudstone of the Fort Union Forma-
tion. The depth to bedrock has not been clearly defi ned, but 
is estimated at 50 to 100 ft below land surface. Details of 
the near-surface geology are expanded in Appendix A.

Groundwater Hydrology

The Rabenberg WPA overlies a tributary to the Clear Lake 
aquifer. Flow in the aquifer is generally towards the east or 
southeast. Groundwater fl ows towards a western extension 
of Goose Lake near the eastern boundary of the WPA. De-
tails of groundwater fl ow are expanded in the Goose Lake 
report in Appendix A that also compares results of the 1989 
sampling to samples collected from the same wells in 2006.

Characterizing Oilfi eld Production Brine Migration

EM surveys were conducted in three separate locations 
within and directly outside of the WPA boundaries (fi g. 63). 
For instance, surveys conducted at site 1 characterized an 
area of elevated apparent terrain conductivity associated 
with the tank battery just north of the northwest corner of 
the WPA (fi g. 64). Surface salt scars from historic improper 
disposal of produced water are apparent along the slough 

on the west side of the road, and historic photos show the 
presence of a produced water pit just upslope of the slough.
Surveys conducted at site 2 characterized another area of 
elevated apparent terrain conductivity associated with the 
oil well 05105 that appears to extend northward into the 
slough area (fi g. 65). Based on the drilling date for well 
05105, the reserve pit associated with this well would have 
been unlined. Last, surveys conducted at site 3 identifi ed 
areas of elevated apparent terrain conductivity associated 
with oil well 21056 (fi g. 66), but less extensive than at sites 
1 and 2. This well would have also had an unlined reserve 
pit associated with it based on its drilling date.

Four monitoring wells are located within the WPA, but 
numerous wells are located in close proximity to the WPA 
as well. However, only six wells outside the WPA have 
been sampled within the past 10 years. These include those 
wells located in Rabenberg Slough—RS-1MW (GWIC ID 
890940), RS-2MW (GWIC ID 890445), RS-3MW (GWIC 
ID 890446), and RS-4MW (GWIC ID 890939), which are 
northwest and upslope of the WPA—as well as two MBMG 
research wells, 124K (GWIC ID 220937) and 124B (GWIC 
ID 220932), located north of the eastern portion of the 
WPA. Of the wells sampled within 10 years, including 

Figure 63. Location of EM-31 terrain-conductivity surveys 
conducted at the Rabenberg WPA: T. 34 N., R. 58 E., sec. 2, 
10 & 11. 

Figure 64. Location of EM-31 terrain-conductivity survey 
conducted at Site 1 of the Rabenberg WPA.
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those located within the WPA, specifi c conductance ranged 
from around 760 to 807,299 μS/cm, and chloride concen-
trations ranged from 12.31 to 66,900 mg/L. According 
to the CI values calculated for the groundwater samples, 
produced water impacts were evident at every site, except 
RS-7MW (GWIC ID 890937), which is located along the 
eastern WPA boundary. A decreasing trend in chloride 
contamination is obvious following the Rabenberg Slough 
downslope from the tank battery south and to the east. 
Based on the concentrations (fi g. 67) and compositions 
(fi g. 68) of the dominant ions in the shallow groundwater 
samples, it appears that the brine plume is largely pres-
ent between RS-1MW (GWIC ID 890940) and RS-6MW 
(GWIC ID 890936). When data were reviewed from 
1989 for samples from wells located in the upper part 
of the slough, RS-1MW (GWIC ID 890940), RS-2MW 
(GWIC ID 890445), RS-3MW (GWIC ID 890446), 
and RS-4MW (GWIC ID 890939), the overall con-
centrations were generally higher (fi g. 69), while 
compositionally most of the wells were very similar 
(fi g. 70). However, the 2005 RS-1MW (GWIC ID 
890940) sample begun to refl ect a more background 
composition, with an increasing presence of SO4- and 
HCO3-, although chloride impacts were still evident 
based on the CI. Based on these observations, simi-
lar trends of groundwater improvement over time at 

sites in the upper slough would be expected, while areas 
located downslope like RS-6MW (GWIC ID 890936) and 
RS-7MW (GWIC ID 890937) might continue to refl ect 
impairment as the brine continues to migrate downslope. 
However, precipitation and unimpacted recharge waters 
will also continue to dilute the plume over time, slowly 
improving groundwater quality. A more detailed report of 
oil production impacts to the Goose Lake Oilfi eld, includ-
ing the Rabenberg WPA, is located in Appendix A.

In addition to EM-31 surveys and groundwater analyses, 
soil samples were collected at the monitoring well drilling 
sites of R-1MW and R-2MW, and leachates were analyzed 

Figure 65. Location of EM-31 terrain-conductivity survey 
conducted at Site 2 of the Rabenberg WPA.

Figure 66. Location of EM-31 terrain-conductivity survey 
conducted at Site 3 of the Rabenberg WPA.

Table 26. Specific conductivity and CI of 1:1 (by weight) 
aqeuous leachates of soil samples at different depths in 
the Rabenberg WPA. 

Depth (ft) Soil Property R-1MW R-2MW 

0–3 SC (μS/cm) 833 1,904 
CI 0.108 0.113 

3–8 SC (μS/cm) 1,021 1,177 
CI 0.202 0.155 

8–13 SC (μS/cm) 2,890 902 
CI 0.290 0.184 
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Figure 67. Major groundwater ionic concentrations and associated contaminant index for monitoring 
wells present within and around the Rabenberg WPA during 2005.

Figure 68. Major groundwater ionic compositions and associated contaminant index for monitoring 
wells present within and around the Rabenberg WPA during 2005.

Figure 69. Comparison of major groundwater ionic concentrations and associated contaminant indices for 
selected monitoring wells present within and around the Rabenberg WPA during 1989 and 2005.
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Figure 70. Comparison of major groundwater ionic compositions and associated contaminant indices for 
selected monitoring wells present within and around the Rabenberg WPA during 1989 and 2005.

for specifi c conductance and chlorides (table 26). Based on 
the elevated CI values, chloride impacts are likely at both 
sites across all sampled depths, with values slightly increas-
ing with depth. However, specifi c conductivity increases 
with depth at R-1MW, while there is a decreasing trend 
with depth at R-2MW. The differences seen between the 
two sites likely refl ect the infl uence of multiple contami-
nant sources. For instance, R-2MW refl ects impacts from 
oil well 05105, while R-2MW may refl ect both well 05105 
infl uences and upgradient contaminant sources such as the 
tank battery.

Wetland Water Quality

Among the seven sites visited for surface-water samples, 
specifi c conductance ranged from around 2,700 to 22,500 
μS/cm and chloride concentrations ranged from 633.91 to 
8,362 mg/L (table 27). Based on the calculated CI for each 
site, produced water impacts were seen at each sampled 
wetland. It is quite apparent from EM-31 surveys and 
groundwater analyses that migrating brine plumes are 
likely contributing to the chloride impacts identifi ed across 
the wetlands sampled. However, the infl uence from sea-
sonal surface-water connectivity cannot be discounted due 
the likelihood that constituents from one wetland may be 
transported during periods of runoff to another wetland.

Co-occurring Contaminants

Metals analyses were done on all but four of the sampled 
wetland sites. The results from these analyses indicate 
that only selenium concentrations exceeded EPA’s na-
tional recommended water-quality criteria in four samples 
across four sites, including RABE1 (GWIC ID 214791), 
RABE2 (GWIC ID 214792), RABE4 (GWIC ID 214790), 
and RABE5+ (GWIC ID 214788) (table 28). Although 
slight, a signifi cant positive relationship was detected 

between surface-water selenium concentrations and the CI 
(table 7). Selenium has been detected in produced water 
samples collected from produced water reinjection sites in 
the Williston Basin before (Chen-Northern, 1994). Food 
chain bioaccumulation and reproductive failure in certain 
fi sh and wildlife species have been reported for aqueous 
selenium concentrations as low as 2 μg/L. Therefore, the 
concentrations detected at RABE1 (GWIC ID 214791), 
RABE2 (GWIC ID 214792), RABE4 (GWIC ID 214790), 
and RABE5+ (GWIC ID 214788) posed a great risk to 
many wildlife species, particularly sensitive species like 
aquatic birds. Reproductive failure has been reported in 
birds exposed to dietary concentrations of selenium as low 
as 4 μg/kg (Heinz and others, 1989). Interestingly, selenium 
concentrations, along with other elemental concentrations 
including chromium and strontium, were greatly reduced 
during the 2005 sampling event. Fluctuating water volumes 
or fl ushing and dilution by rainfall may have contributed to 
the differences seen in trace element concentrations be-
tween years (Reiten, 1992).

For groundwater, there were only three different elements 
in 2005 with concentrations that exceeded Montana numer-
ical water-quality standards for human health in ground-
water (table 29). Specifi cally, there was one exceedance 
for cadmium at site RS-2MW (GWIC ID 890445), two 
total exceedances for strontium at sites RS-2MW (GWIC 
ID 8904445) and RS-3MW (GWIC ID 890446), and two 
exceedances for aluminum at RS-4MW (GWIC ID 890939) 
and RS-6MW (GWIC ID 890936). However, when data 
from 1989 were reviewed, there were additional histori-
cal exceedances, including aluminum at wells RS-1MW 
(GWIC ID 890940) and RS-4MW (GWIC ID 890939); 
cadmium at wells RS-1MW (GWIC ID 890940), RS-2MW 
(GWIC ID 890445), RS-3MW (GWIC ID 890446), and 
RS-4MW (GWIC ID 890939); nickel at well RS-2MW 
(GWIC ID 890445); lead at wells RS-1MW (GWIC ID 
890940) and RS-4MW (GWIC ID 890939); and strontium 
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Table 27. Wetland sampling date, specific conductivity, chloride concentration, contaminant 
index, and salinity classification based on inland salinity modifiers developed by Cowardin 
and others (1979) for the wetlands visited at the Rabenberg WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

RABE1 5/13/2004 22,480 8,362 0.372 Mesosaline 
RABE1 7/25/2004 12,002 4,181 0.348 Mesosaline 
RABE1 9/14/2004 19,131 7,380 0.386 Mesosaline 
RABE1 6/13/2005 13,360 3,349 0.251 Mesosaline 
RABE2 5/13/2004 4,130 953 0.231 Oligosaline 
RABE2 7/20/2004 3,942 961 0.244 Oligosaline 
RABE2 9/14/2004 5,150 1,485 0.288 Oligosaline 
RABE2 6/13/2005 3,530 634 0.180 Oligosaline 
RABE3 4/27/2004 2,731 650 0.238 Oligosaline 
RABE3 7/23/2004 4,011 908 0.226 Oligosaline 
RABE3 6/13/2005 5,650 1,172 0.207 Oligosaline 
RABE4 5/13/2004 4,788 1,198 0.250 Oligosaline 
RABE4 7/27/2004 3120 705 0.226 Oligosaline 
RABE4 9/14/2004 8,658 3,145 0.363 Mesosaline 
RABE4 6/13/2005 6,550 1,794 0.274 Oligosaline 
RABE5 7/27/2004 7,509 2,420 0.322 Oligosaline 
RABE5 8/31/2004 8,126 2,690 0.331 Mesosaline 

RABE5+ 8/31/2004 8,437 2,908 0.345 Mesosaline 
RABE5+ 9/14/2004 8,613 3,405 0.395 Mesosaline 
RABE5+ 6/13/2005 7,270 2,687 0.370 Oligosaline 
RABE6 7/27/2004 8,812 2,614 0.297 Mesosaline 

Figure 71. Concentrations (μg/L) of total petroleum hydrocarbons from ground-
water samples collected across the Northeast Montana WMD in 2005 with the 
sites located in or near the Rabenberg WPA bracketed. *Indicates concentration 
is below the analytical detection limit of 100 μg/L.
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at wells RS-1MW (GWIC ID 890940), RS-2MW (GWIC 
ID 890445), RS-3MW (GWIC ID 890446), and RS-4MW 
(GWIC ID 890939) (table 30). Of the elements that exceed-
ed water-quality standards, cadmium and strontium both 
had signifi cant positive relationships with the CI (table 5). 
Unfortunately, the relationships between aluminum, nickel, 
and lead and the CI were not formally assessed due to the 
large number of values below the limit of detection.
In 2005, groundwater samples were collected from wells 
RS-1MW (GWIC ID 890940), RS-2MW (GWIC ID 
890445), RS-3MW (GWIC ID 890446), and RS-4MW 
(GWIC ID 890939) and analyzed for total petroleum hy-
drocarbons. Total petroleum hydrocarbons were below the 
detection limit for the samples taken from wells RS-1MW 
(GWIC ID 890940) and RS-4MW (GWIC ID 890939), 
while concentrations of 460 and 410 μg/L were detected 
at RS-2MW (GWIC ID 890445) and RS-3MW (GWIC ID 

890446), respectively (fi g. 71). Wells RS-2MW (GWIC 
ID 890445) and RS-3MW (GWIC ID 890446) are in close 
proximity to the shut-in oil well 05105, suggesting that the 
hydrocarbon contamination detected in these samples are 
a result of activities associated with this well. Analyses for 
aliphatic and polynuclear aromatic hydrocarbons were not 
done for this site.

Table 28. Surface-water concentrations (μg/L) of trace elements present in the sampled 
wetlands of the Rabenberg WPA in 2004 and 2005. 

Surface Water 
2004 Samples 2005 Samples 

RABE1 RABE2 RABE4 RABE1 RABE2 RABE3 RABE4 RABE5+ 
Ag <20 <10 <10 <10 
Al <200 <100 <100 <50 <50 <50 <50 <100 
As 43.4 10.5 14.7 8.4 3.93 9.89 5.57 16.3 
B 1,704 1,186 368 1,180 1,140 453 446 826 

Ba 536 233 239 300 102 150 325 236 
Be <40 <20 <20 <0.5 <0.5 <0.5 <0.5 <20 
Br 10,400 1,640 3,780 2880 
Cd <20 <10 <10 <0.05 <0.01 0.02 <0.02 <10 
Co <40 <20 <20 <5 <5 <5 <5 <20 
Cr <40 <20 <20 <5 <5 <5 <5 <20 
Cu <40 <20 <20 <5 <5 <5 <5 <20 
Hg <0.1 <0.1 <0.1 <0.1 
Li 863 298 317 349 

Mo <200 <100 <100 <10 <10 <10 <10 <100 
Ni <40 <20 <20 <5 <5 <5 <5 <20 
Pb <40 <20 <20 <0.05 0.04 0.06 0.06 <20 

Se 112# 24.6# 48.1# 0.22 0.22 0.35 0.21 45.3#

Sr 4,203 1,261 1,586 2,350 720 995 1,020 1,635 
Ti <20 <10 <10 7 <5 <5 <5 <10 
U <10 <5 <5 <5 
V <100 <50 <50 <10 <10 <10 <10 <50 
Zn <40 <20 <20 <5 <5 <5 <5 <20 
Zr <30 <20 <20 <20 

#Indicates value exceeded  EPA’s recommended national water-quality criteria. 
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Table 29. Groundwater concentrations (μg/L) of trace elements present in the sampled monitoring 
wells of the Rabenberg WPA in 2005. 

Groundwater 
R-1MW R-2MW RS-1MW RS-2MW RS-3MW RS-4MW RS-6MW RS-7MW 

Al <50 <50 70 <50 <50 1,840* 178* <50 
As 1.45 1.76 5.04 1.85 4.44 9.93 7.5 
B 1,510 764 156 36,200 10,300 3,700 252 170 

Ba 204 146 620 97 163 370 96 
Be <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Br 200 

Cd 0.44 0.06 <5 14.7* 0.64 0.7 <0.05 0.1 
Co <5 <5 <5 <5 <5 <5 <5 
Cr <5 <5 <5 <5 8 13 <5 <5 
Cu 6 <5 6 7 7 10 <5 <5 
Hg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Li 81 

Mo <10 <10 <40 <10 10 <10 <10 <10 
Ni 12 <5 <20 55 28 14 <5 <5 
Pb <0.05 <0.01 <0.2 1.1 3.82 0.43 <0.01 
Se 0.26 1.35 8.58 0.43 0.32 0.29 <0.1 

Sr 1930 1020 590 21,800* 7,000* 3,120 1,570 990 
Ti <5 <5 4 16 7 48 12 <5 
U
V <10 <10 7 <10 <10 <10 <10 <10 
Zn 40 <5 <7 6 16 126 7 <5 
Zr <6 

*Indicates value exceeded Montana numerical water-quality standards for human health in 
groundwater.



72

Table 30. Groundwater concentrations (μg/L) of trace elements present in 
the sampled monitoring wells of the Rabenberg WPA in 1989. 

Groundwater 
RS-1MW RS-2MW RS-3MW RS-4MW RS-6MW RS-7MW 

Ag 18 15 3 10 <4 <4 

Al 100* 40 <30 120* 70 43 
B 89,700 20,600 12,200 6,200 156 114 

Ba 803 
Br 2,200 <100 <100 7,100 200 <100 

Cd 25* 71* 11* 12* <5 <5 
Cr 9 24 10 5 <5 <5 
Cu 39 77 47 15 6 <4 
Li 22,200 6,280 3,280 2,030 81 28 

Mo <40 30 <20 <40 <40. <40 

Ni 40 120* 80 40 <20 <20 

Pb 680* 180*

Sr 80,100* 25,400* 16,600* 7,750* 590 230 
Ti <4 <1 <1 17 4 4 
V 30 51 29 19 7 6 
Zn 11 17 14 16 <7 7 
Zr 25 29 <4. 9 <6 <6 

*Indicates value exceeded Montana numerical water-quality standards for 
human health in groundwater. 
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Hansen WPA

The Hansen WPA was established on 7/16/1968 and 
encompasses an area of approximately 54.4 acres. One 
lake is located within the WPA (fi g. 72). Bird surveys have 
documented the use of Hansen WPA by breeding water-
fowl, with observations of 42–88 duck pairs per square 
mile during the nesting season (Brian DeVries, USFWS, 
written commun., 2009). Much of the upland habitat is 
managed as dense nesting cover through selective planting, 
prescribed haying, prescribed fi re, and limited grazing. As 
of January 2010, there were no production wells present 
within the WPA, but three wells, one approved plugged and 
abandoned EOR injection well, one permitted injection oil 
well, and one shut-in oil well, were all located within 700 ft 
of the WPA (fi g. 72) . API well 21350, the permitted injec-
tion oil well, is the closest of the wells to the WPA and was 
completed in January 1981.

Geology

The Hansen WPA is underlain by a complex mix of glacial 
and post-glacial deposits (fi g. 73). It is near the east edge 
of an ice-walled glacial lake plain deposited as the stagnant 
ice melted. Glacial till is the predominant geologic unit 
at the site and, based on nearby well logs, ranges from 
about 100 to 150 ft thick. Glacial outwash and glacial lake 
deposits make up a relatively minor portion of the glacial 
deposits. Although no regional glacial outwash aquifers 
have been identifi ed in this area, smaller discontinuous 
outwash sand and gravel deposits often overlie and are 
interbedded within the glacial till. These outwash deposits 
form locally signifi cant aquifers supplying landowners and 
wetlands. The Quaternary alluvial deposits are probably 
relatively thin layers of fi ne sand and silt associated with 
swales forming modern wetlands. The Quaternary eolium is 
composed of windblown silt and fi ne sand associated with 
the shoreline of the ice-walled lake. This material is likely 
only 2 to 3 ft thick.

Figure 72. Map depicting locations of sampling sites, oil wells, and bodies of water for the Hansen WPA: T. 34 N., R. 58 
E., sec. 2, 10 & 11.
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Groundwater Hydrology

In 1989, monitoring well HAN-1MW 
(GWIC ID 890447) was completed in 
interbedded glacial till and glacial out-
wash. Based on the change in water qual-
ity at this well from 1989 to 2005, local 
groundwater fl ow is towards the east. It is 
likely that the localized fl ow is dominated 
by topography and groundwater fl ows 
from upland hummocks to the low-lying 
wetlands and lakes.

Characterizing Oilfi eld Production 
Brine Migration

EM-31 terrain conductivity surveys 
identifi ed higher than background condi-
tions near the abandoned oil well site and 
downgradient of the site towards the east 
(fi g. 74). Although a reserve pit associ-
ated with well 21350 would have been 
lined based on its date of completion, 

these areas of high terrain conductivity appear to be associ-
ated with brine plumes migrating downgradient towards 
the east. There is one monitoring well present within the 
Hansen WPA that was sampled on 4/22/1989 (GWIC 
Sample 1989Q0510) and again on 9/14/2005 (GWIC 
Sample 2006Q0305). In 1989, the specifi c conductivity was 
around 1,900 μS/cm, and in 2005, the specifi c conductivity 
was close to 8,000 μS/cm. In 1989, the chloride concentra-
tion was 138 mg/L, and in 2005, the chloride concentration 
was 2,781 mg/L. During both sampling events, produced 
water impacts were evident based on their respective CI 
values, but the 2005 value was greater than 20 times the 
value in 1989. Brine impacts have increased from 1989 to 
2005 at HAN-1MW (GWIC ID 890447), characterized by 
increased ion concentrations (fi g. 75) and a shift towards 
an ionic composition dominated by Cl- ions (fi g. 76). This 
is due to the migration of brine waste offsite from where it 
was originally released.

Wetland Water Quality

Two locations, HAN1 (GWIC ID 214749) and HAN2, 
were visited to collect surface-water samples, but are likely 
both part of the same lake system. At these sites, specifi c 
conductance ranged from around 2,300 to 3,200 μS/cm and 
chloride concentrations ranged from 200 to 250 mg/L (table 
31). Both sites had CI values indicating produced water 
impacts. It is clear from the EM-31 survey and groundwater 
monitoring efforts that activities associated with oil well 
21350 have contributed to the impacts observed at HAN1 
(GWIC ID 214749) and HAN2.

Co-occurring Contaminants

Metals analyses were done on samples taken from HAN1 
(GWIC ID 214749) and HAN-1MW (GWIC ID 890447).  

Figure 73. Geology of the Hansen WPA: T. 37 N., R. 57 E., sec. 11.

Figure 74. Location of EM-31 terrain-conductivity surveys 
conducted at the Hansen WPA: T. 37 N., R. 57 E., sec. 11.
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Figure 75. Comparison of major groundwater ionic concentrations and associated contaminant 
indices between 1989 and 2005 for the groundwater well HAN-1MW.

Table 31. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for the wetland visited at the Hansen WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

HAN1 4/28/2004 2,313 205 0.089 Oligosaline 
HAN1 7/24/2004 3,160 250 0.079 Oligosaline 
HAN1 6/13/2005 2,950 200 0.068 Oligosaline 
HAN2 4/28/2004 2,368 231 0.098 Oligosaline 

Figure 76. Comparison of major groundwater ionic compositions and associated contaminant 
indices between 1989 and 2005 for the groundwater well HAN-1MW.
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The results from these analyses indicate that many 
elements are present within these samples, but are 
often found in trace amounts (table 32).  There were 
no concentrations that exceeded either EPA’s national 
recommended water-quality criteria or Montana 
numerical water-quality standards for human health in 
groundwater.

Ward WPA

The Ward WPA was established on 6/18/1969 and 
encompasses an area of approximately 86 acres.  
Multiple bodies of water are located in, or partially 
located in, the WPA, including seasonal and semi-
permanent wetlands (fi g. 77). Bird surveys have 
documented the use of the Ward WPA by breeding 
waterfowl, with observations of 42–88 duck pairs 
per square mile during the nesting season (Brian 
DeVries, USFWS, written commun., 2009). As of 
January 2010, there were no production wells present 
within the WPA, but fi ve existed within 1,000 ft of 
the boundary. This included one oil-producing well; 
one approved, plugged, and abandoned EOR injection 
well; one approved, plugged, and abandoned dry hole; 
and two shut-in oil wells.

Geology

The Ward WPA is underlain by glacial till deposits 
(fi g. 78). These deposits are estimated to be from 
50 to 100 ft thick based on nearby test drilling. Fort 
Union Sandstone and mudstone underlies the glacial 
materials. Previous test drilling identifi ed an outwash 
channel underlying the Ward WPA. A long narrow 
south- to north-trending swale spans the WPA and ap-
pears to be a remnant of a glacial meltwater channel. 
The soils did not indicate these materials as outwash, 
but drilling in 1989 encountered a thin outwash 
aquifer. A private well referred to asWD-3MW (GWIC ID 
48284) appears to be constructed in glacial outwash.

Groundwater Hydrology

Monitoring wells completed in 1989 were completed in 
interbedded glacial till and glacial outwash. Most of the 
groundwater fl ows through the outwash aquifer towards the 
north. It is likely that the localized fl ow is dominated by 
topography and groundwater fl ows from upland hummocks 
to the low-lying wetlands and lakes.

Characterizing Oilfi eld Production Brine Migration

There were no EM-31 surveys conducted at the Ward WPA. 
There are four monitoring wells present within the WPA. 
One well, 167B (GWIC ID 890436), is a Sheridan County 
Conservation District well that was sampled on 4/22/1989. 
The other three wells, WD-1MW (GWIC ID 220958), 
WD-2MW (GWIC ID 221688), and WD-3MW (GWIC ID 
48284), were sampled on 9/14/2005, although chloride and 

specifi c conductivity data were not collected for WD-1MW 
(GWIC ID 220958). For those wells with specifi c conduc-
tivity and chloride values available, specifi c conductance 
ranged from around 500 to 11,930 μS/cm and chloride con-
centrations ranged from 35.1 to 4,751 mg/L. The calculated 
CI value for each groundwater sample indicated produced 
water impacts at each well. Well 167B (GWIC ID 890436)
was the least impacted, but without recent data to compare 
it to, it is diffi cult to determine whether the differences in 
concentrations (fi g. 79) and compositions (fi g. 80) seen 
between this well and others are due to a temporal factor, 
a spatial factor, or a combination of the two. Furthermore, 
Reiten and Tischmak (1993) have reported vertical density 
gradients in outwash aquifer sites such as 167B (GWIC ID 
890436), in which the concentrations of salts vary depend-
ing on where in the water column the sample is collected. 
Regardless, the 2005 data indicate that WD-3MW (GWIC 
ID 48284) is the most impacted, which is most likely due 
to its location in the outwash channel. Reiten and Tischmak 
(1993) identifi ed historic infi ltration pits to the east of Ward 
WPA as signifi cant sources of contamination to this area.

Table 32. Surface-water concentrations (μg/L) of trace 
elements from HAN1 in 2005 and groundwater 
concentrations (μg/L) of trace elements present in the 
sampled monitoring well HAN-1MW in 1989 and 2005. 

Groundwater Surface Water 
1989 Sample 2005 Sample 2005 Sample 

HAN-1MW HAN-1MW HAN1 
Ag <2 
Al <30 <50 <50 
As 1.58 4.03 
B 480 2,420 149 

Ba 228 74 
Be <0.5 <0.5 
Br <100 
Cd <2 <0.05 0.02 
Co <5 <5 
Cr <2 <5 <5 
Cu <2 <5 <5 
Hg <0.1 <0.1 
Li 100 

Mo <20 <10 <10 
Ni <10 <5 <5 
Pb <0.05 0.06 
Se 12.2 0.25 
Sr 290 2,150 600 
Ti <1 <5 <5 
V <1 <10 <10 
Zn <3 5 <5 



77

Figure 77. Map depicting locations of sampling sites, oil wells, and bodies of water for the Ward WPA: T. 37 N., R. 57 
E., sec. 12.

Figure 78. Geology of the Ward WPA: T. 37 N., R. 57 E., 
sec. 12.
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Wetland Water Quality

Two wetlands were visited to collect surface-water sam-
ples, but one of those sites was dry. The sampled wetland, 
WD1, had a specifi c conductivity value close to 182 μS/
cm and a chloride concentration of 5.3 mg/L (table 33). 
The CI value for this site, 0.029, suggests that there are no 
produced water impacts. However, based on the measured 
specifi c conductivity, WD1 is a freshwater system, and 
although the CI index does not exceed 0.035, the calculated 
CI is elevated compared to that of other sites within the 
Northeast Montana WMD. This suggests that this site is 
either just beginning to refl ect brine impacts, that there is a 
signifi cant freshwater source diluting contaminants migrat-
ing to this system, or certain geologic features are reducing 

the connectivity between contaminated groundwater 
plumes and the surface water.

Co-occurring Contaminants

Metals analyses were done on groundwater samples taken 
from WD-1MW (GWIC ID 220958), WD-2MW (GWIC 
ID 221688), and WD-3MW (GWIC ID 48284). Numerous 
elements were present in the samples at varying concentra-
tions (table 34). Typically, WD-3MW (GWIC ID 48284) 
possessed some of the higher concentrations, although there 
were no concentrations from any well sample that exceeded 
Montana numerical water-quality standards for human 
health in groundwater.

Figure 79. Major groundwater ionic concentrations and associated contaminant index values for 
the monitoring well 167B in 1989 and the wells WD-2MW and WD-3MW in 2005 present within 
the Ward WPA.

Figure 80. Major groundwater ionic compositions and associated contaminant index values for 
the monitoring well 167B in 1989 and the wells WD-2MW and WD-3MW in 2005 present within 
the Ward WPA.
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Jerde WPA

The Jerde WPA was established on 5/16/1968 and encom-
passes an area of 187 acres. It is largely covered by a single 
lake, but two smaller wetlands are also present (fi g. 81). 
Bird surveys have documented the use of the Jerde WPA by 
breeding waterfowl, with observations of 42–88 duck pairs 
per square mile during the nesting season (Brian DeVries, 
USFWS, written commun., 2009). As of January 2010, 
API well 05262, an oil-producing well completed in May 
1966, was the only well present within the WPA. Numer-
ous other wells are located in close proximity to the WPA, 
including two oil-producing wells, two shut-in oil wells, 
one completed water source, and one expired oil well (fi g. 
81). A tank battery that used an infi ltration pit to dispose of 

produced water was located near the southwestern border 
of the WPA.

Geology

The Jerde WPA is underlain by a complex mix of glacial 
and post-glacial deposits (fi g. 82). Glacial till is the pre-
dominant geologic unit at the site and, based on nearby well 
logs, ranges from about 100 to 150 ft thick. Glacial out-
wash and glacial lake deposits make up a relatively minor 
portion of the glacial deposits. Although no regional glacial 
outwash aquifers have been identifi ed in this area, smaller 
discontinuous outwash sand and gravel deposits often over-
lie and are interbedded within the glacial till. These out-
wash deposits form locally signifi cant aquifers supplying 
landowners and wetlands. The lake at this site is mapped as 
Larson Slough on USGS 7.5-minute topographic maps. It 
appears to be located near the east edge of a former ice-
walled glacial lake. The cross section in fi gure 83 shows the 
stratigraphic relationships between the glacial till and the 
lake sediment. The glacial lake sediments overlie glacial 
till and pinch out between wells JP2 and JP1. The upper till 
unit is yellow or yellowish-brown with bright red–red ochre 
fragments, indicating strongly oxidizing conditions. Below 
this unit is a light brown till that forms a transitional zone 
to the basal dark blue till, indicating unoxidized or reduced 
conditions.

Groundwater Hydrology

Little information is available on groundwater fl ow un-
derlying the Jerde WPA. It is likely that the localized fl ow 
is dominated by topography and groundwater fl ows from 
upland hummocks to the low-lying wetlands and lakes. At 
this location there is a strong potential for a brine plume 
associated with the oil well site to migrate towards the 
wetland to the west of the site. No regional glacial outwash 
aquifers have been identifi ed in this area. The cross section 
in fi gure 80 shows the water table dropping towards Larson 
Slough, indicating fl ow to the west.

Characterizing Oilfi eld Production Brine Migration

EM-31 surveys were conducted at two sites (fi g. 84). Site 
1 surveys identifi ed an area of terrain conductivity higher 
than background conditions surrounding oil well 05262 
(fi g. 85). Based on the date of completion for well 05262, 

Table 33. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for wetlands visited at the Ward WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

WD1 4/28/2004 181.2 5 0.029 Fresh 
WD2 4/28/2004 Dry 

Table 34. Groundwater concentrations (μg/L) 
of trace elements present in the sampled 
monitoring wells of the Ward WPA in 2005. 

Groundwater 
WD-1MW WD-2MW WD-3MW 

Al <50 <50 <50 
As 0.57 1.33 2.38 
B 30 40 184 

Ba 197 560 105 
Be <0.5 <0.5 <0.5 
Cd 0.02 0.04 0.2 
Co <5 <5 <5 
Cr <5 <5 <5 
Cu <5 <5 <5 
Hg <0.1 <0.1 <0.1 
Mo <10 <10 <10 
Ni <5 <5 <5 
Pb 0.02 <0.01 <0.05 
Se 1.79 0.1 1.14 
Sr 180 245 3,000 
Ti <5 <5 8 
V <10 <10 <10 
Zn 10 9 264 
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Figure 81. Map depicting locations of sampling sites, oil wells, and bodies of water for the Jerde WPA: T. 37 N., R. 57 E., 
sec. 15.

Figure 82. Geology of the Jerde WPA. Location: T. 37 N., 
R. 57 E., sec. 15.
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Figure 83. Cross section showing hydrogeologic conditions at the Jerde WPA. Location: T. 37 N., R. 57 
E., sec. 15.

Figure 84. Location of EM-31 terrain-conductivity surveys 
conducted at the Jerde WPA: T. 37 N., R. 57 E., sec. 15.

Figure 85. Location of EM-31 terrain-conductivity site 1 
surveys conducted at the Jerde WPA: T. 37 N., R. 57 E., 
sec. 15.
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the reserve pit associated with this well would have been 
unlined. Site 2 surveys identifi ed another area of terrain 
conductivity higher than background conditions surround-
ing the Jerde Pit and tank battery located close to the 
southeast corner of Jerde WPA (fi g. 86). These areas of 

high terrain conductivity appear to be associated with brine 
plumes migrating downgradient towards Larson Slough. 
Three monitoring wells located within the EM-31 survey 
site 2 were sampled in 2005. Among the three monitoring 
wells sampled, specifi c conductance ranged from around 
32,700 to 43,200 μS/cm and chloride concentrations ranged 
from 15,549 to 27,655 mg/L. As indicated by the calculated 
CI values for the well samples, produced water impacts 
were evident at each well site. In fact, the ionic composi-
tions of the three wells are very similar (fi g. 87), with 
concentrations slightly varying (fi g. 88).  

JP-1MW (GWIC ID 221692) is located close to the site 
of the infi ltration pit. The chloride concentrations at this 
site are 15,549 mg/L. Down the fl ow path to the west, the 
concentration increases to 27,655 mg/L at JP-2MW (GWIC 
ID 221722) and then decreases slightly to 22,888 mg/L at 
JP-3MW (GWIC ID 221720).

In addition to EM-31 surveys and groundwater analyses, 
soil samples were collected at the monitoring well drilling 
sites of JP-1MW, JP-2MW, and JP-3MW, and leachates 
were analyzed for specifi c conductance and chlorides (table 
35). Impacts are evident at all sites based on the elevated 
CI values, with impacts seen relatively evenly distributed 
to depths of 18 ft at JP-1MW, while impacts are more 
pronounced between 3 and 13 ft at sites JP-2MW and JP-
3MW. This likely refl ects the capacity for glacial till to hold 
and concentrate ions as well as proximity to the historical 
infi ltration pit.  

Wetland Water Quality

Two wetland samples were taken from opposite ends of 
a single lake system. One of the samples at JER1 (GWIC 
ID 120874) was taken in 1990; all other samples were 
taken either in 2004 or 2005. On average, JER1 (GWIC 
ID 120874) and JER2 had specifi c conductivity values 

Figure 86. Location of EM-31 terrain-conductivity site 2 
surveys conducted at the Jerde WPA: T. 37 N., R. 57 E., 
sec. 15.

Figure 87. Major groundwater ionic compositions and associated contaminant index 
values for monitoring wells present within the Ward WPA during 2005.
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Figure 88. Major groundwater ionic concentrations and associated contaminant index values for 
monitoring wells present within the Ward WPA during 2005.

Table 35. Specific conductivity and CI of 1:1 (by weight) aqeuous 
leachates of soil samples at different depths in the Jerde WPA. 

Depth (ft) Soil Property JP-1MW JP-2MW JP-3MW 

0–3 SC (μS/cm) 14770 12780 8760 
CI 0.348 0.141 0.189 

3–8 SC (μS/cm) 9330 16840 16240 
CI 0.229 0.278 0.317 

8–13 SC (μS/cm) 15460 16890 16350 
CI 0.231 0.277 0.286 

13–18 SC (μS/cm) 15290 6010 NA 
CI 0.255 0.076 NA 

18–23 SC (μS/cm) NA 7920 NA 
CI NA 0.080 NA 

23–28
SC (μS/cm) 5150 6130 NA 
CI 0.088 0.036 NA 

Note. NA, data not available.   

Table 36. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for wetlands visited at the Jerde WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

JER1 8/27/1990 1,746 50 0.028 Oligosaline 
JER1 4/28/2004 1,223 78 0.064 Oligosaline 
JER1 7/23/2004 2,035 118 0.058 Oligosaline 
JER1 6/13/2005 2,140 99 0.046 Oligosaline 
JER2 4/28/2004 1,212 83 0.068 Oligosaline 
JER2 9/14/2004 2,341 136 0.058 Oligosaline 
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of around 1668 and 1777 μS/cm and chloride concentra-
tions of 86.2 and 109.3 mg/L, respectively (table 36). The 
average CI values for each site, 0.049 for JER1 (GWIC ID 
120874) and 0.063 for JER2, indicate that produced waters 
are likely impacting this system. Interestingly, the CI value 
for JER1 (GWIC ID 120874) in 1990 was less than 0.035, 
but samples taken in 2004 and 2005 had CI values that 
were all above 0.035. Most likely, impacts have increased 
at JER1 (GWIC ID 120874) from 1990 due to the migrat-
ing plume of brine waste on to the WPA and subsequent 
interaction with surface water. Although large volumes of 
fresh groundwater and surface water are diluting brines that 
are entering into the wetland, signs of oilfi eld contamina-
tion are increasing and should be monitored in the future to 
evaluate water-quality degradation.

Co-occurring Contaminants

Metals analyses were done on the wetland site JER1 

(GWIC ID 120874) and all three of the monitoring wells 
groundwater samples taken from JP-1MW (GWIC ID 
221692), JP-2MW (GWIC ID 221722), and JP-3MW 
(GWIC ID 221720) (table 37). The results for JER1 (GWIC 
ID 120874) from 1990 indicated that the concentration for 
aluminum exceeded EPA’s national recommended water-
quality criteria; otherwise, no other benchmark concentra-
tion was exceeded.  Interestingly, aluminum concentrations 
were well below EPA’s national recommended water-quali-
ty criteria for aluminum in 2005 at a concentration less than 
50 μg/L. This, however, was not a common trend for all of 
the other elemental concentrations. In fact, many concentra-
tions increased in 2005 compared to 1990 values.

Due to the large number of sites across the Northeast 
Montana WMD with aluminum concentrations below 
the analytical limit of detection, the relationship between 
surface-water aluminum concentrations and the CI was 
not formally assessed (table 7). Therefore, it is diffi cult to 

Table 37. Surface-water concentrations (μg/L) of trace elements from JER1 in 
1990 and 2005 and groundwater concentrations (μg/L) of trace elements 
present in the sampled monitoring wells of the Jerde WPA in 2005.

Surface Water Groundwater 
1990 Sample 2005 Sample 2005 Samples 

JER1 JER1 JP-1MW JP-2MW JP-3MW 
Ag 26 

Al 222# <50 <50 <50 <50 
As 14 16.1 4.23 5.08 5.39 
B 50 117 22,600 31,400 2,700 

Ba 54 110 179 270 167 
Be <0.5 <0.5 <0.5 <0.5 
Br 100 
Cd <5 0.06 2.47 2.4 0.38 
Co <5 <5 <5 <5 
Cr <5 <5 <5 <5 <5 
Cu <4 <5 7 6 8 
Hg <0.1 <0.1 <0.1 <0.1 
Li 50 

Mo <40 <10 10 10 10 
Ni <20 <5 14 22 <5 
Pb <50 0.09 <0.2 <0.31 <0.2 

Se 0.6 0.38 4.57 74.5* 248*

Sr 401 565 19,800 29,900 23,200 
Ti <5 <5 12 17 18 
V <5 <10 <10 <10 <10 
Zn <6 <5 10 <5 80 
#Indicates value exceeded EPA’s recommended national water-quality criteria. 
*Indicates value exceeded Montana numerical water-quality standards for 
human health in groundwater. 
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determine the effect of oil production activities on alumi-
num concentrations in neighboring water bodies. Neverthe-
less, aqueous aluminum concentrations exceeded water-
quality standards in JER1 (GWIC ID 120874) in 1990, 
impacting environments in which numerous organisms 
may be exposed. In fact, toxic effects have been reported 
in algae, macroinverterbrates, and fi sh at concentrations 
below those detected at JER1 (GWIC ID 120874), although 
aluminum toxicity is often considered pH-dependent, 
with increasing toxicity as water becomes more acidifi ed 
(Gensemer and Playle, 1999). The water-borne aluminum 
concentrations detected in this survey are likely highly 
complexed, diminishing their bioavailability, but varying 
conditions may alter the availability of aluminum to aquatic 
organisms as well as increase the risk to terrestrial organ-
isms, like birds, that may be exposed to elevated aluminum 
concentrations through dietary uptake (Gensemer and 
Playle, 1999; Rosseland and others, 1990).

Numerous elements were present in the groundwater 
samples at varying concentrations (table 37). Selenium 
concentrations from wells JP-2MW (GWIC ID 221722) 
and JP-3MW (GWIC ID 221720) were the only values 
to exceed Montana numerical water-quality standards for 
human health in groundwater. Although JP-2MW (GWIC 
ID 221722) and JP-3MW (GWIC ID 221720) were im-
pacted by brine contamination as indicated by the CI, when 
groundwater data from across the entire Northeast Montana 
WMD was used to compare the relationship between the 
CI and groundwater selenium concentrations, we failed to 
detect a signifi cant correlation (table 5). In spite of this, 

selenium has been detected in produced water samples col-
lected from produced water reinjection sites in the Williston 
Basin before (Chen-Northern, 1994). Regardless, selenium 
concentrations are elevated at these sites, but appear to 
have little infl uence on surface-water selenium concentra-
tions (table 37).

One soil sample, JP-1S, was collected in 2005 for total 
petroleum hydrocarbon analysis. With a concentration of 50 
mg/kg (DW), this sample had one of the lowest concentra-
tions of total petroleum hydrocarbons of all the soil samples 
taken across the Northeast Montana WMD (fi g. 89). This 
site was resampled in 2006 and analyzed for aliphatic and 
polynuclear aromatic hydrocarbons. When multiple hydro-
carbon fractions were compared to toxicity criteria, this 
sample failed to exceed any benchmark category (table 38).

In 2005, one groundwater sample was collected from each 
of the wells JP-1MW and JP-2MW and analyzed for total 
petroleum hydrocarbons. Total petroleum hydrocarbons 
were present at concentrations of 500 and 210 μg/L in the 
samples collected from JP-1MW and JP-2MW, respectively 
(fi g. 90). JP-2MW was resampled in 2006 and analyzed for 
aliphatic and polynuclear aromatic hydrocarbons. The ma-
jority of the compounds screened for were below the limits 
of detection, although a few compounds, mostly aliphatic, 
were present at levels above the analytical detection limit. 
There were no compounds that exceeded the selected toxic-
ity criteria (table 39).

Figure 89. Concentrations (mg/kg DW) of total petroleum hydrocarbons from soil samples 
collected across the Northeast Montana WMD in 2005 with the site located in Jerde WPA 
bracketed.
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Table 38. Concentrations (mg/kg DW) of hydrocarbon fractions from 
soil samples collected in 2006 within the Jerde WPA with associated 
toxicity criteria. 

Toxicity Criteria Site Values 
Carbon TPHCWG1 MADEP2 JP-1S 
Range (mg/kg/day) (mg/kg/day) (mg/kg) 

Aliphatic
C9–C18 0.10 0.10 0.029 

C19–C32 2.00 2.00 0.034 

Aromatic 
C9–C16 0.04 0.03 0 

C17–C32 0.03 0.03 0.016 
1Total Petroleum Hydrocarbon Criteria Working Group
(Gustafson and others, 1997). 
2Massachusetts Department of Environmental Protection  
(MADEP,  2003). 

Aliphatics

Aromatics 
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Erickson WPA

The Erickson WPA was established on 10/02/1974 and 
encompasses an area of 1,097 acres. Various water bodies 
exist throughout the WPA, including lakes, plus seasonal, 
temporary, and semi-permanent wetlands (fi g. 91). Bird 
surveys have documented the use of the Erickson WPA 
by breeding waterfowl, with observations of 42–88 duck 
pairs per square mile during the nesting season (Brian 
DeVries, USFWS, written commun., 2009). Additionally, 
there is designated Piping Plover critical habitat located in 
this area. Much of the upland habitat is managed as dense 
nesting cover through selective planting, prescribed haying, 
prescribed fi re, and limited grazing. As of January 2010, 
well 05050, an approved plugged and abandoned dry hole 
completed in March 1961, was the only well located within 
the WPA. The next closest well is over a quarter of a mile 
north of the WPA.

Geology

The Erickson WPA is underlain by glacial outwash deposits 
(fi g. 92). These deposits are estimated to be from 50 to 300 
ft thick based on nearby test drilling. Fort Union sandstone 
and mudstone underlies the glacial materials. Quaternary 
alluvial deposits are located underlying the western part of 
the Erickson WPA and are associated with swales and low-
lands along streams. The sand and gravel glacial outwash 
deposits are associated with the upper permeable zone of 
the Clear Lake aquifer.

Groundwater Hydrology

The Erickson WPA overlies the Clear Lake aquifer. Based 
on nearby lithologic logs, several permeable zones of the 
Clear Lake aquifer underlie this site. The shallowest zone is 
10 to 31 ft below land surface and the deepest is at depths 
of 300 to 350 ft. Both the deep ancestral Missouri River al-
luvium and glacial outwash of Late Wisconsinan meltwater 
channels make up the aquifer zones. The log for GWIC ID 
3867 indicated that Fort Union bedrock was encountered at 
depths of 335 ft. This well was completed in the ancestral 
Missouri River zone of the Clear Lake aquifer. The depth 
of this zone is 318 to 335 ft below land surface. Flow in the 
aquifer is generally towards the west or southwest.

Characterizing Oilfi eld Production Brine Migration

EM-31 terrain conductivity surveys indicated higher than 
background readings in an area east of abandoned oil well 
05050 (fi g. 93). These likely refl ect a migrating brine plume 
that originated from an associated reserve pit that, based on 
the date of the well completion, was unlined. There are no 
monitoring wells associated with this site.

Wetland Water Quality

Among the seven wetlands sampled at the Erickson WPA, 
specifi c conductance ranged from around 500 to 52,700 
μS/cm and chloride concentration ranged from 20 to 2,303 
mg/L (table 40). Four sites, ERK2, ERK4, ERK5, and 
ERK7, showed signs of produced water impacts based on 
their calculated CI values. ERK5 is located in Horseshoe 

Figure 90. Concentrations (μg/L) of total petroleum hydrocarbons from groundwater samples 
collected across the Northeast Montana WMD in 2005 with the sites located in the Jerde 
WPA bracketed. *Indicates concentration is below the analytical detection limit of 100 μg/L.
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Figure 91. Map depicting locations of sampling sites, oil wells, and bodies of water for the Erickson WPA: T. 33 N., R. 58 
E., sec. 24 & 25.

Figure 92. Geology of the Erikson WPA: T. 33 N., R. 58 E., 
sec. 24 & 25.
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Lake, which was sampled in 1990 (GWIC ID 120885). 
The chloride concentration was 7690 mg/L in 1990 and the 
calculated CI from that sample was 0.08. Although ERK5 
is still impacted from brine contamination, the most recent 
surveys indicate that water quality has improved, most 
likely due to the infl ux of non-contaminated water since the 
1990s.

Co-occurring 
Contaminants

There were no addi-
tional analyses done for 
the Erickson WPA.

Ferguson WPA

The Ferguson WPA was established on 5/17/1968 and 
encompasses and area of 105.1 acres. Much of the area is 
covered by a lake, but two seasonal wetlands are located 
in, or partially located in, the WPA as well (fi g. 94). Bird 
surveys have documented the use of the Ferguson WPA by 
breeding waterfowl, with observations of 88–111 duck pairs 
per square mile during the nesting season (Brian DeVries, 
USFWS, written commun., 2009). As of January 2010, 
there were no production wells present within the WPA, but 
an approved plugged and abandoned dry hole and an ap-
proved plugged and abandoned oil well are located in close 
proximity to the WPA. There is also a tank battery that is 
located in the same watershed as this WPA.

Geology

The Ferguson WPA is underlain by glacial deposits (fi g. 
95). The surfi cial materials are largely glacial till. These 
deposits are estimated to be from 50 to 200 ft thick based 
on limited test drilling. Glacial outwash deposits are located 
at depths between 100 and 160 ft. Fort Union sandstone 
and mudstone underlies the glacial materials. The sand and 
gravel glacial outwash deposits are associated with the up-
per permeable zone of the Clear Lake aquifer.

Groundwater Hydrology

Limited drilling data and interpretations indicate that a 
buried channel reaching depths up to 150 ft underlies this 
WPA. This aquifer appears to be a northern extension of the 
Clear Lake aquifer. Groundwater fl ow is towards the south.

Characterizing Oilfi eld Production Brine Migration

There were no EM-31 surveys conducted at this site and 
there are no established groundwater monitoring wells 
within the Ferguson WPA.

Figure 93. Location of EM-31 terrain-conductivity surveys 
conducted at the Erickson WPA: T. 33 N., R. 58 E., sec. 24 
& 25.

Table 40. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for wetlands visited at the Erickson WPA. 

Site Sampling Date 
Specific

Conductivity
(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification

ERK1 5/14/2004 9,680 259 0.027 Mesosaline 
ERK1 7/21/2004 10,400 291 0.028 Mesosaline 
ERK2 5/14/2004 36,789 1,749 0.048 Polysaline 
ERK3 5/14/2004 52,686 1,547 0.029 Eusaline 
ERK4 5/14/2004 25,072 2,303 0.092 Mesosaline 
ERK5 5/14/2004 45,169 1,678 0.037 Eusaline 
ERK6 5/14/2004 3,013 53 0.018 Oligosaline 
ERK7 5/14/2004 520.2 20 0.038 Fresh 
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Figure 94. Map depicting locations of sampling sites, oil wells, and bodies of water for the Redhead Retreat WPA: T. 35 
N., R. 58 E., sec. 10 & 15.

Figure 95. Geology of the Ferguson WPA: T. 37 N., R. 58 E., 
sec. 29.
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Wetland Water Quality

One wetland site, FERG3, was visited that had a specifi c 
conductivity value close to 22,000 μS/cm and a chloride 
concentration of 527 mg/L (table 41). The CI value for this 
wetland, 0.024, indicates that there were no produced water 
impacts at this site at the time of sampling. In comparison, 
a previous sample collected in 1990 at this location (GWIC 
ID 120875) had a specifi c conductivity value close to 
28,000 μS/cm and a chloride concentration of 865 mg/L. 
The CI value of 0.031 is just below the value indicating 
brine contamination.

Co-occurring Contaminants

There were no additional analyses done for the Ferguson 
WPA.

Gjesdal East WPA

The Gjesdal East WPA was established on 6/18/1974 and 
spans an area of 121.69 acres. Two lakes are present in the 
western half of the WPA (fi g. 96). Bird surveys have docu-
mented the use of the Gjesdal East WPA by breeding bird 
pairs during nesting season, with observations of 42–88 

Table 41. Wetland sampling date, specific conductivity, chloride concentration, contaminant 
index, and salinity classification based on inland salinity modifiers developed by Cowardin 
and others (1979) for the wetland visited at the Ferguson WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

FERG3 5/13/2004 21,881 527 0.024 Mesosaline 

Figure 96. Map depicting locations of sampling sites, oil wells, and bodies of water for the Gjesdal East WPA: T. 37 N., R. 
58 E., sec. 26 & 27.
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duck pairs per square mile over much of the WPA, although 
88–111 duck pairs per square mile have been documented 
in the southern extent of the WPA (Brian DeVries, USFWS, 
written commun., 2009). Additionally, there is designated 
Piping Plover critical habitat. As of January 2010, there 
were no production wells present within the WPA and the 
closest well, an active injection-disposal well, was located 
within 1,000 ft south of the WPA.

Geology

The surfi cial geology underlying the Gjesdal East WPA 
is depicted in fi gure 97. Most of the Gjesdal East WPA is 
underlain by glacial till. The thickness of this relatively 
low-permeability unit is unknown, but based on nearby test 
holes and wells, the till thickness probably ranges from 50 
to 100 ft.  A relatively long and narrow deposit of moderate 
to high-permeability glacial outwash is mapped south of 
the area covered by the Base Camp geologic map (fi g. 24). 
This appears to be an extension of the Clear Lake aquifer.

Groundwater Hydrology

Limited drilling data and interpretations from mapping in 
North Dakota (North Dakota State Water Commission fi le 

data) indicate that a buried channel reaching depths up to 
150 ft underlies this WPA. This appears to be a tributary of 
the Clear Lake aquifer. Groundwater fl ow is towards the 
south.

Characterizing Oilfi eld Production Brine Migration

There were no EM-31 surveys conducted at this site and 
there are no groundwater monitoring wells located within 
this WPA.

Wetland Water Quality

The two lakes present within the Gjesdal East WPA were 
visited for surface-water sampling on 5/17/2004. These 
sites, GE1 and GE2, had specifi c conductance values of 
around 8,000 and 3,000 μS/cm and chloride concentrations 
of 405.5 and 49.5 mg/L, respectively (table 42). Based on 
the calculated CI values for each site, GE1, which had a 
CI value of 0.05, showed signs of produced water impacts, 
but GE2, which had a CI value of 0.018, did not (table 42). 
The source of contamination to GE1 is unknown and would 
require further investigation.

Co-occurring Contaminants

There were no additional analyses done 
for the Gjesdal East WPA.

Figure 97. Geology of the Gjesdal East WPA: T. 37 N., R. 58 
E., sec. 26 & 27.

Table 42. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for wetlands visited at the Gjesdal East WPA. 

Site Sampling Date 
Specific

Conductivity
(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

GE1 5/17/2004 8,150 406 0.050 Mesosaline 
GE2 5/17/2004 2,740 50 0.018 Oligosaline 
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Redhead Retreat WPA

The Redhead Retreat WPA was established on 2/17/1970, 
but additional land was acquired on 4/23/1970. This WPA 
encompasses an area of approximately 206.26 acres, 
including parts of three separate water bodies (fi g. 98). Bird 
surveys have documented the use of the Redhead Retreat 
WPA by breeding waterfowl, with observations of 20–42 
duck pairs per square mile during the nesting season (Brian 
DeVries, USFWS, written commun., 2009). As of January 
2010, there were no production wells located within the 
WPA, but two wells, both approved plugged and abandoned 
dry holes, are located within a quarter of a mile to the 
southeast of the WPA. Additionally, one approved plugged 
and abandoned disposal-injection well is located just over a 
quarter of mile northwest of the WPA.

Geology

The Redhead Retreat WPA is underlain largely by gla-
cial deposits (fi g. 99). Glacial till makes up most of this 
and relatively thin deposits of Quaternary alluvium are 

associated with the wetlands. These alluvial deposits are 
probably composed of organic silts and clays. A borehole 
located in the NE quarter section of Section 10 (GWIC ID 
154227) penetrated about 40 ft of glacial till before encoun-
tering Fort Union bedrock.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the Redhead Retreat WPA. It is likely that the local-
ized fl ow is dominated by topography and groundwater 
fl ows from upland hummocks to the low-lying wetlands 
and lakes. At this location there is a strong potential for 
a brine plume associated with the oil well site to migrate 
towards the wetland to the west of the site. No regional 
glacial outwash aquifers have been identifi ed in this area.

Characterizing Oilfi eld Production Brine Migration

No EM-31 surveys were conducted at this site, and there 
are no groundwater monitoring wells associated with this 
WPA.

Figure 98. Map depicting locations of sampling sites, oil wells, and bodies of water for the Redhead Retreat WPA: T. 35 N., 
R. 58 E., sec. 10 & 15.



94

Wetland Water Quality

One seasonal wetland was visited to assess surface-water 
condition. The specifi c conductivity at this site was around 
16,000 μS/cm and the chloride concentration was 560.5 
mg/L (table 43). The CI for this site is just below the em-
pirical lower limit of contamination, indicating that this site 
may be receiving contaminated water from some source. 
Since EM-31 surveys were not conducted and monitoring 
wells are not established, identifying that source would 
require future monitoring efforts.

Co-occurring Contaminants

There were no additional analyses done for the Redhead 
Retreat WPA.

Westgard WPA

The Westgard WPA was established on 5/21/1968 and 
encompasses an area of approximately 120 acres. Multiple 
water bodies are located in, or partially located in, the 
WPA, including lakes, plus seasonal and semi-permanent 
wetlands (fi g. 100). Bird surveys have documented the use 
of the Westgard WPA by breeding waterfowl, with obser-
vations of 42–88 duck pairs per square mile during the 
nesting season (Brian DeVries, USFWS, written commun., 

2009). As of January 2010, there were no production wells 
present within the WPA, but three wells, two approved 
plugged and abandoned dry holes and one producing oil 
well, are located within a quarter of a mile of the WPA.

Geology

The surfi cial geology underlying the Westgard WPA is 
depicted in fi gure 101. Most of this WPA is underlain by 
glacial sediments. The thickness of the relatively low-
permeability glacial till is unknown, but based on nearby 
test holes and wells, the till thickness probably ranges from 
100 to 200 ft. A deeper outwash aquifer was encountered 
about 1 mile west of this site. A relatively long and narrow 
deposit of moderate to high-permeability glacial outwash is 
mapped trending north to south through the central part of 
the Westgard WPA geologic map. A small area of relatively 
thin Quaternary eolium overlies the till along the eastern 
and northeastern part of this WPA.

Groundwater Hydrology

Little information is available on groundwater fl ow un-
derlying the Westgard WPA. It is likely that the localized 
fl ow is dominated by topography and groundwater fl ows 
from upland hummocks to the low-lying wetlands and 
lakes. Although some deep glacial outwash wells have 

Figure 99. Geology of the Redhead Retreat WPA: T. 35 N., 
R. 58 E., sec. 10 & 15.

Table 43. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for the wetland visited at the Redhead 
Retreat WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification

RR1 5/13/2004 21,881 527 0.024 Mesosaline 



95

Figure 100. Map depicting locations of sampling sites, oil wells, and bodies of water for the Westgard WPA: T. 37 N., R. 58 
E., sec. 17.

Figure 101. Geology of the Westgard WPA: T. 37 N., R. 58 E., 
sec. 17.
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been constructed in this area, no regional glacial outwash 
aquifers have been identifi ed, and these permeable zones 
appear to be isolated.

Characterizing Oilfi eld Production Brine Migration

EM-31 terrain conductivity surveys indicated higher than 
background readings in an area north of oil well location 
05144 (fi g. 102). Well 05144 was completed in 1965; 
therefore, the elevated conductivity may refl ect buried 
brine-saturated material in an unlined reserve pit. There 

are no groundwater monitoring wells associated with this 
WPA, so the groundwater chemistry was not characterized 
for this site.

Wetland Water Quality

Three sites, WG1, WG2, and WG3 (GWIC ID 214793), 
were visited for surface-water analyses. Specifi c conduc-
tance and chloride concentrations for these sites ranged 
from around 11,900 to 31,500 μS/cm and 377 to 1,423 
mg/L, respectively (table 44). With the exception of one 
site, site WG3 (GWIC ID 214793), produced water impacts 
were not evident based on CI values. On 5/16/2004, the CI 
for WG3 (GWIC ID 214793) was actually below 0.035, 
but was elevated during the 9/9/2004 sampling event (table 
44). This result may be a result of seasonal variation within 
a wetland. For instance, a similar trend is seen in WG1 for 
specifi c conductivity in that conductance increased from 
May to July, although the CI remained relatively stable. On 
the other hand, the large increase in the CI for WG3 (GWIC 
ID 214793) indicates that the Cl- ions are accumulating 
disproportionately to other ions, suggesting WG3 (GWIC 
ID 214793) is receiving contaminated water.

Co-occurring Contaminants

Metals data are available for WG3 (GWIC ID 214793) 
from the 9/9/2004 sampling event (table 45). Various 
elements were present in the sample, although many were 
below the limits of detection. When compared to EPA’s 
national recommended water-quality criteria, the only 
concentration that exceeded any established benchmark 
was selenium. Although slight, a signifi cant positive 
relationship was detected between surface-water selenium 
concentrations and the CI (table 7). Selenium has been 
detected in produced water samples collected from pro-
duced water reinjection sites in the Williston Basin before 
(Chen-Northern, 1994). Food chain bioaccumulation and 
reproductive failure in certain fi sh and wildlife species has 
been reported for aqueous selenium concentrations as low 
as 2 μg/L. Therefore, the concentration detected at WG3 
(GWIC ID 214793) in 2004, 81 μg/L, posed a great risk to 
many wildlife species, particularly sensitive species like 
aquatic birds. 

Figure 102. Location of EM-31 terrain-conductivity surveys 
conducted at the Westgard WPA: T. 37 N., R. 58 E., sec. 
17.

Table 44. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers developed 
by Cowardin and others (1979) for wetlands visited at the Westgard WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

WG1 5/16/2004 25,955 433 0.017 Mesosaline 
WG1 7/23/2004 31,520 444 0.014 Polysaline 
WG2 5/16/2004 15,530 405 0.026 Mesosaline 
WG3 5/16/2004 11,863 377 0.032 Mesosaline 
WG3 9/9/2004 19,041 1,423 0.075 Mesosaline 
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Dog Leg WPA

The Dog Leg WPA was established on 5/17/1968 and 
encompasses an area of approximately 70 acres. The WPA 
is largely covered by two bodies of water, a lake and a 
semi-permanent wetland (fi g. 103). Bird surveys have 
documented the use of the Dog Leg WPA by breeding wa-
terfowl, with observations of 42–88 duck pairs per square 
mile during the nesting season (Brian DeVries, USFWS, 
written commun., 2009). Additionally, this area contains 
designated Piping Plover critical habitat. As of January 
2010, there were no production wells present within the 
WPA, but there are three wells located within a quarter of a 
miles of the WPA. These include API wells 21075, a shut-
in oil well completed in August 1969; 21074, an approved 
plugged and abandoned oil well completed in July 1969; 
and 21101, a shut-in oil well completed in June 1970. A 
tank battery is associated with well 21101, but it appears to 
not be currently operational.

Geology

The surfi cial geology underlying the Dog Leg WPA is 
depicted in fi gure 104. Most of this WPA is underlain by 
glacial deposits. A nearby stock well (GWIC ID 190801) 
encountered about 15 ft of outwash sand and gravel overly-
ing soft gray clay (either clayey till or lake deposits) before 
completing the well in a coalbed of the Fort Union bedrock 
at a depth of 110 ft. The glacial outwash shown on the 
geologic map probably makes up the thin deposit of moder-
ate to high-permeability glacial outwash underlying most of 
this WPA.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the Dog Leg WPA. It is likely that the localized fl ow 
is dominated by topography and groundwater fl ows from 
upland hummocks to the low-lying wetlands and lakes. At 
this location there is a strong potential for a brine plume 
associated with the oil well sites to migrate towards the 
wetland east of well 21075 and northwest of well 21101. 
No regional glacial outwash aquifers have been identifi ed 
in this area.

Characterizing Oilfi eld Production Brine Migration

EM surveys were conducted at three sites close to oil 
wells that are near the Dog Leg WPA (fi g. 105). Terrain 
conductivity surveys identifi ed higher than background 
conditions near and downgradient from the three oil well 
sites (fi gs. 106–108). The largest plume is associated with 
the tank battery, while the other areas likely refl ect buried 
brine-saturated waste in unlined reserve pits. These areas of 
high terrain conductivity appear to be associated with brine 
plumes migrating downgradient towards nearby wetlands. 
There are no groundwater monitoring wells associated with 
this WPA to characterize groundwater chemistry.

Wetland Water Quality

The two bodies of water located in the Dog Leg WPA were 
visited for surface-water analyses. Specifi c conductance 
ranged from around 3,000 to 38,200 μS/cm and chloride 
concentrations ranged from 49.5 to 1,547 mg/L (table 
46). Based on the calculated CI values for each site, DL1 
(GWIC ID 214746), which had an average CI value of 
0.015, had no produced water impacts, but DL2, which 
had a CI value of 0.041, did (table 46). Although these two 
wetlands are in close proximity to each other, DL1 (GWIC 
ID 214746) was clearly unimpacted, suggesting that there is 
little to no connectivity between the two water bodies. The 
EM-31 survey at site 2 refl ects extensive brine contamina-
tion that may be one source of contamination to DL2.

Co-occurring Contaminants

There were no additional analyses done for the Dog Leg 
WPA.

Table 45. Surface-water 
concentrations (μg/L) of trace 
elements present in the 
sampled wetland WG3 in 2004. 

WG3 
Ag <20 
Al <200 
As 26.4 
B 3472 

Ba <49 
Be <40 
Br 5,860 
Cd <20 
Co <40 
Cr <40 
Cu <40 
Li 1,438 

Mo <200 
Ni <40 
Pb <40 

Se 81#

Sr 461 
Ti <20 
U <10 
V <100 
Zn <40 
Zr <40 

#Indicates value exceeded  
EPA’s recommended national 
water-quality criteria. 
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Figure 103. Map depicting locations of sampling sites, oil wells, and bodies of water for the Dog Leg WPA: T. 37 N., R. 58 
E., sec. 20.

Figure 104. Geology of the Dog Leg WPA: T. 37 N., R. 58 E., 
sec. 20.
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Figure 105. Location of EM-31 terrain-conductivity surveys 
conducted at the Dog Leg WPA: T. 37 N., R. 58 E., sec. 20.

Figure 106. Location of EM-31 terrain-conductivity survey 
conducted at Site 1 of the Dog Leg WPA.

Table 46. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers developed 
by Cowardin and others (1979) for wetlands visited at the Dog Leg WPA. 

Site Sampling Date 
Specific

Conductivity
(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

DL1 5/16/2004 3,067 50 0.016 Oligosaline 
DL1 7/23/2004 3,850 56 0.015 Oligosaline 
DL2 4/29/2004 38,152 1,547 0.041 Polysaline 
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Goose Lake WPA

The Goose Lake WPA was established on 7/24/1968, 
but additional land purchases continued until 7/30/1980. 
Ultimately, around 1,665 acres were acquired for the Goose 
Lake WPA. Numerous water bodies are located within this 
WPA, including lakes, plus seasonal and semi-permanent 
wetlands (fi g. 109). Bird surveys have documented the use 
of Goose Lake WPA by breeding waterfowl, with obser-
vations of 42–88 duck pairs per square mile during the 
nesting season (Brian DeVries, USFWS, written commun., 
2009).  Additionally, this area contains designated Piping 
Plover critical habitat. As of January 2010, there was one 
approved plugged and abandoned dry hole (well 05082) 
located within the WPA; there were no other production 
wells located within the Goose Lake WPA. There are, 
however, three approved plugged and abandoned dry holes 
located within 700 ft of the WPA. Most of the reserve pits 
associated with these wells would have been unlined based 
on their dates of completion. A produced water disposal 
facility could result in contamination of wetland GL12.

Geology

The Goose Lake WPA overlies a major glacial outwash 
deposit that makes up the Clear Lake aquifer (fi g. 110). 
The entire WPA is underlain by glacial outwash deposits. 

These deposits are estimated to be from 50 to 150 ft thick 
based on nearby test drilling. Fort Union sandstone and 
mudstone underlie the glacial materials. Quaternary alluvial 
and lacustrine deposits are located underlying relatively 
small areas of the Goose Lake WPA and are associated with 
swales and lowlands along wetlands and lakes.

Groundwater Hydrology

The Goose Lake WPA overlies the Clear Lake aquifer. 
Several highly productive irrigation wells are located east 
of the WPA. Regional groundwater fl ow in the aquifer 
is generally towards the south or southwest. It is likely 
that the localized fl ow is dominated by topography and 
groundwater fl ows from upland hummocks to the low-lying 
wetlands and lakes. 

Characterizing Oilfi eld Production Brine Migration

There were no EM-31 surveys conducted at this WPA, and 
there are no groundwater monitoring wells associated with 
this site. Appendix A contains a supplemental report that 
contains a detailed investigation and assessment of brine 
contamination across the Goose Lake Oilfi eld.

Figure 107. Location of EM-31 terrain-conductivity survey 
conducted at Site 2 of the Dog Leg WPA.

Figure 108. Location of EM-31 terrain-conductivity survey 
conducted at Site 3 of the Dog Leg WPA.
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Figure 109. Map depicting locations of sampling sites, oil wells, and bodies of water for the Goose Lake WPA: T. 35 N., R. 
58 E., sec. 1, 11, 12 & 13.

Figure 110. Geology of the Goose Lake WPA: T. 35 N., R. 58 E., sec. 1, 
11, 12 & 13.
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Wetland Water Quality

Nine surface-water sites were visited that had specifi c 
conductance ranging from around 300 to 10,000 μS/cm 
and chloride concentrations ranging from around 5 to 200 
mg/L (table 47). There were no sites that showed signs of 
produced water impacts based on their calculated CI values 
(table 47). However, a water sample was collected in 1990 
along the southeast shore of Goose Lake at GWIC ID 
120850. At that time, there appeared to be an indication of 
brine contamination with a specifi c conductance of 28,790 
μS/cm, chloride concentration of 1070 mg/L, and calcu-
lated CI of 0.037.

Co-occurring Contaminants

Metals data are available for sites GL1, GL3, anTad GL7 
from the 7/11/2005 sampling event. Based on that data, 
GL1 had cadmium and nickel concentrations that exceeded 
established water-quality benchmarks, while GL3 had 
cadmium and lead concentrations that exceeded established 
water quality benchmarks (table 48). Due to the lack of 
brine impacts at these sites, oil production and exploration 
activities appear to have little infl uence on the surface-
water concentrations of cadmiuTablem, nickel, and lead at 
these sites. There are no monitoring wells associated with 
this WPA.

Table 47. Wetland sampling date, specific conductivity, chloride concentration, contaminant 
index, and salinity classification based on inland salinity modifiers developed by Cowardin 
and others (1979) for wetlands visited at the Goose Lake WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

GL1 5/13/2004 3,859 53 0.014 Oligosaline 
GL1 7/8/2005 3,702 39 0.011 Oligosaline 
GL2 5/14/2004 9,655 222 0.023 Mesosaline 
GL3 5/14/2004 5,209 46 0.009 Oligosaline 
GL3 7/9/2004 4,198 52 0.012 Oligosaline 
GL6 5/13/2004 278 5 0.019 Freshwater 
GL7 5/13/2004 6,610 120 0.018 Oligosaline 
GL7 7/8/2005 8,370 137 0.016 Mesosaline 
GL8 5/13/2004 2,145 39 0.018 Oligosaline 
GL8 7/8/2005 2,532 52 0.021 Oligosaline 
GL9 5/13/2004 1,887 23 0.012 Oligosaline 

GL11 5/13/2004 1,829 61 0.033 Oligosaline 
GL12 5/13/2004 3,024 78 0.026 Oligosaline 

Table 48. Surface-water concentrations (μg/L) of 
trace elements present in select wetlands of the 
Goose Lake WPA in 2005. 

GL1 GL3 GL7 
Al <50 <50 <50 
As 143 92.9 19.3 
B 23,100 2,540 1,490 

Ba 14 109 7 
Be <0.5 <0.5 <0.5 
Cd 1.35# 0.22# 0.05 
Co <5 <5 <5 
Cr <5 <5 <5 
Cu <5 <5 <5 
Hg <0.1 <0.1 <0.1 
Mo <10 <10 <10 
Ni 16# 11 <5 
Pb <0.51 0.58# <0.05 
Se 0.31 0.43 <0.1 
Sr 40 410 <25 
Ti <5 <5 <5 
V <10 <10 <10 
Zn <5 <5 <5 

# Indicates value exceeded  EPA’s recommended
national water-quality criteria. 
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Gjesdal West WPA

The Gjesdal West WPA was established on 6/18/1974 and 
encompasses an area of approximately 400 acres. There are 
numerous seasonal wetlands scattered throughout the WPA, 
and as of January 2010, there was one approved plugged 
and abandoned well (21171) within the WPA, cpmpleted in 
1976 (fi g. 111). Based on its date of completion, there was 
likely a lined reserve pit associated with this well for waste 
storage and disposal. There are no other wells within the 
WPA, but the next closest well is an approved plugged and 
abandoned dry hole located within 700 ft northwest of the 
WPA. Bird surveys have documented the use of the Gjesdal 
West WPA by breeding waterfowl, with observations of 
42–88 duck pairs per square mile throughout much of the 
WPA during the nesting season (Brian DeVries, USFWS, 
written commun., 2009).

Geology

The surfi cial geology underlying the Gjesdal West WPA 
is depicted in fi gure 112. Most of the Northeast WPA is 
underlain by glacial till. The thickness of this relatively 

low-permeability unit is unknown, but based on nearby 
test holes and wells, the till thickness probably ranges from 
50 to 150 ft. Nearby well logs indicate layers of glacial 
outwash within the thicker till deposits. The glacial till or 
outwash deposits directly overlie Fort Union bedrock.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the Gjesdal West WPA. It is likely that the localized 
fl ow is dominated by topography and groundwater fl ows 
from upland hummocks to the low-lying wetlands and 
lakes. No regional glacial outwash aquifers have been 
identifi ed in this area, although in several cases productive 
zones of glacial outwash have been identifi ed. For example, 
in the NE quarter of Section 8 at GWIC ID 206182, water 
is produced from an outwash aquifer at a depth of 132 to 
141 ft.

Characterizing Oilfi eld Production Brine Migration

EM-31 surveys were conducted at one site surrounding oil 
well 21171. These terrain conductivity surveys indicated 

Figure 111. Map depicting locations of sampling sites, oil wells, and bodies of water for the Gjesdal West WPA: T. 35 N., 
R. 58 E., sec. 1, 11, 12 & 13.
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Figure 112. Geology of the Gjes-
dal West WPA: T. 36 N., R. 58 E., 
sec. 7, 8, 17 & 18.

higher than background readings in an area east and north 
of oil well location 21171 (fi g. 113). These appear to be 
related to well construction activities where brine or brine-
saturated materials were either spilled or buried. There are 
no groundwater monitoring wells associated with this site 
to characterize groundwater chemistry.

Wetland Water Quality

Five sites were visited at the Gjesdal West WPA to assess 
surface-water conditions. Specifi c conductance ranged 
from around 100 to 800 μS/cm and chloride concentrations 
ranged from 0 to 123 mg/L (table 49). Chloride concentra-
tions were below detection in the fi eld for GW4. Its posi-
tion upslope of the migrating plume provides protection 
from contaminant infl uences. Conversely, sites GW1 and 
GW5 appear to be more vulnerable to brine impacts and 
are receiving contaminant impacts from oil well 21171. 
The source of contamination for GW3 is unclear. With the 
exception of sites GW4 and GW2 (missing chloride data), 
every site had an average CI value that exceeded 0.035, 
indicating produced water impacts.

Co-occurring Contaminants

When compared to EPA’s recommended national water-
quality criteria, GW1 and GW5 had exceedances for cadmi-
um, while GW5 also exhibited lead and zinc concentrations 
that exceeded benchmark values (table 50). The infl uence 
of oil production and exploration activities on wetland 
cadmium, lead, and zinc concentrations is unclear. There 
were no signifi cant relationships detected between the CI 
and surface-water cadmium and lead concentrations, while 
the relationship between surface-water zinc concentrations 
and the CI was not assessed due the large number of zinc 
values below the analytical detection limit (table 7). Re-
gardless, all three elements have been detected in produced 
water samples collected from produced water reinjection 
sites in the Williston Basin (Chen-Northern, 1994), and 
coupled with the fact that both groundwater cadmium and 
zinc concentrations have positive signifi cant relationships 
with the CI suggests that oil production activities may have 
had some infl uence on the elevated element concentrations 
detected at GW1 and GW5 (table 5).

Figure 113. Location of EM-31 terrain-conductivity surveys 
conducted at the Gjesdal West WPA: T. 36 N., R. 58 E., 
sec. 7, 8, 17 & 18.
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Olson WPA

The Olson WPA was established on 5/1/1969 and encom-
passes approximately 16 acres. There is one lake system 
that partially extends into the WPA (fi g. 114). Bird surveys 
have documented the use of the Olson WPA by breed-
ing waterfowl, with observations of 42–88 duck pairs per 
square mile during the nesting season (Brian DeVries, 
USFWS, written commun., 2009 . As of January 2010, 
there were no production wells present within or in close 
proximity to the WPA. In fact, the closest well was located 
greater than half a mile away.

Geology

The Olson WPA is underlain by glacial outwash deposits 
and pre-glacial alluvial deposits (fi g. 115). These depos-
its are estimated to be from 250 to 350 ft thick based on 
nearby test drilling. Fort Union sandstone and mudstone 
underlies the glacial materials. These sand and gravel 
deposits form the regionally important Clear Lake aquifer.

Groundwater Hydrology

The Olson WPA site overlies the Clear Lake aquifer. Based 
on nearby well logs, both permeable zones of the Clear 
Lake aquifer underlie this WPA, with the shallow glacial 
outwash zone at depths of about 100 to 200 ft and the 
deeper ancestral Missouri River alluvial zone from 250 to 
350 ft. Flow in the aquifer is generally towards the west or 
southwest.

Characterizing Oilfi eld Production Brine Migration

EM surveys were not conducted at this site and there are no 
monitoring wells associated with this WPA.

Table 49. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for wetlands visited at the Gjesdal West 
WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification

GW1 5/17/2004 754 123 0.163 Freshwater 
GW1 6/13/2005 521 78 0.150 Freshwater 
GW2 5/17/2004 179.3 No Data No Data Freshwater 
GW3 5/17/2004 120.9 4 0.036 Freshwater 
GW4 5/17/2004 166 0 0 Freshwater 
GW5 5/17/2004 94.4 4 0.047 Freshwater 
GW5 6/13/2005 156 4 0.025 Freshwater 

Table 50. Surface-water concentrations 
(μg/L) of trace elements present in 
select wetlands of the Gjesdal West 
WPA in 2005. 

GW1 GW5 
Al <50 60 
As 2.53 1.29 
B 403 90 

Ba 65 54 
Be <0.5 <0.5 

Cd 0.51# 0.15#

Co <5 <5 
Cr <5 <5 
Cu <5 <5 
Hg <0.1 <0.1 
Mo <10 <10 
Ni <5 <5 
Pb 0.21 0.31# 
Se 0.28 0.83 
Sr 190 30 
Ti <5 <5 
V <10 <10 

Zn 12 26#

# Indicates value exceeded EPA’s 
national recommended water-quality 
criteria. 
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Figure 114. Map depicting locations of sampling sites, oil wells, and bodies of water for the Olson WPA: T. 33 N., R. 58 E., 
sec. 26 & 27.

Figure 115. Geology of the Olson WPA: T. 33 N., R. 58 E., 
sec. 26 & 27.
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Wetland Water Quality

For site OLS, specifi c conductance ranged from around 
4,300 to 4,800 μS/cm and chloride concentrations ranged 
from 30 to 33 mg/L (table 51). Based on the CI, there are 
no apparent produced water impacts. Additionally, this 
wetland was sampled in a previous in 1990 (GWIC ID 
120886). Although specifi c conductance and the chloride 
concentration were higher in 1990, the CI was similar to 
current conditions, indicating that this system has remained 
free of brine contamination and that the differences seen in 
conductivity and chlorides are likely refl ecting the natural 
variation of drought and non-drought conditions (table 51).

Co-occurring 
Contaminants

One sample from 2005 
was analyzed for met-
als (table 52). Based 
on those data, the 
only constituent that 
exceeded any of EPA’s 
national recommended 
water-quality criteria 
was cadmium. EPA’s 
national recommended 
water-quality criteria 
for cadmium is cor-
rected for hardness, in 
that organisms inhab-
iting a system with 
reduced hardness will 
be more vulnerable 
to cadmium toxicity. 
So while cadmium 
exceeds the hardness-
corrected toxic-
ity value at OLS, the 
actual concentration 
detected, 0.06 μg/L, is 
relatively low com-
pared to other values 
detected in surface-
water sites across the 

Northeast Montana WMD and is not associated with brine 
contamination. More importantly, since cadmium does 
appear to be associated with brine contamination for much 
of the Northeast Montana WMD (table 5), it becomes ap-
parent that systems similar to OLS are more vulnerable to 
trace element toxicity due to reduced hardness and should 
be protected from future contamination.

Rivers WPA

The Rivers WPA was established on 5/21/1984 and encom-
passes an area of approximately 160 acres. Seasonal and 
semi-permanent wetlands partially extend into the WPA 
(fi g. 116). Bird surveys have documented the use of the 
Rivers WPA by breeding waterfowl, with observations of 
20–42 duck pairs per square mile during the nesting season 
(Brian DeVries, USFWS, written commun., 2009). As 
of January 2010, there were no production wells present 
within the WPA, with the closest well, an oil-producing 
well, located greater than a quarter of a mile northeast of 
the WPA.

Geology

The surfi cial geology underlying the Rivers WPA is depict-
ed in fi gure 117. Most of the Rivers WPA is underlain by 
glacial till. The thickness of this relatively low-permeability 
unit is unknown, but based on nearby test holes and wells, 
the till thickness probably ranges from 50 to 100 ft.  A 
deposit of moderate to high-permeability glacial outwash 
underlies parts of this WPA. These outwash deposits appear 
to be thin veneers overlying glacial till. Lithologic logs 
from nearby wells indicate isolated outwash deposits at 
depths as great as 100 ft.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the Rivers WPA. It is likely that the localized fl ow 
is dominated by topography and groundwater fl ows from 
upland hummocks to the low-lying wetlands and lakes. 
Although isolated glacial aquifers have been encountered 
and in many cases produce signifi cant volumes of water, 
no regional glacial outwash aquifers have been identifi ed in 
this area.

Table 51. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for the wetland visited at the Olson WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

OLS 8/24/1990 9,409 75 0.008 Mesosaline 
OLS 7/21/2004 4,314 30 0.007 Oligosaline 
OLS 9/12/2004 4,772 33 0.007 Oligosaline 
OLS 7/9/2005 4,602 33 0.007 Oligosaline 

Table 52. Surface-water 
concentrations (μg/L) of 
trace elements present in 
the OLS site at the Olson 
WPA in 2005. 

OLS 
Al <50 
As 18.7 
B 2,250 

Ba 4 
Be <0.5 
Cd 0.06#

Co <5 
Cr <5 
Cu <5 
Hg <0.1 
Mo <10 
Ni <5 
Pb <0.02 
Se <0.1 
Sr <25 
Ti <5 
V <10 
Zn <5 

#Indicates value exceeded 
EPA’s national 
recommended water-
quality criteria. 
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Figure 116. Map depicting locations of sampling sites, oil wells, and bodies of water for the Rivers WPA: T. 35 N., R. 58 
E., sec. 7 & 8.

Figure 117. Geology of the Rivers WPA: T. 35 N., R. 58 E., 
sec. 7 & 8.
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Characterizing Oilfi eld Production Brine Migration

There were no EM-31 surveys conducted at this WPA, and 
there are no groundwater monitoring wells associated with 
this site.

Wetland Water Quality

One surface-water site, RIV1, was visited for water-quality 
assessment. Based on laboratory and fi eld measurements 
taken during two separate sampling events for RIV1, 
specifi c conductance ranged from around 300 to 1100 μS/
cm and chloride concentrations ranged from 15 to 24 mg/L 
(table 53). Using data collected from the fi eld measure-
ments taken on the 4/17/2004 sampling event, the CI indi-
cated that there were produced water impacts at this site. 
Conversely, the CI value calculated using laboratory data 
from the 6/13/2005 sampling event suggests there were no 
produced water impacts. On average, the CI value for RIV1 
is just below the 0.035 threshold value for produced water 
impacts (table 53).

Co-occurring 
Contaminants

One sample was 
collected for 
metals analysis, 
and based on lab 
results, cadmium 
was the only ele-
ment that exceed-
ed EPA’s national 
recommended 
water-quality 
criteria (table 54). 
This sample 
was collected in 
2005 when brine 
contamination was 
not evident based 
on the CI, so it 
appears that its 
presence is not a 
result of produced 
water encroach-
ment.

Rich Johnson WPA

The Rich Johnson WPA was established on 5/23/1995 and 
encompasses an area of 320 acres. Many smaller wetlands 
are located in, or partially located in, this WPA (fi g. 118). 
Much of the upland habitat is managed as dense nest-
ing cover through selective planting, prescribed haying, 
prescribed fi re, and limited grazing. Additionally, one ap-
proved plugged and abandoned dry hole, API well 21554, 
was located within the WPA as of January 2010. This well 
was completed in September 1985, and any reserve pit as-
sociated with this well would have been lined.

Geology

The surfi cial geology underlying the Rich Johnson WPA is 
depicted in fi gure 119. Most of the Rich Johnson WPA is 
underlain by glacial till. The thickness of this relatively low-
permeability unit is unknown, but based on nearby test holes 
and wells, the till thickness probably ranges from 10 to 50 ft.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the Rich Johnson WPA. It is likely that the localized 
fl ow is dominated by topography and groundwater fl ows 
from upland hummocks to the low-lying wetlands. At this 
location there is a strong potential for a brine plume associ-
ated with the oil well site to migrate towards the wetland 
to the west of the site. No regional glacial outwash aquifers 
have been identifi ed in this area.

Characterizing Oilfi eld Production Brine Migration

There were no EM-31 surveys conducted at this WPA and 
there are no groundwater monitoring wells associated with 
this site.

Wetland Water Quality

Three wetland sites were visited during 6/15/2005. The spe-
cifi c conductivity for these sites ranged from around 3,200 
to 3,600 μS/cm and chloride concentrations ranged from 
39 to 68 mg/L (table 55). The CI values for all three sites 
showed no indication of brine contamination.

Co-occurring Contaminants

There were no additional analyses done for the Rich John-
son WPA.

Table 53. Wetland sampling date, specific conductivity, chloride concentration, contaminant 
index, and salinity classification based on inland salinity modifiers developed by Cowardin 
and others (1979) for the wetland visited at the Rivers WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

RIV1 4/27/2004 326 15 0.046 Freshwater 
RIV1 6/13/2005 1,090 24 0.022 Oligosaline 

Table 54. Surface-water 
concentrations (μg/L) of trace 
elements present in the RIV1 site at 
the Rivers WPA in 2005. 

RIV1 
Al <50 
As 8.06 
B 101 

Ba 168 
Be <0.5 
Cd 0.21#

Co <5 
Cr <5 
Cu <5 
Hg <0.1 
Mo <10.0 
Ni <5 
Pb 0.13 
Se 0.23 
Sr 165 
Ti <5 
V <10 
Zn <5 

#Indicates value exceeded EPA’s 
national recommended water-quality 
criteria. 
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Figure 118. Map depicting locations of sampling sites, oil wells, and bodies of water for the Rich Johnson WPA: T. 37 N., 
R. 53 E., sec. 14 & 15.

Figure 119. Geology of the Rich Johnson WPA: T. 37 N., R. 53 
E., sec. 14 & 15.



111

Parry WPA

The Parry WPA was established on 7/16/1968 and cov-
ers an area of 566.68 acres. There are fi ve bodies of water 
located in, or partially located in, this WPA, including one 
lake and four semi-permanent wetlands (fi g. 120). Bird 
surveys have documented the use of the Parry WPA by 

breeding wa-
terfowl, with 
observations 
of 42–88 duck 
pairs per square 
mile during the 
nesting season 
(Brian DeVries, 
USFWS, written 
commun., 2009). 
Additionally, 
there is designat-
ed Piping Plover 
critical habitat 

and intact native prairie. Management practices, such as 
prescribed grazing and prescribed fi re, are implemented to 
maintain and improve the diversity of native prairie plants 
and the wildlife species that rely on that native prairie 
habitat. As of January 2010, there were no production wells 
located within the WPA and the closest well, an expired oil 
well, is located greater than a quarter of mile away north-
west of the WPA.

Table 55. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for wetlands visited at the Rich Johnson 
WPA. 

Site Sampling Date 
Specific

Conductivity
(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

RJ1 6/15/2005 3593 45 0.013 Oligosaline 
RJ2 6/15/2005 3298 39 0.012 Oligosaline 
RJ4 6/15/2005 3244 68 0.021 Oligosaline 

Figure 120. Map depicting locations of sampling sites, oil wells, and bodies of water for the Parry WPA: T. 33 N., R. 58 
E., sec. 26 & 27.
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Geology

The Parry WPA is underlain by glacial outwash deposits 
(fi g. 121). These deposits are estimated to be from 50 to 
300 ft thick based on nearby test drilling. Fort Union sand-
stone and mudstone underlie the glacial materials. The sand 
and gravel glacial outwash deposits are associated with 
both the upper permeable glacial outwash zone and the 
deeper ancestral Missouri River alluvial zone of the Clear 
Lake aquifer.

Groundwater Hydrology

The Parry WPA overlies the Clear Lake 
aquifer. Based on nearby lithologic logs, 
several permeable zones of the Clear lake 
aquifer underlie this site. The shallowest 
zone is 10 to 31 ft below land surface and 
the deepest is at depths of 300 to 350 ft. 
Both the deep ancestral Missouri River 
alluvium and glacial outwash of Late 
Wisconsinan meltwater channels make up 
the aquifer zones. The log for GWIC ID 
3867 indicated Fort Union bedrock was 
encountered at depths of 335 ft. This well 
was completed in the Ancestral Missouri 
River zone of the Clear Lake aquifer. The 
depth of this zone is 318 to 335 ft below 
land surface. Flow in the regional aquifer is 
generally towards the west or southwest. It 
is likely that the shallow localized fl ow is 
dominated by topography with groundwater 
fl owing from upland hummocks to the low-

lying wetlands and lakes.

Characterizing Oil Field Production Brine Migration

There were no EM-31 surveys conducted at this WPA, and 
there are no groundwater monitoring wells associated with 
this site.

Wetland Water Quality

Four wetland sites were visited during the months of May 
and September 2004. Among the wetlands assessed, the 
specifi c conductivity ranged from around 2,700 to 55,200 
μS/cm and the chloride concentrations ranged from 27 
to 1,547 mg/L (table 56). From a previous investigation, 
samples were collected and analyzed from PAR1 (GWIC 

Figure 121. Geology of the Parry WPA: T. 33 N., R. 58 E., 
sec. 26 & 27.

Table 56. Wetland sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers 
developed by Cowardin and others (1979) for wetlands visited at the Parry WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

PAR1 8/24/1990 24,490 365 0.015 Mesosaline 
PAR1 5/14/2004 4,902 53 0.011 Oligosaline 
PAR1 5/14/2004 4,680 53 0.011 Oligosaline 
PAR2 5/14/2004 55,185 1,547 0.028 Eusaline 
PAR3 8/31/1990 14,846 258 0.017 Mesosaline 
PAR3 5/14/2004 4,351 61 0.014 Oligosaline 
PAR3 9/2/2004 5,928 84 0.014 Oligosaline 
PAR4 9/31/1990 17,952 262 0.015 Mesosaline 
PAR4 5/14/2004 2,669 27 0.010 Oligosaline 
PAR4 9/2/2004 3,396 30 0.009 Oligosaline 
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ID 120847), PAR3 (GWIC ID 120887), and PAR4 (GWIC 
ID 120866) in 1990. Although specifi c conductance and 
chloride concentrations were substantially higher, the CI 
remained stable, suggesting that the observed elevated 
parameters were due to natural variation, rather than 
historic brine impacts (table 56). The CI values for all of 
the sampled wetlands suggest that there were no produced 
water impacts.

Co-occurring Contaminants

There were no additional analyses done for the Parry WPA.

Shoveler Puddle WPA

The Shoveler Puddle WPA was established on 10/24/1968 
and encompasses an area of approximately 30 acres. A 
semi-permanent wetland extends into much of the WPA 
(fi g. 122). Bird surveys have documented the use of 
the Shoveler Puddle WPA by breeding waterfowl, with 

observations of 42–88 duck pairs per square mile during the 
nesting season (Brian DeVries, USFWS, written commun., 
2009). As of January 2010, there were no production wells 
within, or in close proximity to, the WPA. The wetland 
present within the Shoveler Puddle WPA was visited on 
6/14/2004 for water-quality assessment, but the site was 
dry. There are no metals data available and no monitoring 
wells established for this WPA.

Geology

The Shoveler Puddle WPA is underlain by a complex mix 
of glacial deposits (fi g. 123). It is near the southwest edge 
of an ice-walled glacial lake plain deposited as the stagnant 
ice melted. Glacial till is the predominant geologic unit at 
the site and, based on limited nearby well logs, ranges from 
about 50 to 100 ft thick. Glacial outwash and glacial lake 
deposits make up a relatively minor portion of the glacial 
deposits. Although no regional glacial outwash aquifers 
have been identifi ed in this area, smaller discontinuous 
outwash sand and gravel deposits often overlie and are 
interbedded within the glacial till. These outwash deposits 

Figure 122. Map depicting locations of sampling sites, oil wells, and bodies of water for the Shoveler Puddle WPA: T. 37 
N., R. 56 E., sec. 3.
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form locally signifi cant aquifers supplying landowners and 
wetlands.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the Shoveler Puddle WPA. It is likely that the local-
ized fl ow is dominated by topography and groundwater 
fl ows from upland hummocks to the low-lying wetlands 
and lakes. At this location there is a strong potential for 
a brine plume associated with the oil well site to migrate 
towards the wetland to the west of the site. No regional 
glacial outwash aquifers have been identifi ed in this area.

Characterizing Oil Field Production Brine Migration

EM surveys were not conducted at this site, and there are 
no monitoring wells associated with the Shoveler Puddle 
WPA.

Wetland Water Quality

One site, SP1, was visited on 6/14/2005, but it was dry.

Co-occurring Contaminants

There were no samples collected at this WPA.

State Line WPA

The State Line WPA was established 
on 6/19/1969 and covers an area of 
approximately 607 acres. Numerous 
wetlands are located in, or partially 
located in, the WPA (fi g. 124). Bird 
surveys have documented the use of 
the State Line WPA by breeding wa-
terfowl, with observations of 88–111 
duck pairs per square mile during 
the nesting season (Brian DeVries, 
USFWS, written commun., 2009). 
Additionally, the State Line WPA is 
located within the Westby Prairie-
Wetland Complex, a globally signifi -
cant important bird area designated 
by the Audubon Society. As of Janu-
ary 2010, there were no production 
wells present within the WPA, but the 
closest well, an approved plugged and 
abandoned dry hole, is located within 
700 ft of the WPA.

Geology

The surfi cial geology underlying the State Line WPA is 
depicted in fi gure 125. Most of the State Line WPA is 
underlain by glacial till. The thickness of this relatively 
low-permeability unit is unknown, but based on nearby test 
holes and wells, the till thickness probably ranges from 200 
to 300 ft. Interbedded within the till are fi ne-grained glacial 
lake deposits and coarse-grained glacial outwash depos-
its. The glacial outwash is part of the Clear Lake aquifer 
(referred to as the Skjermo Lake aquifer in North Dakota). 
A relatively long and narrow deposit of alluvium is mapped 
trending east to west through the central part of the State 
Line geologic map. This appears to underlie low-lying 
areas. Deposits of glacial lake clays ring modern lakes and 
lowlands near the lakes. Surfi cial glacial outwash deposits 
underlie an area along the east edge of the WPA.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the State Line WPA. It is likely that the localized fl ow 
is dominated by topography and groundwater fl ows from 
upland hummocks to the low-lying wetlands and lakes. 
Flow in the Clear Lake (Skjermo Lake aquifer) is towards 
the south. The northern limit of this aquifer is near Skjermo 
Lake located a few miles northeast of this WPA, close to 
the North Dakota–Saskatchewan border.

Characterizing Oil Field Production Brine Migration

There were no EM-31 surveys conducted at this WPA, and 
there are no groundwater monitoring wells associated with 
this site.

Figure 123. Geology of the Shoveler Puddle WPA: T. 37 N., 
R. 56 E., sec. 3.
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Figure 124. Map depicting locations of sampling sites, oil wells, and bodies of water for the State Line WPA: T. 36 N., R. 
58 E., sec. 1, 2 & 12.

Figure 125. Geology of the State Line WPA: T. 36 N., R. 58 
E., sec. 1, 2 & 12.
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Wetland Water Quality

Seven locations were visited to assess surface-water condi-
tion. Of the wetlands sampled, specifi c conductance ranged 
from around 3,000 to 23,600 μS/cm and chloride concen-
trations ranged from 39 to 1,678 mg/L (table 57). Two sites, 
SL4 and SL5, had CI values that exceeded the benchmark 
CI value indicating produced water impacts (table 57). 
Both of these sites are in close proximity to oil well 21746, 
which was completed in 1999. Based on its date of comple-
tion, any associated reserve pit would have been lined. 
However, the contamination detected in SL4 and SL5 are 
likely associated with oil well 21746 and may be the result 
of a reserve pit that was trenched prior to burying. Addi-
tionally, SL1 had an average CI value, 0.043, that exceeded 
the benchmark CI value indicating produced water impacts, 
but the 2004 CI value for SL1 was below 0.035 (table 
57). From a previous investigation, a sample (GWIC ID 
120852) was collected in 1990 from the same water body 
as SL6. Specifi c conductance, chloride concentration, and 
the resultant CI for SL6 are all similar to values observed in 
2004 and 2005.

Co-occurring Contaminants

Three sites, SL2, SL3, and SL6, had samples analyzed for 
metals. Based on these analyses, there were no sites that 
exceeded established water-quality benchmarks for metals 
(table 58).

Table 57. Wetland sampling date, specific conductivity, chloride concentration, contaminant 
index, and salinity classification based on inland salinity modifiers developed by Cowardin and 
others (1979) for wetlands visited at the State Line WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

SL1 5/13/2004 9,228 222 0.024 Mesosaline 
SL1 7/8/2005 21,460 1,336 0.062 Mesosaline 
SL2 7/11/2005 7,040 102 0.014 Oligosaline 
SL3 5/13/2004 2,988 39 0.013 Oligosaline 
SL3 7/8/2005 5,846 77 0.013 Oligosaline 
SL3 7/11/2005 5,710 68 0.012 Oligosaline 

SL3A 9/10/2004 6,260 68 0.011 Oligosaline 
SL4 9/10/2004 22,648 1,678 0.074 Mesosaline 
SL5 9/10/2004 23,569 1,547 0.066 Mesosaline 
SL6 8/26/1990 7,291 80 0.011 Oligosaline 
SL6 7/25/2004 7,155 77 0.011 Oligosaline 
SL6 9/11/2004 8,713 86 0.010 Mesosaline 
SL6 7/8/2005 7,371 73 0.010 Oligosaline 
SL6 7/11/2005 6,890 57 0.008 Oligosaline 

Table 58. Surface-water concentrations 
(μg/L) of trace elements present in select 
wetland sites at the State Line WPA in 
2005.

SL2 SL3 SL6 
Al <50 <50 <50 
As 15.5 4.12 12.5 
B 1,760 670 1,770 

Ba 105 72 8 
Be <0.5 <0.5 <0.5 
Cd 0.09 <0.05 0.06 
Co <5 <5 <5 
Cr <5 <5 <5 
Cu <5 <5 <5 
Hg <0.1 <0.1 <0.1 
Mo <10 <10 <10 
Ni <5 <5 <5 
Pb 0.52 0.13 <0.05 
Se 1.16 0.47 0.13 
Sr 1,000 1,300 245 
Ti <5 <5 <5 
V <10 <10 <10 
Zn 5 12 <5 
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Wigeon Slough WPA

The Wigeon Slough WPA was established on 3/07/1968 
and encompasses an area of approximately 552 acres. Nu-
merous water bodies are present within the WPA, includ-
ing lakes, plus temporary, semi-permanent, and seasonal 
wetlands (fi g. 126). Bird surveys have documented the use 
of the Wigeon Slough WPA by breeding waterfowl, with 
density observations ranging from 42–88 duck pairs per 
square mile to 88–111 duck pairs per square mile dur-
ing the nesting season (Brian DeVries, USFWS, written 
commun., 2009). Additionally, there is designated Piping 
Plover critical habitat and intact native prairie. Manage-
ment practices, such as prescribed grazing and prescribed 
fi re, are implemented to maintain and improve the diversity 
of native prairie plants and the wildlife species that rely on 
that native prairie habitat. As of January 2010, API well 
21383, an approved plugged and abandoned dry hole, was 
located within the WPA. Just to the east outside the WPA 
is API well 05165, an oil-producing well. Wells 21383 and 
05165 were completed in August 1981 and April 2003, 
respectively, and any reserve pits associated with these 

wells would be lined.

Geology

The Wigeon Slough WPA is underlain by a complex mix 
of glacial deposits (fi g. 127). It is near the northeast edge 
of an ice-walled glacial lake plain deposited as the stagnant 
ice melted. Glacial till is the predominant geologic unit at 
the site and, based on limited nearby well logs, ranges from 
about 100 to 200 ft thick. Glacial outwash and glacial lake 
deposits make up a relatively minor portion of the glacial 
deposits. Although no regional glacial outwash aquifers 
have been identifi ed in this area, smaller discontinuous 
outwash sand and gravel deposits often overlie and are 
interbedded within the glacial till. These outwash deposits 
form locally signifi cant aquifers supplying landowners and 
wetlands.

Groundwater Hydrology

Little information is available on groundwater fl ow under-
lying the Wigeon Slough WPA. It is likely that the localized 

Figure 126. Map depicting locations of sampling sites, oil wells, and bodies of water for the Wigeon Slough WPA: T. 37 N., 
R. 57 E., sec. 7 & 8.
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fl ow is dominated by topography and ground-
water fl ows from upland hummocks to the 
low-lying wetlands and lakes. At this location 
there is a strong potential for a brine plume 
associated with the oil well site to migrate 
towards the wetlands east of oil-well sites 
21383 and 05165. Although isolated glacial 
aquifers have been encountered and in many 
cases produce signifi cant volumes of water, no 
regional glacial outwash aquifers have been 
identifi ed in this area.

Characterizing Oil Field Production Brine 
Migration

A total of three EM-31 surveys were complet-
ed on or adjacent to Wigeon Slough WPA. Two 
EM-31 terrain conductivity surveys were con-
ducted within the WPA surrounding two sepa-
rate oil-wells, wells 21383 and 05165, while 
one other survey was conducted just south of 

the WPA surrounding API well 21799, an approved plugged 
and abandoned dry hole that was completed in November 
2003 (fi g. 128). Terrain conductivity surveys identifi ed 
higher than background conditions near the three sites (fi gs. 
129–131). The EM-31 survey completed on well 21383 
showed elevated conductivity that is likely associated with 
the reserve pit adjacent to the well and a plume moving 
out of this reserve pit and migrating to the southwest. This 
plume could be degrading water quality in the wetland, as 
indicated by monitoring completed at site WS-7. The other 
EM-31 survey conducted surrounding well 05165 identi-
fi ed a reserve pit that appears to be located on the south 
side of the well; based on the water monitoring completed 
on the adjacent wetlands, oilfi eld exploration and produc-
tion activities at this site appear to have impacted adjacent 
wetlands (WS-1 and WS-2). The last well surveyed, API 
well 21799, was completed a year after the well was fi rst 
spudded. This survey shows a very distinct location of the 
reserve pit. This pit should be lined, and would be a good 
site to monitor again in the future to determine if reserve pit 
wastes are migrated outside of the existing boundary. No 
groundwater monitoring wells were installed at this WPA to 
characterize groundwater chemistry.

Wetland Water Quality

There are no monitoring wells located in this WPA; how-
ever, seven wetlands were visited to assess surface-water 
condition.  Of the wetlands sampled, specifi c conductance 
ranged from around 2,600 to 25,100 μS/cm and chloride 
concentrations ranged from 30 to 349 mg/L (table 59). 
Sites WS1 and WS2 were the only sites that had CI values 
indicating brine impacts. Both of these are most likely im-
pacted due to past activities, or present activities associated 
with the oil well 05165. The WS2 terrain conductivity sur-
vey appears to refl ect areas of high conductivity that fl ow 
southwest, towards WS1. However, since WS2 is located 
much closer to the oil well than WS1, impacts seen there 

Figure 127. Geology of the Wigeon Slough WPA: T. 37 N., 
R. 57 E., sec. 7 & 8.

Figure 128. Location of EM-31 terrain-conductivity surveys 
conducted at the Wigeon Slough WPA: T. 37 N., R. 57 E., 
sec. 7 & 8.
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Figure 129. Location of EM-31 terrain-conductivity survey 
conducted at Site 1 of the Wigeon Slough WPA.

Figure 130. Location of EM-31 terrain-conductivity survey 
conducted at Site 2 of the Wigeon Slough WPA.

Table 59. Wetland sampling date, specific conductivity, chloride concentration, contaminant 
index, and salinity classification based on inland salinity modifiers developed by Cowardin and 
others (1979) for wetlands visited at the Wigeon Slough WPA. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

WS1 4/28/2004 6,145 205 0.033 Oligosaline 
WS1 6/13/2005 14,160 537 0.038 Mesosaline 
WS2 9/14/2004 2,191 106 0.048 Oligosaline 
WS4 4/28/2004 4,251 109 0.026 Oligosaline 

WS5A 4/28/2004 2,607 39 0.015 Oligosaline 
WS6 4/28/2004 2,972 30 0.010 Oligosaline 
WS7 4/28/2004 5,895 189 0.032 Oligosaline 
WS8 5/16/2004 25,072 349 0.014 Mesosaline 
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may be the result of spills, leaks, or chronic discharges that 
are directly entering the wetland. Additionally, site WS7 
had a CI value that was approaching the empirical lower 
limit of 0.035. The WS1 terrain conductivity survey ap-
pears to have identifi ed a fl ow path characterized by higher 
conductivity levels that leads to WS7. The surface-water 
impacts may not be as evident as one would expect due to 
the relatively low permeability of glacial till, reducing the 
amount of brine contamination reaching the wetland.

Co-occurring Contaminants

There were no additional analyses done for the Wigeon 
Slough WPA.

Medicine Lake National Wildlife Refuge

The Medicine Lake NWR was established on 08/19/1935 
by Executive Order No. 7148 signed by Franklin D. 
Roosevelt.  The refuge is made up of two contiguous 
areas, a 28,396-acre main unit consisting of the 8,218-acre 
Medicine Lake and 17 smaller bodies of water and adjacent 
grasslands, and the 3,264-acre Homestead Unit that in-
cludes additional wetland and grassland habitat. Originally, 
the Medicine Lake NWR was “reserved and set apart…

as a refuge and breeding ground for migratory birds and 
other wildlife.” Today, the refuge is recognized as a Glob-
ally Important Bird Area by the Audubon Society. Much of 
the work for this project was located in the eastern half of 
the refuge (fi g. 132). Specifi cally, work was focused on the 
two oil wells 21600 and 21599, which are located within 
the refuge. Wells 21600 and 21599 are both oil-producing 
wells that were completed in April 1986 and March 1986, 
respectively. These wells were drilled with reserve pits used 
to store fl uids and well cuttings during oil well drilling and 
testing. These pits and associated wastes appear to have 
been buried as a fi nal reclamation method. This method 
of reclamation has been the most common method used 
in the Montana portion of the Williston Basin. Currently, 
other waste disposal methods are being used, such as pitless 
drilling, where most of the fl uids are recycled and pits are 
solidifi ed. 

Geology

The Medicine Lake NWR is underlain by glacial outwash 
deposits (fi g. 133). These deposits are estimated to be from 
100 to 200 ft thick based on nearby test drilling. Fort Union 
sandstone and mudstone underlie the glacial materials. The 
sand and gravel glacial outwash deposits are associated 
with the upper permeable glacial outwash zone. The deeper 
ancestral Missouri River alluvial zone of the Clear Lake 
aquifer underlies the refuge further to the south.

Groundwater Hydrology

The area surrounding wells 21600 and 21599 located 
within Medicine Lake NWR overlies the Clear Lake aqui-
fer. Based on nearby lithologic logs, two permeable zones 
of the Clear Lake aquifer underlie this site. The shallowest 
zone is 0 to 40 ft below land surface and the deepest is 
at depths of 100 to 150 ft. Flow in the regional aquifer is 
generally towards the west or southwest. It is likely that 
the shallow localized fl ow is dominated by topography 
with groundwater fl owing from upland hummocks to the 
low-lying wetlands and lakes. Water level measurements 
on 9/11/2005 were used to construct a water table map 
(fi g. 134). Groundwater fl ow is towards the south from the 
oilfi eld sites towards the lake. Hydrogeologic stratigraphic 
relationships in the vicinity of these oil wells are shown 
in fi gure 135. Brines associated with reserve pits at these 
locations are likely to move down into the main part of the 
Clear Lake aquifer and migrate south towards the lake.

Characterizing Oil Field Production Brine Migration

EM-31 terrain conductivity surveys were conducted sur-
rounding the two oil wells, 21600 (fi g. 136) and 21599 
(fi g. 137). Additionally, a vertical conductivity survey was 
conducted surrounding oil well 21599 (fi g. 138). These 
surveys indicated higher than background readings in areas 
associated with these oil well locations. These appear to 
be related to the reclaimed reserve pits associated with the 
wells. Among the fi ve monitoring wells sampled, specifi c 

Figure 131. Location of EM-31 terrain-conductivity survey 
conducted at Site 3 of the Wigeon Slough WPA.
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Figure 132. Map depicting locations of sampling sites, oil wells, and bodies of water for the Medicine Lake NWR: T. 32 N., 
R. 57 E., sec. 13 & 14.

Figure 133. Geology of the Medicine Lake NWR—West & 
East: T. 32 N., R. 57 E., sec. 13 & 14.
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Figure 134. Geology of Medicine Lake NWR—West & East: T. 32 N., R. 57 E., 
sec. 13 & 14.

Figure 135. Cross-section A-A’ at Medicine Lake NWR – West & East: T. 32N, R. 57E, sec. 13 & 14.
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Figure 136. Location of EM-31 terrain-conductivity survey 
conducted at the Medicine Lake NWR surrounding oil well 
21600: T. 37 N., R. 57 E., sec. 7 & 8.

Figure 137. Location of EM-31 terrain-conductivity survey 
conducted at the Medicine Lake NWR surrounding oil well 
21599: T. 37 N., R. 57 E., sec. 7 & 8.

Table 60. Surface-water sampling date, specific conductivity, chloride concentration, 
contaminant index, and salinity classification based on inland salinity modifiers developed by 
Cowardin and others (1979) for the Medicine Lake NWR. 

Site Sampling
Date

Specific
Conductivity

(μS/cm) 

Chloride
Concentration

(mg/L)

Contaminant 
Index

Salinity
Classification 

NWR2 4/27/2004 1,702 30 0.018 Oligosaline 
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conductance ranged from around 725 to 24,300 μS/cm 
and chloride concentrations ranged from around to 11,538 
mg/L. As indicated by the calculated CI values from the 
well samples, produced water impacts were evident at sites 
RW-1MW (GWIC ID 221728) and RE-2MW (GWIC ID 
221691). The ionic concentrations (fi g. 139) and composi-
tions (fi g. 140) of groundwater samples taken from wells 
RW-1MW (GWIC ID 221728) and RE-2MW (GWIC ID 
221691) are indicative of brine-impacted systems, although 
impacts are more evident at RE-2MW (GWIC ID 221691) 
based on the dominant Cl- presence. In fact, the drill cut-
tings for RE-2MW indicated that this well was installed 
below the reserve pit. Further, no liner appeared in the drill 
cuttings, which should have appeared if the reserve pit was 
lined. RW-2MW (GWIC ID 221596), RW-3MW (GWIC 
ID 221726), and RE-1MW (GWIC ID 221719) appear 
to be outside of the extent of contamination during this 
sampling event. Although brine contamination appears to 
be relatively localized at this point, it is likely that brines 
will continue to move offsite. These sites will require 
future cleanup to prevent brines from migrating into nearby 
wetlands of the Medicine Lake Wildlife Refuge.

Wetland Water Quality

One site was visited in 2004 to assess surface-water quality. 
This site, NWR2, had a specifi c conductivity of 1,702 μS/
cm, a chloride concentration of 30 mg/L, and a CI indicat-
ing no current brine contamination (table 60).

Co-occurring Contaminants

Samples were collected from each of the fi ve groundwater 
monitoring wells within the Medicine Lake NWR in 2005 
and analyzed for trace elements (table 61). Exceedances 
based on Montana’s numerical water-quality standards for 

Figure 138. Location of vertical EM-31 terrain-conductivity 
survey conducted at the Medicine Lake NWR surrounding 
oil well 21599: T. 37 N., R. 57 E., sec. 7 & 8.

Figure 139. Major groundwater ionic concentrations and associated contaminant index 
values for monitoring wells present within the Medicine Lake NWR during 2005.
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Table 61. Surface-water concentrations (μg/L) of trace elements from ML-SW in  2005 and 
groundwater concentrations (μg/L) of trace elements present in the sampled monitoring wells 
of the Medicine Lake NWR in 2005.

Surface Water Groundwater 
ML-SW RW-1MW RW-2MW RW-3MW RE-1MW RE-2MW 

Al 50 <50 <50 <50 <50 <50 
As 33.9 0.63 0.23 0.33 0.19 6.28 
B 1,400 289 253 223 60 5,430 

Ba 48 60 21 29 150 1,350 
Be <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Cd 0.2# <0.05 0.02 0.02 0.03 2.08*

Co <5 <5 <5 <5 <5 <5 
Cr <5 <5 <5 <5 <5 <5 
Cu <5 <5 <5 <5 <5 <5 
Hg <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Mo <10 <10 <10 <10 <10 <10 
Ni <5 <5 <5 <5 <5 <5 
Pb 0.09 <0.05 <0.01 <0.01 <0.01 <0.1 
Se 0.53 31.7 32.4 143* 1.39 3.88 

Sr 465 1,910 1,330 1,450 320 48,100*

Ti <5 <5 <5 <5 <5 20
V <10 <10 <10 <10 <10 <10 
Zn <5 <5 <5 <5 <5 <5 
#Indicates value exceeded EPA’s recommended national water-quality criteria. 

*Indicates value exceeded Montana numerical water-quality standards for human health in 
groundwater.

Figure 140. Major groundwater ionic compositions and associated contaminant index values 
for monitoring wells present within the Medicine Lake NWR during 2005.
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human health in groundwater were observed within wells 
RW-3MW (GWIC ID 221726) and RE-2MW (GWIC ID 
221691). Selenium exceeded water-quality guidelines at 
RW-3MW (GWIC ID 221726) but appears to be unrelated 
to brine contamination based on the low CI value. In con-
trast, cadmium and strontium concentrations exceeded wa-
ter-quality guidelines at well RE-2MW (GWIC ID 221691) 
and are likely a result of brine contamination based on 
the CI value, as well as the general relationship observed 
between the CI and trace element concentrations across the 
Northeast Montana WMD (table 5). In spite of this, trace 
elements are largely confi ned to the shallow aquifers from 
which they were collected, greatly limiting the exposure to 
wildlife. Nevertheless, surface water–groundwater interac-
tions may be a pathway for trace element exposures in 
wildlife.

In 2005, one sample was collected from the surface-water 
site ML-SW, a site located just south of refuge headquarters 
on Medicine Lake. Based on EPA’s recommended water-
quality criteria, there was one exceedance for cadmium 
(table 61). Although not at the same location as ML-SW, 
the water quality of Medicine Lake was assessed at NWR2 
in 2004. Based on that assessment, it appears that Medicine 
Lake was not impacted by brine contamination. Therefore, 
the elevated cadmium concentration is likely due to some 
other process or source. Medicine Lake receives water from 
a relatively large drainage, so it will be diffi cult to discern 
the source, or sources, contributing to the observed cad-
mium concentration.

One soil sample, ME-2S, was collected in 2005 for total 
petroleum hydrocarbon analysis. This sample had a total 
petroleum hydrocarbon concentration of 246 mg/kg (DW) 

(fi g. 141).  Aliphatic and aromatic fractions were not 
determined for this site. In 2005, two groundwater samples 
were collected from RE-2MW (GWIC ID 221691) and 
RW-1MW (GWIC ID 221728) and were then analyzed for 
total petroleum hydrocarbons. Total petroleum hydrocar-
bons were present in the samples from RE-2MW (GWIC 
ID 221691) and RW-1MW (GWIC ID 221728) at concen-
trations of 290 and <100 μg/L, respectively (fi g. 142). In 
2006, a groundwater sample from RE-2MW (GWIC ID 
221691) was analyzed for aliphatic and aromatic hydro-
carbons (table 62). The heavy hydrocarbon fractions were 
elevated in this sample suggesting that that oil production 
activities have contaminated groundwater with petroleum 
hydrocarbons, but at levels that will unlikely produce a 
signifi cant toxicological response in wildlife.

Ion Toxicity

Ion toxicity models have been developed based on ion 
specifi c toxicity tests conducted on organisms
such as C. dubia. For example, Mount and others (1997) 
developed a statistical model to predict the relative toxic-
ity of varying concentrations and compositions of major 
ions in freshwater. This model has been used successfully 
to quantify major ion toxicity associated with produced 
waters from across the United States (Tietge and others, 
1997). Furthermore, statistical ion toxicity models have 
also proven useful in identifying impacts from co-occurring 
contaminants by investigating discrepancies that occur 
between the observed and predicted toxic outcomes. Since 
a suite of co-occurring contaminants are often associated 
with produced waters, it was our intent to assess the appli-
cability of applying this model in coordination with site-
specifi c toxicity tests as a means to quantify impacts from 

Figure 141. Concentrations (mg/kg DW) of total petroleum hydrocarbons from soil samples collected across 
the Northeast MTWMD in 2005 with the site located in the Medicine Lake NWR bracketed.
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Figure 142. Concentrations 
(μg/L) of total petroleum hy-
drocarbons from groundwater 
samples collected across the 
Northeast MTWMD in 2005 
with the site located in the 
Medicine Lake NWR brack-
eted. *Indicates concentration 
is below the analytical detec-
tion limit of 100 μg/L.

Table 62. Concentrations (μg/L) of hydrocarbon fractions from the 
groundwater sample collected in 2006 within the Medicine Lake NWR with 
associated toxicity criteria. 

Toxicity Criteria Site Values 
MT RBSL1 MADEP2 RE-2MW 

(μg/L) (μg/L) (μg/L) 
Aliphatics

Carbon Range C9–C18 1,000 50,000 0 
Carbon Range C19–C36 1,000 50,000 19.2 

Aromatics 
Carbon Range C9–C10 — 50,000 <0.3 
Carbon Range C11–C22 1,000 5,000 0.5 
Acenaphthene 670 6,000 <0.3 
Anthracene 2,100 30 <0.3 
Benzo(a)pyrene 0.05 500 <0.3 
Benzo(b)fluoranthene 0.5 400 <0.3 
Benzo(k)fluoranthene 5 100 <0.3 
Chrysene 50 70 <0.3 
Dibenzo(a,h)anthracene 0.05 40 <0.3 
Fluoranthene 130 200 <0.3 
Flourene 1,100 40 <0.3 
Indeno(1,2,3-cd)pyrene 0.5 100 <0.3 
Napthalene 100 20,000 <0.3 
Pyrene 830 20 <0.3 

1Montana Tier 1 Risk-Based Corrective Action Guidance for Petroleum 
Release (MT DEQ, 2009). 
2Massachusetts Department of Environmental Protection (MADEP, 2003). 
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co-occurring contaminants. Laboratory toxicity tests using 
C. dubia were implemented using site water from 20 differ-
ent locations found within 12 separate WPAs, and results 
were then compared to the predicted outcomes produced by 
the Mount and others (1997) model based on site-specifi c 
water chemistry data.

When the variability in the toxicity tests was considered, 
the Mount and others (1997) model accurately predicted 
survival in 75% of the samples, over-predicted toxicity 
(predicted lower % survival than was observed) for 15% of 
the samples, and under-predicted toxicity (predicted higher 
% survival than was observed) in 10% of the samples tested 
(fi g. 133). It is important to note that 11 of the 15 samples 
in which the model accurately predicted toxicity were 
samples that resulted in a 0% survival rate in test species. 
If those samples are not considered, the Mount and oth-
ers (1997) model accurately predicted survival in 44% of 
the samples, over-predicted toxicity (predicted lower % 
survival than was observed) for 22% of the samples, and 
under-predicted toxicity (predicted higher % survival than 
was observed) in 33% of the samples tested. From these 
results, it is quite clear that the concentrations of major ions 
present at these sites create an environment unsuitable for 
a species such as C. dubia, but impacts from co-occurring 
contaminants are diffi cult to discern. 

For sites RIV1, HAN1, and SL3, the model over-predicted 
toxicity (fi g. 143). One possible explanation for this is that 
there may be some other constituent, or constituents, that 
are reducing the toxic effects of the major ions present due 
to their direct competition or ability to form complexes 
with various ions (Schamphelaere and Janssen, 2003). An-
other possibility is that these unidentifi ed constituents may 
cause some physiological response in the test organisms 
that reduces the uptake rates of the major ions present 

(Soucek and others, 2011). Last, the model could simply be 
predicting poorly given the specifi c ion concentrations.

 The model under-predicted toxicity for the two sites 
GW5 and RABE4 (fi g. 143). Numerous factors may 
have contributed to this discrepancy, including but not 
limited to the presence of co-occurring contaminants 
or a failure in the model to predict accurately given the 
specifi c ion concentrations. When reviewing co-occurring 
contaminant data for GW5, it appears that elevated trace 
element concentrations, specifi cally those concentrations 
of cadmium, lead, and zinc that exceeded water-quality 
criteria, could have contributed to the differences 
seen in observed and predicted survival. The degree 
of toxicity of trace elements is directly related to their 
bioavailability. There are many properties that affect the 
bioavailability of metals, but complexation with dissolved 
organic matter and competition between other dissolved 
ions often reduces the toxic potential (Di Toro and others, 
2001). GW5 is one of the freshest wetlands observed 
across the Northeast MT WMD; therefore, competition 
between ions is reduced compared to other sites and it is 
likely that cadmium, lead, and zinc are contributing to 
the increased toxicity observed at this site. On the other 
hand, there were no clear co-occurring contaminants for 
RABE4 at levels that may elicit a toxicological response.  
There may, however, be interactions occurring between 
measured constituents that are producing toxicity, but 
these interactions are diffi cult to quantity without further 
investigation. Additionally, there may be other co-occurring 
contaminants that we failed to measure, such as pesticides 
or other oilfi eld exploration and production wastes that 
were not on our analyte list, that may be producing toxicity.

Figure 143. Average observed survival (%) of C. dubia with 95% confi dence intervals (n=4) when 
exposed to site water from 20 locations across the Northeast MTWMD with predicted survival (%) 
based on Mount and others (1997) ion toxicity model using site-water chemistry.
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CONCLUSIONS
It is clear that oil production activities can alter wetland ion 
chemistry through groundwater migration and surface-wa-
ter transport of produced waters. This has been character-
ized through the use of EM-31 surveys, fi eld and analytical 
assessments of surface-water and groundwater chemical 
compositions, and the application of a contaminant index 
to detect brine impacts among a suite of chemically diverse 
aquatic systems, ranging from fresh to hypersaline. Ad-
ditionally, certain trace elements have been identifi ed as co-
occurring contaminants, as these are often found at elevated 
levels in areas that are experiencing brine impacts, although 
the correlation between trace elements and the CI is stron-
ger in groundwater than in surface water. A summary of 
produced water impacts, including chloride impacts and 
water-quality exceedances for surface-water and groundwa-
ter samples collected across the Northeast Montana WMD, 
is provided in table 63. Petroleum hydrocarbons have also 
been detected at potentially toxic levels at the soil surface, 
while concentrations in the groundwater, although present, 
are at levels that are typically below toxic thresholds and 
will likely have minimal impact if they reach surface-water 
systems. Nevertheless, when the potential transport of 
soil-bound petroleum hydrocarbons by processes such as a 
high rainfall event is considered, hydrocarbons may reach 
surface-water bodies at levels potentially toxic to aquatic 
and terrestrial organisms. A potential strategy to distinguish 
the impacts of co-occurring contaminants from saliniza-
tion was investigated; its merit is discussed in more detail 
below.

Glacial till, glacial outwash, and glacial lake sediments 
typically have complex stratigraphic and areal inter-rela-
tionships. Aquifers developed in glacial deposits can rarely 
be classifi ed as isotropic, homogeneous, and infi nite. Con-
sequently, defi ning the aquifers formed in glacial deposits 
and defi ning the properties of these aquifers, such as trans-
missivity, storativity, and boundary conditions, are diffi cult 

tasks, subject to a wide margin of errors. Because of these 
complex relationships, impacts from produced water spills 
and other discharges are very diffi cult to identify, map 
their extent, and predict contamination impacts. However, 
the relatively high permeability of glacial outwash would 
promote a wider spread of a developing plume along with 
increased dilution, while the lower permeability associated 
with the glacial till would typically result in a more local-
ized, higher-concentrated brine plume. The geologic map 
depicted in plate 1 displays the surfi cial geology of the 
project area, distribution of oil well sites, WPA boundar-
ies, and impacts of oilfi eld brine releases at selected sites. 
Special care should be taken in glacial deposits regarding 
oil well site location, produced water handling, and oil fi eld 
waste disposal. Glaciated areas are generally poor areas for 
onsite disposal of oil fi eld wastes. Other disposal methods 
are critical, and a monitoring program should be developed 
to assess impacts. For instance, the CI proved to be a useful 
indicator of brine pollution in this area and can be a rela-
tively simple tool to assess contamination. EM-31 surveys 
are also very useful tools in identifying brine plumes. 
Geologic mapping provides a framework for understanding 
brine movement and dispersion. These methods can help 
identify both the location and magnitude of contamination 
underlying a site.

Although wetland chemistry of northeastern Montana is 
quite diverse and often characterized as naturally saline, the 
application of the CI has been useful in identifying those 
wetlands that have been impacted by produced waters. 
In fact, 40% of the wetlands assessed were classifi ed as 
impacted based on their average CI values (fi g. 144). 
These impacted wetlands were present in 18 WPAs of the 
Northeast Montana WMD. Some of the more pronounced 
impacts were seen at the Anderson and Rabenberg WPAs. 
Both of these sites have tank batteries and historic produced 
water infi ltration pits associated with them.

While the CI is a useful tool in identifying chemical 

Figure 144. Average CI value for wetland sites visited across the Northeast Montana Wetland Management District.
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impacts from brine contamination, the biological impacts 
are still unclear. Salinization, whether naturally or anthro-
pogenically derived, can impact both abiotic and biotic 
entities. Increased salinity in uplands can cause increased 
erosion through the dispersion of clays, disruption of soil 
texture, and loss of soil cohesion (Otton and Zielinski, 
2000). Additionally, increasing salinity levels typically re-
sult in a loss of plant diversity (Kantrud and others, 1989), 
as salts may indirectly stress plant tissues by reducing 

water availability or directly stress plant tissues through 
ion-specifi c toxicity (Munns and Tester, 2008). Similarly, 
elevated salinity levels have also been shown to impact 
seed germination of certain plant species (Galinato and Van 
Der Valk, 1986). In aquatic environments, invertebrate and 
vertebrate organisms may also be impacted by salinization. 
For instance, reduced survival of sensitive invertebrate spe-
cies such as C. dubia has been attributed to major inorganic 
ions associated with produced water discharges (Boelter 

Table 63. Summary of chloride impacts and water-quality exceedances for surface-water and 
groundwater samples collected across the Northeast Montana WMD. 

  Chloride Impacts1  Co-occuring Contaminants 

  Surface Water Groundwater  Surface Water2 Groundwater3

Anderson WPA Yes Yes Yes Yes 
Base Camp WPA Yes N/A N/A N/A 
Chandler WPA No N/A N/A N/A 
Long Lake WPA Yes N/A Yes N/A 
Berger Pond WPA No N/A N/A N/A 
Melby WPA Yes Yes Yes Yes 
Mallard Pond WPA No Yes Yes Yes 
Northeast WPA Yes N/A N/A N/A 
North Root WPA Yes N/A N/A N/A 
Big Slough WPA Yes Yes N/A No 
Rabenberg WPA Yes Yes Yes Yes 
Hansen WPA Yes Yes No No 
Ward WPA No Yes N/A No 
Jerde WPA Yes Yes Yes Yes 
Erickson WPA Yes N/A N/A N/A 
Ferguson WPA No N/A N/A N/A 
Gjesdal East WPA Yes N/A N/A N/A 
Redhead Retreat WPA No N/A N/A N/A 
Westgard WPA Yes N/A Yes N/A 
Dog Leg WPA Yes N/A N/A N/A 
Goose Lake WPA No N/A Yes N/A 
Gjesdal West WPA Yes N/A Yes N/A 
Olson WPA No N/A Yes N/A 
Rivers WPA Yes N/A Yes N/A 
Rich Johnson WPA No N/A N/A N/A 
Parry WPA No N/A N/A N/A 
Shoveler Puddle WPA N/A N/A N/A N/A 
State Line WPA Yes N/A No N/A 
Wigeon Slough WPA Yes N/A N/A N/A 
Medicine Lake NWR No Yes  Yes Yes 
1Based on CI values in exceedance of 0.035. 
2Based on EPA's recommended national water-quality criteria. 
3Based on Montana's numerical water-quality standards for human health in groundwater. 
Note: N/A, data not available. 
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and others, 1992). Furthermore, macroinverterbrate rich-
ness may decrease in response to increasing salinity levels 
(Waterkeyn and others, 2008), although invertebrate 
biomass is typically maintained with increasing salinity due 
to the elevated abundance of one or two salt-tolerant spe-
cies (Wollheim and Lovvern, 1995; Rubega and Robinson, 
1997). The shifting invertebrate community structure may 
alter the avian composition due to differing feeding strate-
gies, but the physiological stressors induced by elevated 
salt concentrations appear to have greater impacts to avian 
health than the homogenization of the prey community 
(Gordus and others, 2002; Rubega and Robinson, 1997). 

Salt has been reported to affect birds in numerous ways. 
For instance, surface tension is reduced with increasing 
dissolved solutes, which in turn can negatively impact a 
feathers’ thermoregulatory and buoyancy function, ulti-
mately causing hypothermia or an increased incidence of 
drowning (Rubega and Robinson, 1997; Ramirez, 2009). 
Similarly, salt encrustation can occur, especially during 
periods of cooler weather that promote salt precipitation, 
which effectively immobilizes birds (Nelson and Reiten, 
2009). Through preening, drinking, and eating, salt can 
be ingested at potentially toxic levels. Specifi cally, it has 
been suggested that around 4 grams of sodium chloride 
can cause mortality in certain waterfowl species (Meteyer 
and others, 1997). Although waterfowl have mechanisms 
to deal with internal salt concentrations, primarily through 
supraorbital salt glands and to a lesser extent renal excre-
tion and intestinal absorptive mechanisms (Wobeser, 1981), 
high levels of ingested salts can overwhelm their coping 
mechanisms, leading to toxicosis. Additionally, ducklings 
and goslings typically do not develop salt glands until 4 to 
6 days after hatching (Mitcham and Wobeser, 1988b; Stol-
ley and others, 1999).

Impacts have been reported in birds across varying degrees 
of salinization. Based on specifi c conductivity, Mitcham 
and Wobeser (1988a) observed a 10% reduction in growth 
when 1-day-old mallard ducklings were provided drink-
ing water from a saline wetland with specifi c conductance 
as low as 4,000 μS/cm. Furthermore, increased incidence 
of mortality was observed when ducklings were provided 
water with a specifi c conductivity of 20,000 μS/cm and 
mortality was observed within 30 hours for ducklings pro-
vided water with a specifi c conductivity of 67,000 μS/cm 
(Mitcham and Wobeser, 1988a). Die-offs in adult waterfowl 
using hypersaline wetlands have also been attributed to 
salt toxicosis (Meteyer and others, 1997; Windingstad and 
others, 1987; Nelson and Reiten, 2009).  The increased 
sensitivity for young birds, observed impacts of hypersaline 
environments, and the preference for freshwater environ-
ments makes it increasingly clear that freshwater resources 
need to be protected in this area (Swanson and others, 
1984).

Brine-impacted waters are generally characterized by a 
shift in the composition of anions, resulting in a Cl- domi-
nated system as opposed to the naturally elevated SO4- and 

HCO3- ions. Ion-specifi c toxicities have been evaluated 
in the laboratory using common test organisms such as C. 
dubia. In general, the relative ion toxicity was HCO3->Cl-
>SO42- for both chronic and acute exposures (Lasier and 
Hardin, 2010; Mount and others, 1997). However, hard-
ness strongly infl uenced ion toxicity, with reduced Cl- and 
SO42- toxicity as hardness increased (Lasier and Hardin, 
2010). Conversely, hardness had little effect on HCO3- 
toxicity. Based on these observations, Cl- dominated brines 
will unlikely elicit toxicological responses in organisms 
inhabiting areas with moderate to high water hardness and 
alkalinity. On the other hand, if produced water brine were 
to encroach upon a system dominated by the SO42- ion, 
toxicological responses would be more likely, particularly 
in systems with diminished water hardness. 
Numerous contaminants co-occur in produced waters, 
but the compositions and concentrations often vary. Ele-
ments that commonly occur in produced water, such as 
barium, boron, cadmium, copper, lithium, strontium, and 
zinc (Stephenson, 1992; Jacobs and others,1992), were 
often elevated in groundwater samples that were impacted 
by brine contamination. On the other hand, the relation-
ship between surface-water trace element concentrations 
and brine contamination was much less apparent. In many 
cases, elements such as aluminum, selenium, and nickel 
appeared to be elevated in sites where brine contamination 
was evident, but the source of contamination is diffi cult 
to identify. The differences in trace element speciation 
and behavior between a groundwater environment and a 
surface-water environment may confound our ability to 
detect trends between surface-water and groundwater trace 
element concentrations. However, elevated co-occurring 
contaminants in wetlands may be present due to surface 
spills and other undesirable practices and events that may 
have directly released produced water to that system. 
Regardless, wetlands generally favor the immobiliza-
tion of trace elements through the formation of insoluble 
complexes (Gambrell, 1994). Essentially, various elements 
may be reaching wetland systems, but analyses of dis-
solved surface-water samples will not refl ect the complete 
composition of elements present when insoluble complexes 
are considered. Thus, analyses on sediment samples may 
reveal higher levels of trace elements associated with brine 
contamination. While the immobilization of trace elements 
from the water column may reduce the toxic potential 
for organisms inhabiting that environment (Starodub and 
others, 1987), sediment-dwelling organisms may still 
be impacted (Wentsel and others, 1978). Furthermore, 
sediment-dwelling organisms may remobilize accumulated 
metals during certain periods of their life histories such as 
emergence, ultimately impacting other aquatic organisms, 
as well as terrestrial organisms in the case of insectivores 
(Currie and others, 1997).

Although not covered in this investigation, the loss of 
habitat and increased level of human activity associated 
with well pad development and operation should also be 
considered, as mule deer have been observed altering their 
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normal winter ranges to avoid these areas (Sawyer and 
others, 2009). Similarly, sensitive species such as the Pip-
ing Plover should continue to be monitored to determine if 
these activities are impacting their behavior and survival. 
Furthermore, the presence of nuisance weed species will 
likely increase, as plants such as Kochia sp. will grow on 
salt-damaged soil. Not only will pesticide use increase dur-
ing preliminary exploratory periods to clear oil pad loca-
tions, but weed infestations due to oil production activities 
will require additional pesticide applications as well. 

Hundreds of miles of fl ow lines and produced water 
pipelines traverse Sheridan County (Reiten and Tischmak, 
1993), and a smaller number of oil pipelines transport oil 
through 6- and 12-inch lines. Oil and associated produced 
water pumped at each oil well pump jack are most com-
monly sent to a tank battery on site or to a nearby location 
through a fl ow line, where the initial separation of oil 
and water occurs. This produced water is then transferred 
to an injection well via produced water pipelines. These 
produced water pipelines are generally laid on the ground 
surface, and most are made of fi berglass or PVC pipe. At 
present, produced water pipelines are not mapped, and 
unlike many other types of pipelines and disposal wells, 
are not monitored for integrity (Reiten and Tischmak, 
1993). The history of uncontained brine discharges is based 
on informal reports from local residents and documented 
investigations by several state agencies (MBMG, fi le data). 
Concern over contamination of water supplies was a major 
reason for organizing the Northeast Montana Land and 
Mineral Owners Association, Inc. Most of the reports of 
contamination were originally from members of the as-
sociation. Several members reported improper disposal of 
brines into existing wetlands, brine and oil pipeline and 
fl ow line leaks, brine spills, and overfl owing evaporation 
pits. Investigations by state agencies documented several 
cases of surface-water and groundwater contamination dur-
ing the early 1970s.

Monetarily, produced water damages to land are likely 
high, although quantifying those costs would be a diffi cult 
task. Many of the impacts do not appear until many years 
after the sites have been abandoned. Surface damages range 
in area from ½ acre to more than 5 acres. Direct costs or 
impacts include soil damage that ranges from completely 
sterilized soils to marginally productive soils where plant 
growth is stunted. In many cases, only nuisance weeds 
will grow on salt-damaged soils. Soil damage will increase 
costs of growing crops on and around the damaged area 
and weed infestations will cause an increase in the use of 
chemicals to control the problem. 

MANAGEMENT RECOMMENDATIONS
The application of the CI has been a useful tool in identify-
ing wetlands that have been impacted by produced waters. 
Using a chloride titrator kit and handheld water-quality 
probe, chloride concentrations and specifi c conductivity 

measurements can be collected with relative ease in the 
fi eld. Based on the ease of calculation and the ability to 
detect produced water impacts, the CI could be incorpo-
rated into a monitoring plan to track the degree of impacts 
through time, or it could be applied in land preacquisition 
surveys as a quick and easy method to determine the level 
of impacts present within a piece of property and therefore 
avoid the acquisition of a highly contaminated site. For 
instance, if development were to occur near a site that has 
been characterized as unimpacted, a monitoring plan could 
be designed to track CI values as development ensues to 
ensure that impacts are not occurring, or to immediately 
track the point at which water quality begins to degrade. 
For preacquisition surveys, CI values could quickly be 
measured during initial surveys to detect produced water 
impacts that would normally be diffi cult to recognize.

Additional techniques have been applied to assess produced 
water impacts to wetlands, such as the use of strontium iso-
topes. Although this method requires more in-depth chemi-
cal analyses, strontium isotope fractionation has proven to 
be a highly effective tool not only to detect produced water 
impacts to surface and groundwater resources of the prairie 
pothole region, but also to quantify the degree of impact 
(Peterman and others, 2010).

As some of the more pronounced impacts were seen at 
locations in close proximity to tank batteries and historic 
brine disposal pits, these practices, both current and histori-
cal, could be useful indicators of potential contamination 
during land preacquisition surveys. Past aerial photos could 
be used to identify where historic brine disposal pits were 
implemented and to potentially determine for how long. 
This, in coordination with the CI, could aid in the decision-
making process of whether or not a site should be preserved 
through easement or purchase.

The use of ion toxicity models in coordination with labo-
ratory toxicity tests using site water was assessed in this 
investigation as a potential management tool to quantify 
impacts of co-occurring contaminants. This effort pro-
duced mixed results by proving to be helpful in identify-
ing potential impacts of co-occurring contaminants at site 
GW5, while creating more uncertainties for sites such as 
RIV1, HAN1, and SL3. Unfortunately, much of the utility 
of this method may have been lost in the number of sites 
that resulted in 0% survival. If a series of dilutions were 
made for these sites, a gradient of responses could then be 
captured based on varying concentrations, and potentially, 
effects of co-occurring contaminants might then become 
apparent. Although this technique did not provide over-
whelmingly clear results, it could serve as a useful tool to 
track changes in major ion chemistry, as well as a means to 
assess potential impacts of co-occurring contaminants from 
oil production activities. If determining the effects of co-
occurring elements in highly saline waters is the objective, 
implementing a series of dilutions to a site water sample 
would allow one to calculate an observed LC50 (lethal 
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concentration for 50% of test population) and then com-
pare that to a calculated LC50 based on predicted survival 
estimates produced by the ion toxicity model. Signifi cant 
differences between those LC50 values would suggest that 
co-occurring contaminants may be eliciting a toxicological 
response.

As indicated in the Montana Code Annotated 2009, oil and 
gas developers are responsible for paying the surface owner 
a sum of money or other compensation equal to the amount 
of damages sustained by the surface owner, including lost 
land value due to oil and gas operations (Mont. Code Ann. 
§ 82-10-504, et seq,). In response to a produced water spill, 
the Montana Board of Oil and Gas is one point of contact 
that can assist in initiating remediation activities (their 
contact number is (406) 656-0040; Steve Sasaki, Montana 
Board of Oil and Gas, oral commun., 2011). Reclamation 
and remediation strategies are often negotiated between the 
surface owner and the oil and gas developer. One strategy 
that is often implemented in response to produced water 
spills is to apply soil amendments in order to increase the 
leaching of produced water constituents to depths below the 
root zone (Steve Sasaki, Montana Board of Oil and Gas, 
oral communication, 2011). While this practice may be pro-
tective for certain plants, the results of this study suggest 
that this practice would not be advisable. The contamina-
tion of aquifers derived in glacial deposits can lead to the 
increased transport of brines, impacting a much larger area, 
and create a persistent source of produced water with a fate 
that is diffi cult to predict and characterize. Alternatives to 
this method should be considered, including the physical 
removal of soils impacted by produced water, followed by 
the restoration of the impacted ecosystem.

An encouraging point is the fact that many of the largest 
oil fi eld operators in the region are transitioning to pitless 
drilling practices that are commonly used in other areas 
but have had limited use in this area. Pitless drilling uses 
large tanks to store and circulate drilling fl uids. Upon well 
completion the fl uids are recycled and the drill cuttings 
are dried and hauled to a landfi ll. This type of disposal 
reduces the volume of wastes and removes the waste from 
glacial deposits that often have unpredictable waste storage 
properties.

In summary, multiple tools and trends have been identifi ed 
that can aid in the management of oil and gas development 
on Service land. For example, the CI for eastern Montana 
is a useful indicator of brine contamination that can be 
measured with relative ease with little equipment. Stron-
tium isotope fractionation has also proven to be a highly 
effective tool in detecting and quantifying the degree of 
impact of produced water to surface water and groundwa-
ter resources of the prairie pothole region (Peterman and 
others, 2010), but requires more time for samples to be 
analyzed and interpreted. The use of past aerial photos may 
be advantageous in the land acquisition process, as certain 
historical practices such as brine disposal pits appear to be 

responsible for some of the higher levels of impacts seen in 
this investigation. Furthermore, certain geological features 
such as the relatively high permeability of glacial outwash 
should be considered, as these areas are more susceptible to 
brine migration. Due to the development of reliable ion tox-
icity models (Mount and others, 1997), the observed toxic 
responses from laboratory toxicity tests using site water can 
be compared to predicted outcomes to assess the impacts 
from co-occurring contaminants. Although this technique 
has proven to be useful in other investigations similar to 
this one (Tietge and others, 1997), the results from this 
study were not as clear. Although technologies have im-
proved, such as the development of closed-looped systems, 
and past practices such as the use of unlined reserve pits are 
no longer allowed, spills, leaks, compromised reserve pit 
linings, and reserve pit overfl ow may continue to contribute 
produced water to the environment.

ACKNOWLEDGMENTS
Funding for this research was provided by the U.S. Fish 
and Wildlife Service’s Department of Environmental Qual-
ity’s On-Refuge Investigations Program. Medicine Lake 
NWR and the Sheridan County Conservation District, in-
cluding Mickey McCall, provided fi eld support throughout 
this project. Todd Preston with USGS created the apparent 
terrain conductivity maps. Marvin Miller from the MBMG, 
Micah Reuber from Western Area Power Administration, 
and Christina Kravitz and John Wegerzyn of the Service re-
viewed and provided helpful comments for this document.

LITERATURE CITED

Bair, E.S., and Digel, R.K., 1990, Subsurface transport of 
inorganic and organic solutes from experimental road 
spreading of oil-fi eld brine: Groundwater Monitoring 
Review, v. 10, no. 3, p. 94–105.

Baker, F.G., and Brendecke, C.M., 1983, Seepage from 
oilfi eld brine disposal ponds in Utah: Ground Water, v. 
21, no. 3, p. 317–324.

Bergantino, R.N., 1986, Quaternary geology of the eastern 
half of the Wolf Point 1 x 2 degree quadrangle: Mon-
tana Bureau of Mines and Geology Open-File Report 
172, scale 1:250,000.

Bluemle, J.P., 1991, The face of North Dakota, revised edi-
tion: N.D. Geological Survey Ed. Series

 21, 177 p.
Boelter, A.M., Lamming, F.N., Farag, A.M., and Bergman, 

H.L., 1992, Environmental effects of saline oil-fi eld 
discharges on surface-waters: Environmental Toxicol-
ogy and Chemistry, v. 11, p. 1187–1195.

Cermak, J.H., Stephenson, G.L., Birkholz, D., Wang, Z., 
and Dixon, D.G., 2010, Toxicity of petroleum hydro-
carbon distillates to soil organisms: Environmental 
Toxicology and Chemistry, v. 29, p. 2685–2694.



134

Chau, Y.K., and Kulikovsky-Cordeiro, O.T.R., 1995, 
Occurrence of nickel in the Canadian environment: 
Environmental Reviews, v. 3, p. 95–120.

Chen-Northern, Inc., 1994, Sample and analysis report: 
Montana Board of Oil and Gas Conservation Solid 
Waste Management Project, 29 p.

Cowardin, L.M., Carter, V., Golet, F.C., and LaRoe, E.D., 
1979, Classifi cation of wetlands and 

 deepwater habitats of the United States: Washington, 
D.C., U.S. Department of the Interior, Fish and Wildlife 
Service, Offi ce of Biological Sciences, Publication 
FWS/OBS-79/31. 

Currie R.S., Fairchild, W.L., and Muir, D.C.G., 1997, 
Remobilization and export of cadmium from lake sedi-
ments by emerging insects: Environmental Toxicology 
and Chemistry, v. 16, p. 2333–2338.

Di Toro, D.M., Allen, H.E., Bergman, H.L., Meyer, J.S., 
Paquin, P.R., and Santore, R.C., 2001, Biotic ligand 
model of the acute toxicity of metals. 1. Technical 
basis: Environmental Toxicology and Chemistry, v. 20, 
p. 2383–2396.

Donovan, J.J., 1988, Groundwater geology and high-yield 
aquifers of northeastern Montana: Montana Bureau of 
Mines and Geology Open-File Report 209, 116 p.

Dutton, A.R., Richter, B.C., and Kreitler, C.W., 1989, Brine 
discharge and salinization, Concho River Watershed, 
West Texas: Ground Water, v. 27, no. 3, p. 375–392.

Eisler, R., 1993, Zinc hazards to fi sh, wildlife, and inver-
tebrates: a synoptic review: U.S. Fish and Wildlife 
Service Biological Report, v. 10, 126 p.

Environmental Protection Agency (EPA), 1981, Chemical 
composition of produced water at some offshore oil 
platforms: Cincinnati, Ohio, Municipal Environmental 
Research Laboratory, Offi ce of Research and Develop-
ment, EPA 600-2-82-034, 58 p.

Environmental Protection Agency (EPA), 1991, Methods 
for aquatic toxicity identifi cation evaluations, Phase I 
toxicity characterization procedures (2nd ed.): Wash-
ington D.C., Offi ce of Research and Development, 
EPA/600/6–91/003.

Environmental Protection Agency (EPA), 1993, Meth-
ods for measuring the acute toxicity of effl uents and 
receiving waters to freshwater and marine organisms 
(4th ed.), Weber, C.I., ed.: Environmental Monitoring 
Systems Laboratory-Cincinnati, Offi ce of Research and 
Development, USEPA, EPA/600/4-90/027F.

Environmental Protection Agency (EPA), 2000, Profi le of 
the oil and gas extraction industry: Washington D.C., 
EPA Offi ce of Compliance Sector Notebook Project, 
Offi ce of Compliance, EPA/310-R-99-006, 165 p.

Environmental Protection Agency (EPA), 2007, Moni-
tored natural attenuation of inorganic contaminants in 
groundwater, Volume 2. Assessment for non-radionu-
clides including arsenic, cadmium, chromium, copper, 

lead, nickel, nitrate, perchlorate, and selenium, Ford, 
R.G., Wilkin, R.T. and Puls, R.W., eds.: National Risk 
Management Research Laboratory, Offi ce of Research 
and Development, USEPA, EPA/600/R-07/140.

Galinato, M.I., and Van Der Valk, A.G., 1986, Seed germi-
nation traits of annuals and emergents recruited during 
drawdowns in the Delta Marsh, Manitoba, Canada: 
Aquatic Botany, v. 26, p. 89–102.

Gambrell, R.P., 1994, Trace and toxic metals in wetlands—
A review: Journal of Environmental Quality, v. 23, p. 
883–891.

Gensemer, R.W., and Playle, R.C., 1999, The bioavailabil-
ity and toxicity of aluminum in aquatic environments: 
Critical Reviews in Environmental Science and Tech-
nology, v. 29, no. 4, p. 315–450.

Gordus, A.G., Shivaprasad, H.L., and Swift, P.K., 2002, 
Salt toxicosis in ruddy ducks that winter on an agricul-
tural evaporation basin in California: Journal of Wild-
life Disease, v. 38, p. 124–131.

Gustafson, J.B., Tell, J.G., and Orem, D., 1997, Selection of 
representative TPH fractions based on  fate and 
transport considerations, Volume 3: Total Petroleum 
Hydrocarbon Criteria  Working Group, 102 p.

Heinz, G.H., Hoffman, D.J., and Gold, L.G., 1989, Im-
paired reproduction of mallards fed an

 organic form of selenium: Journal of Wildlife Manage-
ment, v. 53, p. 418–428.

Helsel, D.R., and Hirsch, R.M., 1992, Statistical methods in 
water resources: New York, Elsevier Science Publish-
ing Company, Studies in Environmental Science, v. 49, 
522 p.

Jacobs, R.P.W.M., Grant, R.O.H.,  Kwant, J.,  Marque-
nie, J.M., and Mentzer, E., 1992, The composition of 
produced water from Shell operated oil and gas produc-
tion in the North Sea, in Ray, J. P., and Engelhardt, F. 
R., eds., Produced Water, Technological/Environmental 
Issues and Solutions: New York, Plenum Press, Envi-
ronmental Research Series, v. 46. p. 13–21.

Jones, S.B., and Waite, B.A., 1988, Management of oil and 
gas production brines in the Allegheny Basin: North-
eastern Environmental Science, v. 7, no. 2, p. 99–104.

Kantrud, H.A., Millar, J.B. and van der Valk, A.G., 1989, 
Vegetation of wetlands of the Prairie Pothole Region, in 
A. van der Valk, ed., Northern Prairie Wetlands: Ames, 
Iowa, Iowa State University Press, p. 132–187.

Kharaka, Y.K., Thordsen, J.J., and Ambats, G., 1995, Envi-
ronmental degradation associated with exploration for 
and production of energy sources in USA, in Kharaka, 
Y.K., and others, eds., Water–Rock Interaction—Pro-
ceedings of the 8th International Symposium on Water 
Rock Interaction, Vladivostok, Russia, August 15–19, 
1995: Rotterdam, Netherlands, Balkema Publishers, p. 
25–30.



135

Lasier, P.J., and Hardin, I.R., 2010, Observed and predicted 
reproduction of Ceriodaphnia dubia exposed to chlo-
ride, sulfate, and bicarbonate: Environmental Toxicol-
ogy and Chemistry, v. 29, p. 347–358.

MacDonald, D.D., Ingersoll, C.G., and Berger, T.A., 2000, 
Development and evaluation of consensus-based sedi-
ment quality guidelines for freshwater ecosystems: 
Archives of Environmental Contamination and Toxicol-
ogy, v. 39, no. 1, p. 20–31.

MADEP, 2003, Updated petroleum hydrocarbon fraction 
toxicity values for the VPH/EPH/APH

 Methodology: Boston, Mass., Offi ce of Research and 
Standards, Massachusetts Department of Environmen-
tal Protection, November 2003, 65 p.

Matz, A.C., and Rocque, D.A., 2007, Contaminants in 
Lesser Scaup eggs and blood from Yukon  Flats Na-
tional Wildlife Refuge, Alaska: The Condor, v. 109, no. 
4, p. 852–861.

Megharaj, M., Singleton, I., McClure, N.C., and Naidu, R., 
2000, Infl uence of petroleum hydrocarbon contamina-
tion on microalgae and microbial activities in a long-
term contaminated soil: Archives of Environmental 
Contamination and Toxicology, v. 38, p. 439–445.

Meteyer, C.U., Dubielzig, R.R., Dein, F.J., Baeten, L.A., 
Moore, M.K., Jehl, J.R. Jr., and Wesenberg, K., 1997, 
Sodium toxicity and pathology associated with expo-
sure of waterfowl to hypersaline playa lakes of south-
east New Mexico: Journal of Veterinary Diagnostic 
Investigations, v. 9, p. 269–280.

Mitcham, S.A., and Wobeser, G., 1988a, Toxic effects of 
natural saline waters of mallard ducklings. Journal of 
Wildlife Diseases, v. 24, no. 1, p. 45–50.

Mitcham, S.A., and Wobeser, G., 1988b, Effects of sodium 
and magnesium sulfate in drinking water on mal-
lard ducklings: Journal of Wildlife Diseases, v. 24, p. 
30–44.

Montana Department of Environmental Quality (DEQ), 
2009, Montana tier 1 risk-based corrective action guid-
ance for petroleum releases: Montana Department of 
Environmental Quality, September 2009, 20 p.

Montana Offi ce of the Governor, Dept. of Health and Envi-
ronmental Sciences, Dept. of Fish Wildlife and Parks, 
Dept. of State Lands, and Dept. of Natural Resources 
and Conservation, 1989, Draft Programmatic Envi-
ronmental Impact Statement Oil and Gas Drilling and 
Production in Montana, Prepared for the Board of Oil 
and Gas Conservation, 244 p.

Montana Oil and Gas Conservation Division, 2000, Annual 
review for the year 1999 relation to oil and gas, Volume 
43: Department of Natural Resources and Conservation 
of the State of Montana, 70 p.

Mount, D.R., Gulley, D.D., Hockett, J.R., Garrison, T.D., 
and Evans, J.M., 1997, Statistical models to predict the 
toxicity of major ions to Ceriodaphnia dubia, Daphnia 

magna and Pimephales promelas (fathead minnows): 
Environmental Toxicology and Chemistry, v. 16, no. 
10, p. 2009–2019.

Munns, R., and Tester, M., 2008, Mechanisms of salinity 
tolerance: Annual Reviews of Plant Biology, v. 59, p. 
651–681.

Murphy, E.C., Kehew, A.E., Broenewold, G.H., and Beal, 
W.A., 1988, Leachate generated by an oil-and-gas brine 
pond site in North Dakota: Ground Water, v. 26, no. 1, 
p. 31–38.

Neff, J.M., 1982, Fate and biological effects on oil well 
drilling fl uids in the marine environment: A literature 
review: Gulf Breeze, Fla., U.S. Environmental Protec-
tion Agency Report 600/8-82-064, Environmental 
Research Laboratory, USEPA, 168 p.

Nelson, K.J., and Reiten, J.C., 2009, Saline seep impacts on 
Hailstone and Halfbreed National Wildlife Refuges in 
South-Central Montana: U.S. Fish and Wildlife, Region 
6, Environmental Contaminants Program Report, DEC 
ID: 200160001, FFS: 61130-6N47, available online at 
http://www.fws.gov/montanafi eldoffi ce/Environmen-
tal_Contaminants.html [accessed August 13, 2012]

Niemuth, N.D., Wangler, B., and Reynolds, R.E., 2010, 
Spatial and temporal variation in wet area

 of wetlands in the prairie pothole region of North Da-
kota and South Dakota: Wetlands, v. 30, p. 1053–1064.

Otton, J.K., and Mercier, T.J., 2000, National watershed 
and aquifer susceptibility—Evaluation of the impact 
of oil and gas production operations, in Sublette, K.L., 
ed., Proceedings of the Seventh International Petroleum 
Environmental Conference, Environmental Issues and 
Solutions in Petroleum Exploration, Production and 
Refi ning, p. 961–978.

Otton, J.K., and Zielinski, R.A., 2000, Simple techniques 
for assessing impacts of oil and gas operations on 
Federal Lands—A fi eld evaluation at Big South Fork 
National River and Recreation Area, Scott County, 
Tennessee: U.S. Geological Survey Open-File Report 
00-499,  52 p.

Outridge P.M., and Scheuhammer, A.M., 1993, Bioaccumu-
lation and toxicology of nickel: Implications for wild 
mammals and birds: Environmental Reviews, v. 1, p. 
172–197.

Phipps, G.L., Mattson, V.R., and Ankley, G.T., 1995, 
Relative sensitivity of three freshwater macroinverte-
brates to ten contaminants: Archives of Environmental 
Contamination and Toxicology, v. 28, p. 281–286.

Phipps, T., Tank, S.L., Wirtz, J., Brewer, L., Coyner, A., 
Ortego, L.S., and Fairbrother, A., 2002, Essentiality of 
nickel and homeostatic mechanisms for its regulation in 
terrestrial organisms: Environmental Reviews, v. 10, p. 
209–261.

Peterman, Z.P., Thamke, J.N., and Futa, K., 2010, Use 
of strontium isotopes to detect produced-water 



136

contamination in surface-water and groundwater in the 
Williston Basin, northeastern Montana [abs.]: GeoCa-
nada2010 Conference, Calgary, Alberta, May 10–14, 
2010.

Ramirez, P., 2009, Migratory bird mortality in oilfi eld 
wastewater disposal facilities: Wyoming

 Ecological Services Field Offi ce, 2 p.
Reiten, J.C., 1991, Impacts of oilfi eld wastes on soil and 

groundwater in Richland County, Montana, Part I—
Overview: Montana Bureau of Mines and Geology 
Open-File Report 237A, 25 p.

Reiten, J.C., 1992, Water quality of selected lakes in 
Eastern Sheridan County, Montana: Montana Bureau of 
Mines and Geology Open-File Report 244, 44 p.

Reiten, J.C., and Tischmak, T., 1993, Appraisal of oil 
fi eld brine contamination in shallow groundwater and 
surface-water, Eastern Sheridan County, Montana: 
Montana Bureau of Mines and Geology Open-File 
Report 260, 117 p.

Richardson, R.E., and Hanson, L.T., 1977, Soil survey of 
Sheridan County, Montana: Soil Conservation Service 
County Soil Survey Series, U.S. Department of Agri-
culture, 61 p.

Rosseland, B.O., Eldhuset, T.D., and Staurnes, M., 1990, 
Environmental effects of aluminum: Environmental 
Geochemistry and Health, v. 12, p. 17–27.

Rubega, M.A., and Robinson, J.A., 1997, Water salinization 
and shore-birds: emerging issues: International Wader 
Studies, v. 9, p. 45–54.

Sawyer, H., Kauffman, M.J., and Nielson, R.M., 2009, In-
fl uence of well pad activity on winter habitat selection 
patterns of mule deer: Journal of Wildlife Management, 
v. 73, no.7, p. 1052–1061.

Schamphelaere, K.A.C., and Janssen, C.R., 2003, Effects 
of dissolved organic carbon concentration and source, 
pH, and water hardness on chronic toxicity of copper 
to Daphnia magna: Environmental Toxicology and 
Chemistry, v. 23, no. 5, p. 1115–1122.

Soucek, D.J., Linton, T.K., Tarr, C.D., Dickinson, A., Wick-
ramanayake, N., Delos, C.G., and Cruz, L.A., 2011, 
Infl uence of water hardness and sulfate on the acute 
toxicity of chloride to sensitive freshwater inverte-
brates: Environmental Toxicology and Chemistry, v. 30, 
no. 4, p. 930–938.

Starodub, M.E., Wong, P.T.S., Mayfi eld, C.I., and Chau, 
Y.K., 1987, Infl uence of complexation and pH on 
individual and combined heavy metal toxicity to a 
freshwater green alga: Canadian Journal of Fisheries 
and Aquatic Sciences, v. 44, p. 1173–1180.

Stephenson, M.T., 1992, A survey of produced water stud-
ies, in Ray, J.P., and Engelhardt, F.R., eds., Produced 
Water, Technological/Environmental Issues and Solu-
tions, Environmental Research Series, Volume 46: New 

York, Plenum Press, p. 1–11.
Stolley, D.S., Bissonette, J.A., Kadlec, J.A.,  and Coster, D., 

1999, Effects of saline drinking water on early gosling 
development: Journal of Wildlife Management, v. 63, 
no. 3, p. 990–996.

Swanson, G.A., Adonmaitis, V.A.,  Lee, F.B., Serie, J.R., 
and Shoesmith, J.A., 1984, Limnological conditions 
infl uencing duckling use of saline lakes in south-central 
North Dakota: Journal of Wildlife Management, v. 48, 
no. 2, p. 340–349.

Thamke, J.N., and Craigg, S.D., 1997, Saline-water con-
tamination in quaternary deposits and the Poplar River, 
East Poplar oil fi eld, Northeastern, Montana: U.S. Geo-
logical Survey Water Resources Investigation Report 
97-4000, 37 p.

Tietge, J.E., Hockett, J.R., and Evans, J.M., 1997, Major 
ion toxicity of six produced waters to three freshwater 
species: application of ion toxicity models and TIE 
procedures: Environmental Toxicology and Chemistry, 
v. 16, no. 10, p. 2002–2008.

U.S. Fish and Wildlife Service (USFWS), 2000, Medicine 
Lake National Wildlife Refuge Complex, Annual Nar-
rative Report: U.S. Department of the Interior, USFWS, 
National Wildlife Refuge System.

U.S. Geological Survey (USGS), 1997, USGS research on 
saline waters co-produced with energy resources: U.S. 
Geological Survey Fact Sheet FS-003-97.

Waterkeyn, A., Grillas, P., Vanschoenwinkel, B., and 
Brendock, L., 2008, Invertebrate community patterns in 
Mediterranean temporary wetlands along hydroperiod 
and salinity gradients: Freshwater Biology, v. 53, no. 9, 
p. 1808–1822.

Wentsel, R., McIntosh, A., and McCafferty, W.P., 1978, 
Emergence of the midge Chironomus tentans when 
exposed to heavy metal contaminated sediment: Hydro-
biologia, v. 577, p. 195–196.

Wessa, P., 2008, Kendall tau rank correlation (v1.0.10) in 
Free Statistics Software (v1.1.23-r6), Offi ce for Re-
search Development and Education, available online at 
http://www.wessa.net/rwasp_kendall.wasp/ [accessed 
August 13, 2012]

Windingstad, R.M., Kartch, F.X., and Stroud, R.K., 1987, 
Salt toxicosis in waterfowl in North Dakota: Journal of 
Wildlife Diseases, v. 23, no. 3, p. 443–446.

Wobeser, G.A., 1981, Salt poisoning, in Diseases of Wild 
Waterfowl: New York, Plenum Press, p. 191–197.

Wollheim, W.M., and Lovvorn, J.R., 1995, Salinity effects 
on macroinvertebrate assemblages and waterbird food 
webs in shallow lakes of the Wyoming High Plains: 
Hydrobiologia, v. 310, p. 207–223.



137

APPENDIX A

Oilfi eld Brine Plumes in Shallow Groundwater, 
Goose Lake Field, Sheridan County, Montana: 

Documenting Water-Quality Changes over 16 Years
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HYDROGEOLOGIC BACKGROUND

Previous work in the late 1980s identifi ed a large salt plume 
associated with several oilfi eld sites in the Goose Lake fi eld 
(Reiten and Tischmak, 1993). Several maps and fi gures 
were constructed characterizing the hydrogeology and 
extent of this area. To understand the water-quality changes 
identifi ed by comparing samples from 1989 to 2006, the 
hydrogeologic background must be reviewed. Nine oilfi eld 
sites appear to be related to brine contamination in parts of 
sections 22, 26, 27, and 28 in T. 36 N., R. 58 E. Figure A1 
is a hydrogeologic map identifying oilfi eld sites, monitor-
ing wells, EM-31 conductivity anomalies, and cross-section 
locations in part of the Goose Lake Field.

The topography within the detailed study area is expressed 
by gently rolling hills, with the land surface sloping to-
wards the east (fi g. A2). A broad hill covers the central and 
northern parts of sec. 27. Surface drainages surround this 
hill, with all coulees emptying into the unnamed lake on 
the east edge of the study area. Several small ephemeral 
sloughs are located within the drainages.

Figure A1 depicts the distribution of three hydrogeologic 
units: glacial till, dry glacial outwash, and saturated glacial 
outwash. A contact between surfi cial deposits of glacial till 
and surfi cial deposits of outwash is located in the northern 
one-third of the study area. South of the contact, glacial 
outwash mantles the underlying glacial till with a relatively 

Figure A1. Hydrogeologic map of part of the Goose Lake Field.
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uniform thickness of sand and gravel averaging about 15 ft 
thick. The glacial outwash is composed of moderately well-
sorted to very poorly sorted silty sand and gravel. The basal 
confi ning layer is composed of relatively impermeable 
pebbly clay loam (glacial till). These outwash deposits are 
unsaturated beneath the hills. Under low-lying areas associ-
ated with the drainages, the outwash deposits are saturated, 
forming an unconfi ned aquifer.
 
 
Cross sections constructed through this area are shown in 
fi gures A3 and A4, depicting the major hydrogeologic re-
lationships. Cross sections A–A´ and B–B´ are constructed 
perpendicular to the drainage located in the northeast part 
of sec. 27 (fi g. A3). Cross section C–C´ is constructed 
along the axis of this drainage (fi g. A4). As previously men-
tioned, a relatively uniform thickness of outwash sand and 
gravel mantles the underlying till. As a result, the saturated 
thickness of the unconfi ned outwash aquifer is controlled 
by topography of both the land surface and the till surface. 
Examples of variations in saturated thickness of the aquifer 

are shown on cross section A–A´ (fi g. A3). At monitor well 
124P, near the center of the cross section, a knob of till 
produces a very thin saturated zone; while at monitor well 
124G, in the northern part of the cross section, a depression 
in the till surface produces a much thicker saturated zone.

Apparent conductivity anomalies could be caused by a 
variety of conditions, including: highly mineralized ground 
water; fi ne-grained soils; saline seeps; and a high water 
table. The close association of the conductivity anomalies 
with the oil-fi eld sites supported the interpretation that 
near-surface materials had been contaminated by brine 
discharges. Brine plumes were identifi ed adjacent to and 
down slope of all of the oil-fi eld sites shown in fi gures A1 
and A2. The results of water sampling confi rmed that the 
conductivity anomalies were caused by sodium chloride 
salts. The only local sources of these salts are from oilfi eld 
brines.

 
 

Figure A2. Aerial orthophotograph of part of the Goose Lake oilfi eld.
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Figure A4. Cross-section C–C´ showing hydrogeology of near-surface sediments in the Goose Lake oilfi eld. See fi gure 
52 for the line of the cross section.

Figure A3. Cross-sections A–A´ and B–B´ showing the hydrogeology of near-surface sediments in the Goose Lake 
oilfi eld. See Figure 29 for lines of the cross sections.
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 Some of the complexities associated with groundwater 
transport of contaminants in glacial terrains are evident in 
the Goose Lake fi eld. An area of high apparent conductiv-
ity at oilfi eld site 117 covers several acres surrounding 
the abandoned oil well (fi g. A1). Water tests from shallow 
wells underlying this area of high apparent conductivity 
and a high-conductivity area immediately south of the site 
had very low chloride concentrations. The source of these 
anomalies appear to be from a combination of surface brine 
spills, reclaimed infi ltration pits, pipeline leaks, a small 
containment dam, high water table, and saline seeps. The 
combined effect of relatively low hydraulic conductivity of 
the glacial till and the water table near or above the ground 
surface have prevented downward infi ltration of oilfi eld 
brines. As a result, surface brine leaks and spills moved 
overland downslope and did not infi ltrate until reaching the 
more permeable glacial outwash having a lower water table 
and downward fl ow gradients.

An abundance of very soluble sodium sulfate salts are 
associated with glacial deposits in this region. These have 
resulted in saline seeps and lakes with naturally high salin-
ity. As a result, contamination from produced-water brines 
cannot be positively identifi ed by specifi c conductance 
alone. A chloride index (CI) was devised to determine the 
magnitude of brine impacts to any surface-water or ground-
water sample (Reiten, 1991). The index is calculated by the 
ratio of the chloride concentration to specifi c conductance. 
The chloride concentration is determined using test strips 

that provide a direct reading and the specifi c conductance is 
determined by a fi eld meter. Empirical data based on hun-
dreds of measurements indicate that the lower limit of brine 
contamination is a CI of about 0.035 (Reiten and Tischmak, 
1993). Heavily impacted waters have CI values of 0.50 or 
greater. The CI is a valuable tool to identify the source and 
magnitude of salinity impacts to water resources. It clearly 
distinguishes between oilfi eld and non-oilfi eld impacts and 
has been used by researchers, regulators, landowners, and 
conservation districts to identify contamination sources.

Another common feature of brine plumes are vertical-den-
sity gradients. Density gradients are the result of the more 
concentrated solutions sinking to the base of an aquifer. 
These are most apparent in relatively permeable glacial out-
wash deposits. The hydraulic conductivity was estimated 
at 100 ft/day based on the interpretation of an aquifer test 
conducted in 1989 (Reiten and Tischmak, 1993). Several 
examples of density gradients have been identifi ed in the 
Goose Lake fi eld. Figure A5 shows the density gradient 
that developed in the shallow outwash aquifer at well 
124J. Vertical-density gradients form as the denser, highly 
concentrated solutions sink to the base of the aquifer. The 
density gradients at 124J were originally measured in 1989 
by collecting fi eld-water samples at several vertical posi-
tions within the well and testing for chloride concentration 
using test strips. The SC was measured directly by a fi eld 
meter while stabilizing the probe at known vertical posi-
tions. The CI (ratio of CL/SC) was calculated at 0.40 and 

Figure A5. Plot showing increase of specifi c conductance and chloride concentration with depth caused by density gradi-
ents in the outwash aquifer. Note decrease in concentrations from 1989 to 2006.
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remained relatively stable at the differing concentrations. 
SC was measured directly for the 2006 sampling, as the 
probe was dropped and stabilized at 1 ft increments. As an 
estimate, the 2006 chloride concentration was calculated by 
multiplying the SC value by the CI (0.40). The concentra-
tion of brine has declined signifi cantly at this well from 
1989 to 2006, but the vertical-density gradients remain 
very similar. Vertical-density gradients complicate any 
description of contaminant movement, because defi ning the 
vertical position within a plume is of equal importance to 
defi ning the horizontal position. As a result of these compli-
cations, a map view of a chloride plume must also refer to a 
third dimension perpendicular to the plane of the map.

The sampling points in the Goose Lake fi eld available for 
mapping brine plumes include wells screened from the 
water table to the base of the aquifer as well as surface-
water bodies. Fortunately, as demonstrated in fi gure A5, the 
CI is relatively uniform across vertical-density gradients, 
normalizing the effect of differing well depths. This allows 
using the CI to map the extent of brine plumes regardless of 
well depth.
 
Highly concentrated saltwater has traveled from the source 
at site 117 towards the northeast part of sec. 27 near well 
117J, located about 3500 ft downslope from the source. 
The saltwater moved overland across low permeable glacial 
till with upward fl ow gradients until reaching the more 
permeable glacial outwash with downward fl ow gradi-
ents, where it infi ltrated and formed a groundwater brine 
plume. Several hundred feet south of well 117J this plume 
coalesced with plumes fl owing from oilfi eld sites 126 and 
124. As saltwater from these three sources mix, a large area 
of high apparent conductivity develops along the east side 
of sec. 27. Very high CI values indicate groundwater deg-
radation is highest underlying small wetlands east of site 
124 (Reiten and Tischmak, 1993). The shorelines of these 
wetlands are sterilized, devoid of vegetation, or dominated 
by salt-tolerant plants (Salicornia rubra, saltwort) or salt-
tolerant weeds (koshia). 

Brine plumes fl owing from several sites to the west and 
southwest have moved through groundwater below an 
intermittent drainage and combined with the larger plume 
(fi g. A1). The south half of sec. 27 was purchased by the 
Service as a waterfowl production area, where several 
wetlands have been restored and enhanced. Fortunately, 
the brine contamination is not as severe in this drainage as 
it is in the northeast quarter of sec. 27. Work in this area is 
being evaluated by an ongoing Service project.

WATER-QUALITY CHANGES 1989– 2006
At the start of this project it was realized that many of the 
wells constructed in the late 1980s were still in place. The 
TAC discussed this and determined that sampling some of 
these wells would provide a chance to evaluate the persis-
tence of brine contamination. This is an important consider-
ation for evaluating future impacts. Wells were cleaned out 
and water samples were collected during the spring of 2006 
from several wells initially sampled in 1989. The results of 
these analyses can be viewed on the MBMG website http://
mbmggwic@mtech.edu, under project name SCDBRINE.

Changes in total dissolved solids (TDS, mg/L), chloride 
concentrations (CL, mg/L), and chloride index (CI) are 
summarized in fi gures A6, A7, and A8. Eleven of twelve 
samples were from the Goose Lake fi eld. TDS (fi g. A6) 
decreased in samples from nine sites and increased in only 
two sites from the Goose Lake fi eld. The TDS changes 
ranged from a decline of 83% at 124C to an increase of 
32% at 117J. The average TDS concentration was about 
44% less in 2007 than in 1989. The largest absolute change 
in TDS was measured at 264A, where the TDS declined 
from about 111,000 mg/L to 51,000 mg/L. Chloride con-
centrations (fi g. 58) also decreased in all but the same two 
samples. The change in chloride ranged from a decline of 
84% at 124C to an increase of 34% at117J. The average 
chloride concentration was about 44% less in 2007 than in 
1989. The largest absolute change in chloride concentra-
tions was measured at 264A, where the TDS declined from 
about 67,000,000 mg/L to 31,000 mg/L. The CI changes 
were not as large as the other parameters and ranged from 
a decline of 49% at 126A to an increase of 4% at 117J (fi g. 
A8). The CI declined the most at wells 264A (41%) and 
126B (49%). Overall the CI declined an average of about 
20% within this group of wells. These decreases imply 
dilution of the brine plumes from recharge of rainfall and 
snowmelt. The fact that the dilution effects are not uni-
form may indicate the variability of recharge across the 
landscape and changes in the concentration of the sodium 
chloride sources.

Figure A9 provides a map view showing changes in TDS 
from resampled wells. The bar graphs in this and subse-
quent maps are uniformly scaled from fi gures A6, A7, and 
A8. The greatest dilution effects represented by TDS are 
associated with samples from two wells (124H and 264A). 
Overall, the concentration of the TDS plume has declined 
44% in the past 17 years. While the overall trend is towards 
declining TDS, the plume is dynamic, with TDS increasing 
at 117J and 124P. Figure A10 provides a map view showing 
changes in the CI in water from resampled wells. The larg-
est changes are in monitoring wells close to suspected brine 
sources. These changes suggest a reduction in the concen-
tration at the sources. The fact that these changes show an 
overall dilution is somewhat encouraging and suggests that 
natural processes will eventually dilute the brine plumes. 
Unfortunately, the concentrations are extremely high, espe-
cially in areas where several plumes have coalesced.
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Figure A6. Change in Total Dissolved Solids in selected wells from1989 to 2006. All sites with the exception of well 295A 
are from the Goose Lake oilfi eld.

Figure A7. Change in chloride concentration in selected wells from1989 to 2006. All sites with the exception of well 295A 
are from the Goose Lake oilfi eld.
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Figure A8. Change in chloride contamination index (CI) in selected wells from1989 to 2006. All sites with the exception of 
well 295A are from the Goose Lake oilfi eld.
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Figure A9. Map showing change in TDS (1989–2006) from samples collected from wells completed in glacial outwash and 
glacial till in part of the Goose Lake oilfi eld. 
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Figure A10. Map showing change in chloride contamination index (CI) (1989–2006) from samples collected from wells 
completed in glacial outwash and glacial till in part of the Goose Lake oilfi eld.
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APPENDIX B

Analytical Results of Inorganic Analyses for 
Surface and Groundwater Samples
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name Latitude Longitude Site Type Agency Sample Date 
Total Petroleum 
Hydrocarbons 

DW WW 

Anderson WPA
A-2S 48.9876 -104.1044 Soil USFWS 9/13/2005 8,210.00 6,551.58
A-2S 48.9876 -104.1044 Soil USFWS 9/11/2006
A-3S 48.9872 -104.1046 Soil USFWS 9/13/2005 50.00 41.00
A-4S 48.9873 -104.1041 Soil USFWS 9/13/2005 22,600.00 19,390.80
A-5S 48.9867 -104.1039 Soil USFWS 9/13/2005 50.00 42.75
A-14S 48.9849 -104.0992 Soil USFWS 9/14/2005 382.00 290.70
A-14S 48.9849 -104.0992 Soil USFWS 9/11/2006

Jerde WPA
JP-1S 48.9545 -104.1874 Soil USFWS 9/15/2005 50.00 42.90
JP-1S 48.9545 -104.1874 Soil USFWS 9/11/2006

Melby WPA
M-3S 48.6391 -104.0832 Soil USFWS 9/16/2005 89,200.00 64,224.00
M-3S 48.6391 -104.0832 Soil USFWS 9/11/2006
M-3S 48.6391 -104.0832 Soil USFWS 9/11/2006

Mallad Pond WPA 
MP-1S 48.5756 -104.1357 Soil USFWS 9/16/2005 524.00 486.80
MP-1S 48.5756 -104.1357 Soil USFWS 9/11/2006

Medicine Lake NWR 
RE-2S 48.5262 -104.2575 Soil USFWS 9/17/2005 246.00 190.65
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name n-decane n-docosane n-dodecane n-dotriacontane n-eicosane 
DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S 218.00 175.49 955.00 768.78 309.00 248.75 306.00 246.33 1,100.00 885.50
A-3S
A-4S
A-5S
A-14S 
A-14S 0.32 0.26 0.36 0.29 1.10 0.88 <0.02 0.02 0.83 0.67

Jerde WPA
JP-1S 
JP-1S <0.01 0.01 0.03 0.03 0.03 0.02 <0.01 0.01 0.02 0.02

Melby WPA
M-3S 
M-3S 2,810.00 2,509.33 184.00 164.31 2,570.00 2,295.01 77.00 68.76 269.00 240.22
M-3S 219.00 183.74 28.00 23.49 241.00 202.20 7.50 6.29 36.00 30.20

Mallad Pond WPA 
MP-1S 
MP-1S 0.02 0.02 0.02 0.02 0.01 0.01 <0.01 0.01 0.02 0.02

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name n-heneicosane n-hentriacontane n-heptacosane n-heptadecane 
DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S 948.00 763.14 352.00 283.36 653.00 525.67 2,330.00 1,875.65
A-3S
A-4S
A-5S
A-14S 
A-14S 0.57 0.46 0.32 0.26 0.28 0.22 1.30 1.04

Jerde WPA
JP-1S 
JP-1S 0.026 0.02 0.086 0.07 0.14 0.12 0.029 0.02

Melby WPA
M-3S 
M-3S 214.00 191.10 99.00 88.41 221.00 197.35 2,000.00 1,786.00
M-3S 29.00 24.33 9.50 7.97 23.00 19.30 251.00 210.59

Mallad Pond WPA 
MP-1S 
MP-1S 0.02 0.02 0.07 0.06 0.05 0.05 0.05 0.05

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name n-hexacosane n-hexadecane n-nonacosane n-nonadecane n-octacosane 
DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S 695.00 559.48 1,870.00 1,505.35 438.00 352.59 1,470.00 1,183.35 561.00 451.61
A-3S
A-4S
A-5S
A-14S 
A-14S 0.21 0.17 1.30 1.04 0.24 0.19 1.00 0.80 0.14 0.11

Jerde WPA
JP-1S 
JP-1S 0.051 0.04 0.027 0.02 0.16 0.14 0.024 0.02 0.11 0.09

Melby WPA
M-3S 
M-3S 176.00 157.17 1,530.00 1,366.29 97.00 86.62 736.00 657.25 124.00 110.73
M-3S 23.00 19.30 201.00 168.64 13.00 10.91 107.00 89.77 13.00 10.91

Mallad Pond WPA 
MP-1S 
MP-1S 0.03 0.02 0.04 0.04 0.08 0.07 0.03 0.03 0.03 0.03

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name n-octadecane n-pentacosane n-pentadecane n-tetracosane n-tetradecane 
DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S 1,340.00 1,078.70 720.00 579.60 806.00 648.83 798.00 642.39 468.00 376.74
A-3S
A-4S
A-5S
A-14S 
A-14S 1.00 0.80 0.25 0.20 1.30 1.04 0.25 0.20 1.30 1.04

Jerde WPA
JP-1S 
JP-1S 0.031 0.03 0.066 0.06 0.036 0.03 0.047 0.04 0.012 0.01

Melby WPA
M-3S 
M-3S 508.00 453.64 186.00 166.10 2,030.00 1,812.79 176.00 157.17 2,270.00 2,027.11
M-3S 57.00 47.82 24.00 20.14 244.00 204.72 21.00 17.62 252.00 211.43

Mallad Pond WPA 
MP-1S 
MP-1S 0.02 0.02 0.06 0.06 0.06 0.05 0.03 0.03 0.03 0.02

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name n-tetratriacontane n-triacontane n-tricosane n-tridecane n-tritriacontane 
DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S 85.00 68.43 467.00 375.94 798.00 642.39 367.00 295.44 180.00 144.90
A-3S
A-4S
A-5S
A-14S 
A-14S <0.02 0.02 0.07 0.05 0.35 0.28 1.20 0.96 0.14 0.11

Jerde WPA
JP-1S 
JP-1S 0.015 0.01 0.015 0.01 0.042 0.04 <0.01 0.01 0.038 0.03

Melby WPA
M-3S 
M-3S 27.00 24.11 99.00 88.41 179.00 159.85 3,290.00 2,937.97 74.00 66.08
M-3S 3.90 3.27 10.00 8.39 22.00 18.46 350.00 293.65 5.00 4.20

Mallad Pond WPA 
MP-1S 
MP-1S <0.01 0.01 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.02

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name n-undecane phytane pristane 
1,6,7-Trimethyl-

naphthalene 1-methylnaphthalene 
DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S 297.00 239.09 502.00 404.11 368.00 296.24 40.80 32.84 104.00 83.72
A-3S
A-4S
A-5S
A-14S 
A-14S 0.75 0.60 0.61 0.49 0.51 0.41 0.10 0.08 0.12 0.10

Jerde WPA
JP-1S 
JP-1S <0.01 0.01 <0.01 0.01 0.044 0.04 <0.005 0.00 <0.005 0.00

Melby WPA
M-3S 
M-3S 3,480.00 3,107.64 65.00 58.05 49.00 43.76 24.00 21.43 108.00 96.44
M-3S 319.00 267.64 8.10 6.80 5.80 4.87 3.70 3.10 14.50 12.17

Mallad Pond WPA 
MP-1S 
MP-1S <0.01 0.01 0.02 0.02 0.02 0.02 <0.005 0.00 <0.005 0.00

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name 
1-

methylphenanthrene
2,6-

dimethylnaphthalene
2-

methylnaphthalene acenaphthalene acenaphthene 
DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S 32.50 26.16 90.60 72.93 123.00 99.02 0.97 0.78 4.90 3.94
A-3S
A-4S
A-5S
A-14S 
A-14S 0.05 0.04 0.20 0.16 0.16 0.13 <0.005 0.00 0.03 0.03

Jerde WPA
JP-1S 
JP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Melby WPA
M-3S 
M-3S 45.30 40.45 54.50 48.67 148.00 132.16 1.70 1.52 3.30 2.95
M-3S 6.30 5.29 6.70 5.62 17.10 14.35 0.37 0.31 <0.05 0.04

Mallad Pond WPA 
MP-1S 
MP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name anthracene Benzo(a)anthracene benzo(a)pyrene benzo(b)fluoranthene benzo(e)pyrene 
DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S 2.19 1.76 1.30 1.05 <0.05 0.04 0.61 0.49
A-3S
A-4S
A-5S
A-14S 
A-14S 0.01 0.01 0.15 0.12 <0.005 0.00 0.10 0.08 0.04 0.03

Jerde WPA
JP-1S 
JP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Melby WPA
M-3S 
M-3S 1.47 1.31 0.10 0.09 5.20 4.64 1.50 1.34 6.50 5.80
M-3S <0.05 0.04 <0.05 0.04 <0.05 0.04 <0.05 0.04 1.30 1.09

Mallad Pond WPA 
MP-1S 
MP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name benzo(g,h,i)perylene benzo(k)fluoranthene biphenyl C1-chrysenes 
C1-

dibenzothiophenes 
DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S 2.39 1.92 1.12 0.90 16.90 13.60 4.90 3.94 61.20 49.27
A-3S
A-4S
A-5S
A-14S 
A-14S 0.21 0.17 0.06 0.04 0.04 0.03 <0.005 0.00 0.06 0.05

Jerde WPA
JP-1S 
JP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Melby WPA
M-3S 
M-3S 1.20 1.07 0.88 0.79 7.00 6.25 14.60 13.04 22.10 19.74
M-3S 0.42 0.35 <0.05 0.04 0.77 0.65 1.10 0.92 2.90 2.43

Mallad Pond WPA 
MP-1S 
MP-1S 0.04 0.04 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name 
C1-Fluoranthenes 

& Pyrenes C1-fluorenes C1-naphthalenes C1-phenanthrenes C2-chrysenes 
DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S 14.70 11.83 35.10 28.26 227.00 182.74 134.00 107.87 1.87 1.51
A-3S
A-4S
A-5S
A-14S 
A-14S 0.09 0.07 0.07 0.05 0.28 0.22 0.27 0.22 <0.005 0.00

Jerde WPA
JP-1S 
JP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Melby WPA
M-3S 
M-3S 11.80 10.54 12.30 10.98 256.00 228.61 168.00 150.02 5.24 4.68
M-3S 2.50 2.10 2.88 2.42 31.60 26.51 24.90 20.89 <0.05 0.04

Mallad Pond WPA 
MP-1S 
MP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name 
C2-

dibenzothiophenes C2-fluorenes C2-naphthalenes C2-phenanthrenes C3-chrysenes 
DW WW DW WW DW DW DW WW DW WW 

Anderson WPA
A-2S
A-2S <0.05 0.04 <0.05 0.04 413.00 332.47 199.00 160.20 <0.05 0.04
A-3S
A-4S
A-5S
A-14S 
A-14S <0.005 0.00 <0.005 0.00 0.75 0.60 0.37 0.30 <0.005 0.00

Jerde WPA
JP-1S 
JP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Melby WPA
M-3S 
M-3S <0.05 0.04 <0.05 0.04 286.00 255.40 154.00 137.52 <0.05 0.04
M-3S <0.05 0.04 <0.05 0.04 38.00 31.88 24.20 20.30 <0.05 0.04

Mallad Pond WPA 
MP-1S 
MP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name 
C3-

dibenzothiophenes C3-fluorenes C3-naphthalenes C3-phenanthrenes C4-chrysenes 
DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S <0.05 0.04 <0.05 0.04 71.30 57.40 <0.05 0.04
A-3S
A-4S
A-5S
A-14S 
A-14S <0.005 0.00 <0.005 0.00 0.86 0.69 0.11 0.09 <0.005 0.00

Jerde WPA
JP-1S 
JP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Melby WPA
M-3S 
M-3S <0.05 0.04 <0.05 0.04 147.00 131.27 58.10 51.88 <0.05 0.04
M-3S <0.05 0.04 <0.05 0.04 23.30 19.55 9.40 7.89 <0.05 0.04

Mallad Pond WPA 
MP-1S 
MP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name C4-naphthalenes C4-phenanthrenes chrysene Dibenz(a,h)anthracene dibenzothiophene 
    DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S 71.60 57.64 7.94 6.39 <0.05 0.04 <0.05 0.04 43.60 35.10
A-3S
A-4S
A-5S
A-14S 
A-14S 0.21 0.17 0.02 0.01 <0.005 0.00 0.68 0.55 0.03 0.02

Jerde WPA
JP-1S 
JP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Melby WPA
M-3S 
M-3S 114.00 101.80 20.90 18.66 7.90 7.05 0.59 0.53 10.00 8.93
M-3S 11.30 9.48 2.40 2.01 2.30 1.93 <0.05 0.04 1.50 1.26

Mallad Pond WPA 
MP-1S 
MP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 0.03 0.03 <0.005 0.00

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name fluoranthene fluorene 
indeno(1,2,3-

cd)pyrene naphthalene perylene 
    DW WW DW WW DW WW DW WW DW WW 

Anderson WPA
A-2S
A-2S <0.05 0.04 0.83 0.67 41.80 33.65 1.83 1.47
A-3S
A-4S
A-5S
A-14S 
A-14S 0.04 0.03 0.03 0.03 0.14 0.11 0.03 0.02 0.10 0.08

Jerde WPA
JP-1S 
JP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 0.02 0.01

Melby WPA
M-3S 
M-3S 0.39 0.35 8.60 7.68 0.09 0.08 72.10 64.39 0.80 0.71
M-3S <0.05 0.04 1.40 1.17 0.64 0.54 7.80 6.54 1.20 1.01

Mallad Pond WPA 
MP-1S 
MP-1S <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00 <0.005 0.00

Medicine Lake NWR 
RE-2S 
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Appendix C. Analytical results of organic analyses of soil samples (ppm). 

Location Site Name phenanthrene pyrene 
    DW WW DW WW       

Anderson WPA
A-2S
A-2S 39.80 32.04 3.90 3.14
A-3S
A-4S
A-5S
A-14S 
A-14S 0.06 0.05 0.04 0.03

Jerde WPA
JP-1S 
JP-1S <0.005 0.00 <0.005 0.00

Melby WPA
M-3S 
M-3S 56.70 50.63 5.40 4.82
M-3S 8.30 6.96 0.96 0.81

Mallad Pond WPA 
MP-1S 
MP-1S <0.005 0.00 <0.005 0.00

Medicine Lake NWR 
RE-2S 
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APPENDIX D

Analytical results of organic analyses of 
groundwater samples
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Appendix D. Analytical results of organic analyses of groundwater samples . 

Location Site Name Latitude Longitude Site Type Agency 
Sample

Date 

Total Petroleum 
Hydrocarbons 

(mg/L)
n-decane 

(μg/L) 

n-
docosane 

(μg/L) 

n-
dodecane 

(μg/L) 

Anderson WPA 

A-2MW  48.9876 -104.1044 Well USFWS 9/14/2005 300 
A-2MW  48.9876 -104.1044 Well USFWS 8/31/2006 <0.5 <0.5 <0.5 
A-3MW 48.9872 -104.1046 Well USFWS 9/13/2005 550 
A-3MW 48.9872 -104.1046 Well USFWS 8/31/2006 <0.5 5.00 6.00 
A-4MW 48.9873 -104.1041 Well USFWS 9/13/2005 810 
A-4MW 48.9873 -104.1041 Well USFWS 8/31/2006 <0.5 <0.5 <0.5 
A-5DMW  48.9867 -104.1039 Well USFWS 9/13/2005 510 
A-14MW 48.9849 -104.0992 Well USFWS 9/14/2005 570 
A-14MW 48.9849 -104.0992 Well USFWS 8/31/2006 0.80 0.80 0.70 

Jerde WPA 
JP-1MW  48.9545 -104.1874 Well USFWS 9/14/2005 500 
JP-2MW  48.9547 -104.1878 Well USFWS 9/14/2005 210 
JP-2MW  48.9547 -104.1878 Well USFWS 8/31/2006 <0.5 <0.5 <0.5 

Melby WPA 
M-3MW  48.6391 -104.0832 Well USFWS 9/16/2005 810 
M-3MW  48.6391 -104.0832 Well USFWS 8/31/2006 <0.5 3.50 3.80 

Mallard Pond WPA 
MP-1MW 48.5756 -104.1357 Well USFWS 9/16/2005 240 

Medicine Lake NWR 
RE-2MW  48.5262 -104.2575 Well USFWS 9/17/2005 290 
RE-2MW  48.5262 -104.2575 Well USFWS 8/31/2006 <0.5 0.50 <0.5 
RW-1MW  48.5254 -104.2645 Well USFWS 9/17/2005 <100 

Rabenberg WPA 
RS-1MW 48.8504 -104.1226 Well USFWS 9/15/2005 <100 
RS-2MW 48.8499 -104.1225 Well USFWS 9/15/2005 460 
RS-3MW 48.8484 -104.1210 Well USFWS 9/15/2005 410 
RS-4MW 48.8477 -104.1193 Well USFWS 9/15/2005 <100 
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Appendix D. Analytical results of organic analyses of groundwater samples.  

Location 
Site

Name 

n-
dotriacontane 

(μg/L) 
n-eicosane 

(μg/L) 
n-heneicosane 

(μg/L) 
n-hentriacontane 

(μg/L) 
n-heptacosane 

(μg/L) 

n-
heptadecane 

(μg/L) 

n-
hexacosane 

(μg/L) 
n-hexadecane 

(μg/L) 

Anderson WPA 

A-2MW
A-2MW  <0.5 <0.5 <0.5 <0.5 0.80 <0.5 1.10 <0.5 
A-3MW
A-3MW <0.5 <0.5 <0.5 <0.5 2.80 <0.5 2.90 <0.5 
A-4MW
A-4MW 0.90 <0.5 <0.5 0.70 0.90 <0.5 <0.5 <0.5 
A-5DMW
A-14MW 
A-14MW <0.5 <0.5 <0.5 0.90 6.20 <0.5 6.60 <0.5 

Jerde WPA 
JP-1MW
JP-2MW
JP-2MW  0.50 <0.5 <0.5 <0.5 1.60 <0.5 1.10 <0.5 

Melby WPA 
M-3MW
M-3MW  1.60 4.90 4.00 2.20 4.00 25.00 3.00 19.00 

Mallard Pond WPA 
MP-1MW

Medicine Lake NWR 
RE-2MW
RE-2MW  <0.5 <0.5 <0.5 1.70 2.60 <0.5 2.00 <0.5 
RW-1MW

Rabenberg WPA 
RS-1MW
RS-2MW
RS-3MW
RS-4MW
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Appendix D. Analytical results of organic analyses of groundwater samples  

Location 
Site

Name 
n-nonacosane 

(μg/L) 
n-nonadecane 

(μg/L) 
n-octacosane 

(μg/L) 
n-octadecane 

(μg/L) 
n-pentacosane 

(μg/L) 

n-
pentadecane 

(μg/L) 

n-
tetracosane 

(μg/L) 
n-tetradecane 

(μg/L) 

Anderson WPA 

A-2MW
A-2MW  0.80 <0.5 0.70 <0.5 0.90 <0.5 0.70 <0.5 
A-3MW
A-3MW 1.20 <0.5 1.10 <0.5 2.20 <0.5 1.50 <0.5 
A-4MW
A-4MW <0.5 <0.5 <0.5 <0.5 0.60 <0.5 <0.5 <0.5 
A-5DMW
A-14MW 
A-14MW 2.70 <0.5 3.90 <0.5 5.20 <0.5 3.80 0.60 

Jerde WPA 
JP-1MW
JP-2MW
JP-2MW  <0.5 <0.5 0.90 <0.5 1.10 <0.5 0.50 <0.5 

Melby WPA 
M-3MW
M-3MW  2.70 11.00 2.60 7.70 3.60 19.00 3.70 18.00 

Mallard Pond WPA 
MP-1MW

Medicine Lake NWR 
RE-2MW
RE-2MW  1.80 0.50 1.90 <0.5 1.70 <0.5 1.40 <0.5 
RW-1MW

Rabenberg WPA 
RS-1MW
RS-2MW
RS-3MW
RS-4MW
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Appendix D. Analytical results of organic analyses of groundwater samples. 

Location 
Site

Name 

n-
tetratriacontane 

(μg/L) 
n-triacontane 

(μg/L) 
n-tricosane 

(μg/L) n-tridecane (μg/L) 
n-tritriacontane 

(μg/L) 
n-undecane 

(μg/L) 
phytane 
(μg/L) pristane (μg/L) 

Anderson WPA 

A-2MW
A-2MW  <0.5 <0.5 0.70 <0.5 <0.5 <0.5 <0.5 <0.5 
A-3MW
A-3MW 0.70 0.90 1.10 <0.5 <0.5 <0.5 <0.5 <0.5 
A-4MW
A-4MW <0.5 <0.5 0.50 <0.5 <0.5 <0.5 <0.5 <0.5 
A-5DMW
A-14MW 
A-14MW 0.50 1.60 2.30 <0.5 <0.5 <0.5 <0.5 <0.5 

Jerde WPA 
JP-1MW
JP-2MW
JP-2MW  <0.5 <0.5 0.70 <0.5 0.50 <0.5 <0.5 <0.5 

Melby WPA 
M-3MW
M-3MW  0.80 2.20 3.70 15.00 0.90 1.40 1.80 0.90 

Mallard Pond WPA 
MP-1MW

Medicine Lake NWR 
RE-2MW
RE-2MW  1.10 2.50 0.90 <0.5 0.60 <0.5 <0.5 <0.5 
RW-1MW

Rabenberg WPA 
RS-1MW
RS-2MW
RS-3MW
RS-4MW
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Appendix D. Analytical results of organic analyses of groundwater samples.  

Location 
Site

Name 

1-
methylnaphthalene 

(μg/L) 

1-
methylphenanthrene 

(μg/L) 

2,6-
dimethylnaphthalene 

(μg/L) 

2-
methylnaphthal

ene (μg/L) 
acenaphthalene 

(μg/L) 
acenaphthene 

(μg/L) 
anthracene 

(μg/L) 

Anderson WPA 

A-2MW
A-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-3MW
A-3MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-4MW
A-4MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-5DMW
A-14MW 
A-14MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 

Jerde WPA 
JP-1MW
JP-2MW
JP-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 

Melby WPA 
M-3MW
M-3MW  2.60 0.30 0.70 0.60 <0.3 <0.3 <0.3 

Mallard Pond WPA 
MP-1MW

Medicine Lake NWR 
RE-2MW
RE-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
RW-1MW

Rabenberg WPA 
RS-1MW
RS-2MW
RS-3MW
RS-4MW
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Appendix D. Analytical results of organic analyses of groundwater samples. 

Location 
Site

Name 
Benzo(a)anthracene 

(μg/L) benzo(a)pyrene (μg/L) 
benzo(b)fluoranthene 

(μg/L) benzo(e)pyrene (μg/L) benzo(g,h,i)perylene (μg/L) 

Anderson WPA 

A-2MW
A-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 
A-3MW
A-3MW <0.3 <0.3 <0.3 <0.3 <0.3 
A-4MW
A-4MW <0.3 <0.3 <0.3 <0.3 <0.3 
A-5DMW
A-14MW 
A-14MW <0.3 <0.3 <0.3 <0.3 <0.3 

Jerde WPA 
JP-1MW
JP-2MW
JP-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 

Melby WPA 
M-3MW
M-3MW  <0.3 <0.3 <0.3 <0.3 <0.3 

Mallard Pond WPA 
MP-1MW

Medicine Lake NWR 
RE-2MW
RE-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 
RW-1MW

Rabenberg WPA 
RS-1MW
RS-2MW
RS-3MW
RS-4MW
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Appendix D. Analytical results of organic analyses of groundwater samples. 

Location 
Site

Name biphenyl (μg/L) 
C1-chrysenes 

(μg/L) 
C1-dibenzothiophenes 

(μg/L) 
C1-Fluoranthenes & 

Pyrenes (μg/L) 
C1-fluorenes 

(μg/L) 

C1-
naphthalenes 

(μg/L) 

C1-
phenanthrenes 

(μg/L) 

Anderson WPA 

A-2MW
A-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-3MW
A-3MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-4MW
A-4MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-5DMW
A-14MW 
A-14MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 

Jerde WPA 
JP-1MW
JP-2MW
JP-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 

Melby WPA 
M-3MW
M-3MW  <0.3 <0.3 <0.3 <0.3 <0.3 3.20 2.20 

Mallard Pond WPA 
MP-1MW

Medicine Lake NWR 
RE-2MW
RE-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
RW-1MW

Rabenberg WPA 
RS-1MW
RS-2MW
RS-3MW
RS-4MW
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Appendix D. Analytical results of organic analyses of groundwater samples. 

Location 
Site

Name 

C2-
dibenzothiophenes 

(μg/L) 
C2-fluorenes 

(μg/L) 
C2-naphthalenes 

(μg/L) 

C2-
phenanthrenes 

(μg/L) 
C3-chrysenes 

(μg/L) 

C3-
dibenzothiophenes 

(μg/L) 
C3-fluorenes 

(μg/L) 

Anderson WPA 

A-2MW
A-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-3MW
A-3MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-4MW
A-4MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-5DMW
A-14MW 
A-14MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 

Jerde WPA 
JP-1MW
JP-2MW
JP-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 

Melby WPA 
M-3MW
M-3MW  <0.3 <0.3 3.90 1.70 <0.3 <0.3 <0.3 

Mallard Pond WPA 
MP-1MW

Medicine Lake NWR 
RE-2MW
RE-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
RW-
1MW  

Rabenberg WPA 
RS-1MW
RS-2MW
RS-3MW
RS-4MW
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Appendix D. Analytical results of organic analyses of groundwater samples.  

Location Site Name 

C3-
naphthalenes 

(μg/L) 

C3-
phenanthrenes 

(μg/L) 
C4-chrysenes 

(μg/L) 
C4-naphthalenes 

(μg/L) 
C4-phenanthrenes 

(μg/L) 
chrysene 

(μg/L) 
Dibenz(a,h)anthracen

e (μg/L) 

Anderson WPA 

A-2MW
A-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-3MW
A-3MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-4MW
A-4MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-5DMW
A-14MW 
A-14MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 

Jerde WPA 
JP-1MW
JP-2MW
JP-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 

Melby WPA 
M-3MW
M-3MW  2.00 <0.3 <0.3 0.50 <0.3 <0.3 0.30 

Mallard Pond WPA 
MP-1MW

Medicine Lake NWR 
RE-2MW
RE-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
RW-1MW

Rabenberg WPA 
RS-1MW
RS-2MW
RS-3MW
RS-4MW
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Appendix D. Analytical results of organic analyses of groundwater samples.  

Location Site Name 
dibenzothiophene 

(μg/L) 
fluoranthene 

(μg/L) fluorene (μg/L) 
indeno(1,2,3-cd)pyrene 

(μg/L) 
naphthalene 

(μg/L) 
perylene 

(μg/L) 

phenan
threne
(μg/L) 

pyrene 
(μg/L) 

Anderson WPA 

 A-2MW  
A-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-3MW
A-3MW <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 <0.3 
A-4MW
A-4MW <0.3 <0.3 <0.3 <0.3 <0.3 0.50 <0.3 <0.3 
A-5DMW
A-14MW 
A-14MW <0.3 <0.3 <0.3 <0.3 <0.3 0.30 <0.3 <0.3 

Jerde WPA 
JP-1MW
JP-2MW
JP-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 0.40 <0.3 <0.3 

Melby WPA 
M-3MW
M-3MW  <0.3 <0.3 <0.3 <0.3 0.70 <0.3 0.50 <0.3 

Mallard Pond WPA 
MP-1MW

Medicine Lake NWR 
RE-2MW
RE-2MW  <0.3 <0.3 <0.3 <0.3 <0.3 0.50 <0.3 <0.3 
RW-1MW

Rabenberg WPA 
RS-1MW
RS-2MW
RS-3MW
RS-4MW


