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1.0 INTRODUCTION 

Historic oil and gas activities in the East Poplar Oil Field (EPOF) area, located 

Northeast of Poplar, Montana, have created several areas of contaminated groundwater. 

Over the years there have been significant, uncharacterized releases of brine to the surface 

and shallow aquifer. Flow in the shallow aquifer and the Poplar River provide a potential 

mechanism for transporting brine-contaminated water towards the town of Poplar and 

contaminating the public water supply (PWS) wells located in Poplar (Well 1, 2 and 3 in 

Figure 1a). S. S. Papadopulos and Associates, Inc. (SSP&A) was retained by the Fort Peck 

Assiniboine and Sioux Tribes to evaluate the potential migration route and timing of 

chloride contamination from the EPOF in the vicinity of Poplar. The work was performed 

in two phases. Phase I work on the EPOF area consisted of a data assessment and 

reconnaissance to produce a conceptual characterization of hydrology and contamination in 

the EPOF area, with emphasis on the potential for predicting impacts on the Poplar water 

supply. The Phase I assessment involved the following tasks: 

• Review available geologic, surface water, groundwater and water quality 
data; 

• Review literature related to the EPOF and prepare an annotated 
bibliography; 

• Identify and characterize key hydrogeologic units within the EPOF and 
provide maps of the shallow gravel aquifer and underlying impermeable 
shale; 

• Develop a conceptual model of the hydrologic system, especially with 
regard to transport paths and velocities; 

• Identify potential methods to efficiently predict contaminant transport and 
estimate prediction uncertainty; 

• Provide a recommendation for the method best suited to the site conditions 
and objectives. 

The original request for qualifications, and subsequent work during Phase I, 

identified elevated chloride concentrations in the vicinity of Poplar as the primary risk to 

the Poplar water supply. Based on this, the objective of Phase II was to simulate advective 

transport from the interpolated 250 mg/L chloride concentration contour in the vicinity of 

Poplar. In terms of advective transport, density contrasts at chloride concentrations of 250 

mg/L and below are negligible, precluding the need to explicitly simulate density. Any 
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attempt to simulate the several order-of-magnitude higher concentrations found near 

sources probably need to account for density and viscosity impacts on transport. 

This report summarizes the modeling efforts associated with Phase II of the Poplar 

modeling project. Phase II consisted of constructing and calibrating the flow and 

advective-transport simulations, and analyzing the results. The Phase II report documents: 

• Details of model construction,  

• Adjustments for calibration,  

• Flow and particle-tracking simulations, 

• Analyses of the observations and simulated results, and  

• Discussion and implications for the Poplar Public Water Supply (PWS) 
wells. 

Sections 1 – 4 of this report include updated versions of materials provided in 

Sections 1 – 4 of the Phase 1 report. Appendices associated with chapters 1 - 4 of the Phase 

I Report are not repeated in this report. Sections 5 and higher are considerably revised, or 

consist of entirely new material. Section 6 provides details on the groundwater model 

construction, calibration and the simulations performed. Section 7 presents the transport 

simulations and results. Section 8 summarizes the formal sensitivity analysis and 

prediction uncertainty, followed by a section discussing results and implications. The final 

sections, 9 and 10, provide discussion and outline recommendations for future work. 
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2.0 AVAILABLE DATA AND RESOURCES 

Groundwater contamination in the EPOF has been studied as part of past 

investigations and reports.  The majority of these studies have been performed by the City 

of Poplar, Fort Peck Assiniboine and Sioux Tribes, State of Montana, U. S. Geological 

Survey, and the U. S. Bureau of Land Management.  While previous studies have varied in 

focus and scope, the reports in aggregate present a significant amount of data and 

information on the groundwater contamination of the EPOF.  As part of Phase I, existing 

studies, reports, and data sets were compiled, reviewed and used.  These reports and data 

sets are summarized below.  

2.1 Annotated Bibliography 

An annotated bibliography was prepared consisting of key documents related to the 

EPOF and the City of Poplar public water supply.  These documents include published and 

unpublished reports relating to surface and groundwater resources, hydrogeology and 

geology, and groundwater contamination.  The bibliography, listing the materials accessed 

for this work, is included as Appendix A.  

2.2 Metadata Compilation 

Metadata provide data about data.  Metadata provides the description of a particular 

data set that identifies its contents and usefulness: metadata answers the questions of who, 

what, when, where, why, and how about every component of the data set being 

documented.  Additionally, metadata maintains the integrity of the data set as it is utilized 

and provides a reference as to the quality and suitability of the data set.   Metadata have 

been assembled to document background information about the water resource and related 

spatial data sets assembled for the EPOF.  A list of datasets and associated metadata were 

provided in the Phase 1 report. 

2.3 Summary of Data 

Data reviewed as part of this assessment include groundwater elevations, well logs, 

aquifer properties, surface water, channel seepage and water quality.  Surface water data 

are included in this groundwater assessment because of the potential for transport between 

groundwater and surface water.  

3 
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2.3.1 Groundwater Elevations 

Depth-to-water data was obtained for wells in the EPOF from three primary 

sources: the USGS, the Montana Groundwater Information Center (GWIC), and the Fort 

Peck Assiniboine and Sioux Tribes Office of Environmental Protection (OEP). These data 

sets are briefly described below, followed by a discussion of the groundwater conditions 

reflected in the data.  

The data consist of more than 700 depth-to-water measurements for more than 120 

wells lying within or near the EPOF. Of the wells, 58 have only one depth-to-water 

measurement.  Thirty wells have 15 or more measurements, but many were measured only 

within a three-year period, around 2003 - 2004.  Additional data may be available from the 

GWIC in or near the EPOF, but in most cases consists only of a water level noted upon 

well completion.  In general the data are limited in their spatial and temporal coverage: 

comprehensive spatial depictions of water table conditions for most years are not possible; 

time-trend analysis is only possible at a few locations with some large gaps in time and 

insufficient frequency to evaluate seasonality. 

The compiled data were analyzed by year and 2003 was selected as the best spatial 

characterization of the regional water level conditions.  Figure 2 shows the potentiometric 

surface based on data collected in the fall of 2003; groundwater flows from the east and 

turns south as it comes into contact with the river alluvium.  Combining data from multiple 

years, a more comprehensive potentiometric surface can be developed.  Figure 2 depicts a 

steep hydraulic gradient from the East; this is supported by several reports indicating 

hydraulic gradients of 0.01 to 0.05. In the Poplar Valley, gradients tend to flatten out; 

reported estimates range from 0.0006 to 0.008 on the lower terrace and in the river 

alluvium and indicate a more southerly direction. The potentiometric surface map 

produced by Thamke and Craigg (1997), reflecting conditions in the period from 1990 - 

1993, indicated similar gradients and directions. 

Interpretation of contours is limited to areas with sufficient information to constrain 

the interpolation, that is, areas close to observations. An important contribution of Phase II 

is the identification of localized geologic features that make it problematic to consider the 

water level surface to be a continuous linear function between any two observation 

4 
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locations. Aspects of the local geology require refinement of the Figure 2 water-level 

surfaces, in order to account for large-scale heterogeneity. Accounting for such features is 

a major contribution of this Phase 2 report. 

Hydrographs for wells with more than two measurements were provided in 

Appendix C of the Phase I report.  The hydrographs illustrate several aspects of the 

groundwater system and identify limitations of the data sets:  

• In most locations, seasonal fluctuations are not evident due to a 
combination of limited sampling frequency and limited seasonal variability.  

• Pumping and injection events in more recent years, especially around 2002, 
have dominated the changes in depth-to-water in many of the wells.  

• When not impacted by pumping, wells where seasonal potentiometric-
surface variations have been recorded exhibit about 1 foot of change. 

• Some wells exhibit long term trending. However, these wells are also 
heavily impacted by pumping that is assumed to be associated with 
restoration efforts. For most of the wells, the data does not appear to 
indicate any long term trends in potentiometric surface.  

Fluctuations observed in Lake Creek Terrace wells, for example, MBMG 85-15A 

(Figure 1b) about 1 mile east of the active model domain boundary, provide some of the 

best observations of seasonal fluctuations. Fluctuations follow a seasonal pattern of net 

recharge due to periods of snowmelt and precipitation. However, water level records from 

2002 – 2007 do not exhibit a strong or consistent correlation with individual precipitation 

events suggesting that the water level fluctuations are due to changes associated with 

seasonal conditions, as opposed to individual storm events.  It is possible that longer-than-

annual trends in stresses such as recharge may impact gradients. However, gradients across 

regions of limited transmissivity will still tend to be the primary constraint on transport, or 

at least dampen the impact of water-level fluctuations or recharge pulses. 

2.3.2 Well Logs 

Where logs for EPOF area wells are available, lithologic information is used to 

delineate the shallow subsurface flow system. Most well logs were obtained from the 

Montana GWIC database or the USGS NWIS database.  

5 
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2.3.3 Aquifer Properties 

Aquifer-property information is obtained from aquifer pumping and slug tests. 

Much of the data is from a series of recent tests in the area of the Biere Well Site. The list 

below summarizes the tests performed in the EPOF area. 

Year Number of tests Test type Location1 
2007 27 in 17 wells slug tests Biere I-22 Well Site 
2007 6 pump tests PNR-30-06, PNR-31-06, 

PNR-37-07, USGS06-7, 
USGS06-8, and USGS06-11 

2003 3 pump tests USGS93-4B, LAW-P042, and 
LAW-P072 

1993 2 pump tests USGS93-1 and USGS93-4B 
1Locations are included on Figure 1b and Figure 10 
2Map locations are the same as the M-series wells, e.g., LAW-M04 and LAW-M07 

The aquifer pump tests were conducted in wells penetrating the alluvium, fan 

alluvium/colluvium and Wiota Gravel. Hydraulic conductivity estimates range from a low 

of 14 feet/day at USGS06-8, up to 325 feet per day, with most falling in the range of 130 to 

325 feet per day. The range of values reflects differences between the sites, geologic 

material, and also differences in the methods of analysis.  

The 27 slug tests were performed in both Wiota Gravel and other deposits. Results 

from the Wiota Gravel slug tests suggest that the slug tests are not appropriate for the 

relatively high hydraulic conductivity gravels. For other materials, the slug tests provide an 

indication of the range and variability of hydraulic conductivity, and may prove useful in 

delineating low hydraulic conductivity zones that have the potential to constrain 

contaminant transport. 

Storage estimates from the slug and pump tests vary greatly and, due to the short 

test duration, the applicability of some estimates are questionable. Storage values obtained 

by USGS and Land and Water Consulting tests were 0.02 – 0.0003 and 0.1 – 0.003 for the 

alluvium and Wiota Gravel, respectively (Land and Water Consulting, 2003). These values 

appear to reflect both confined and unconfined conditions, suggesting that drawdown 

associated with the longer test was sufficient to lower the piezometric surface into the 

aquifer resulting in dewatering of pore space. 

6 
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At least one prior investigation (Daniel B. Stephens and Assoc., 2007) has 

incorporated storage estimates; in that study, numerical simulations used a value of 

0.00084. The report also evaluated a specific yield of 0.15, but concluded there was 

minimal impact on the capture zone and retained the confined-system value (Daniel B. 

Stephens and Assoc., page 13, 2007).  

A porosity of 0.25 has been used in prior work to estimate groundwater velocity 

and predict transport times (Daniel B. Stephens and Assoc., 2007; Land & Water 

Consulting, 2003). This value appears to be a reasonable porosity value for gravel based on 

a particle/bulk-density evaluation of total porosity (Klute, 1986), or general literature 

values. However, using 0.25 as an effective porosity value for transport over significant 

distances may not be valid (e.g., Divine et al., 2008) 

2.3.4 Surface Water Conditions 

The USGS maintains a gage on the Poplar River (USGS number 6181000), near 

the town of Poplar (Figure 3).  Daily average flow data from the site were downloaded for 

two periods: 2003 – 2007 (Figure 4), and for the period of the Thamke and Craigg (1997) 

1991 synoptic survey (Figure 5).  Flows during the synoptic survey provide insight into 

river seepage variability between the 1991 surveys, as discussed below. 

2.3.5 Channel Seepage Investigations 

Evaluation of seepage from the Poplar River, based on surveys in 1981 and 1991, is 

reported in Thamke and Craigg (1997). Seepage investigations performed by the Fort Peck 

Community College in 2008 (Christa Tyrrell, personal communication, 2008) should 

provide additional insight and refinement when the field work is completed. Seepage and 

chloride loading estimated for various reaches during 1991 indicate a trend in loading over 

the course of the reach. While stream flow changes were not all that large along the reach, 

the change in measured stream chloride concentrations indicates movement of 

contaminated subsurface water into the surface water system. Interpretation of the 

stream/subsurface interaction is complicated by the transient nature of the system during 

several of the tests: stream flows in Figure 5 suggest that bank storage discharge is 

probably still occurring during the April and July 1991 sampling events. In contrast, the 

September 1991 observations occur during a much more stable period of stream flow. 

7 
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Seepage rates from the four surveys are shown in Figure 6a. Contributions from 

bank storage may be required to explain some of the higher values, e.g., from April of 

1991. Figure 6a uses two ordinate axes. The right-hand axis accommodates the much 

larger rates of April 1991. All other events are plotted on the standard left-hand side 

ordinate axis. While the large April 1991 values from some reaches reflect a high degree of 

variability, their median magnitude is still similar to medians from the other surveys. 

Based on the measured seepage losses and reported change in concentration, it is 

possible to perform a chloride mass-balance calculation and back out estimates of the 

groundwater chloride concentrations required to produce the observed loading. For the 

reach between PR-4 and PR-5 (Figure 3), the mass of chloride flowing in (MPR-4) and out 

(MPR-5), as well as the net water seepage (S) are provided by Thamke and Craigg (1997). 

These values can be combined, with the unknown chloride seepage concentration term (C), 

in the following equation: 

54 −− =+ PRPR MSCM  (1) 

which indicates that the mass of chloride entering the reach, plus any gains and losses in 

chloride mass over the reach, must equal the chloride mass flowing out of the reach. 

Solving Equation (1) for concentration in groundwater (CGW) could provide an estimate of 

the “net” concentration associated with net flux. To estimate the concentration in ground 

water, it is necessary to expand the seepage and concentration terms in Equation (1). 
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In equation (2), the net values of S and C have been expanded into the losses (Sl) and gains 

(Sg), and concentration in the river (CPR) and groundwater (CGW), respectively. The values 

of losses and gains can vary, so long as they satisfy (2b). The value of CPR is assumed 

equal to the average of the observed concentrations at PR-4 and PR-5. These constraints 

allow construction of a graph of S, predicting values of CGW that will satisfy (2a), as 

function of Sg. Figure 7 illustrates an example using the September 1991 data from stations 

PR-4 and PR-5, about 1 mile downstream. The figure shows the required CGW to create the 
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observed change in mass loading as a function of Sg over the reach from PR-4 to PR-5 

during September 1991. Losses, Sl, are not explicitly plotted, but are inferred from (2b): Sl 

= S – Sg. 

For the stretch from PR-4 to PR-5 the observed data indicates that the river has a 

net loss of 1 cfs and a dramatic increase in chloride loading. Clearly the river gains and 

loses in this stretch warranting the use of (2a) instead of (1). If the reach was strictly losing 

there would be no potential for chloride in the groundwater to affect stream concentrations. 

Consider the September, 1999 conditions, when S = -1 cfs (blue line in Figure 7) and Sg = 

1 cfs. To satisfy mass balance, the groundwater concentration needs to be about 1,200 

mg/L. This result is not very sensitive to S: lines for S = 0 and -5 are not much different. In 

other words, for -5 < S < 0, with Sg =1 cfs, indicates a range of 1200 < CGW < 1700 mg/L.  

In Figure 7, the relationship between Sg and CGW demonstrates asymptotic behavior 

for both small and large river gains. As Sg increases, the CGW estimate quickly approaches 

the magnitude of the average river concentrations, demonstrating minimal sensitivity to Sg, 

Sl or S. At lower values of Sg the system is far more sensitive. A much smaller amount of 

seepage must move the mass from subsurface to surface water. A decrease in Sg from 0.2 

to 0.1 cfs more than doubles the CGW required to produce the observed stream loading. The 

transition from very sensitive to relatively insensitive occurs in the neighborhood of Sg ~ 

0.4 - 0.5 cfs. This means that the relationship between CGW and Sg can be a relatively 

robust indicator of CGW when Sg > 0.5 cfs. In a similar manner, if the observed CGW > 3,000 

mg/L, it will be possible to provide good estimates of Sg. 

2.3.6 Climatic Data 

The U.S. Climate Reference Network (USCRN) is a network of climate stations 

being developed as part of a National Oceanic and Atmospheric Administration (NOAA) 

initiative. Its primary goal is to provide future long-term observations of temperature and 

precipitation that can be coupled to long-term historical observations for the detection and 

attribution of present and future climate change. 

The USCRN includes a site near the EPOF, the Poplar River site on the Fort Peck 

Indian Reservation (MT Wolf Point 29 ENE). The Poplar River site became operational in 

December of 2001, with precipitation data available from about May 2002 to the present 

9 
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(Figure 8). This gage provides hourly precipitation observations and is located just a few 

miles outside the area of investigation. 

The Palmer Drought Severity Index (PDSI), generated by the National Oceanic and 

Atmospheric Administration (NOAA), is a monthly value (drought index) indicating the 

severity of a wet or dry spell of weather. The index is based on the principle of a balance 

between moisture supply and demand.  Man-made changes are not considered in the index 

calculation.  The index generally ranges from -6 to +6, with negative values denoting dry 

spells and positive values indicating wet spells. PDSI values 0 to -.5 = normal; -0.5 to -1.0 

= incipient drought; -1.0 to -2.0 = mild drought; -2.0 to -3.0 = moderate drought; -3.0 to -

4.0 = severe drought; and greater than - 4.0 = extreme drought. Similar adjectives are 

attached to positive values indicative of wet spells.  

The PDSI for the state of Montana was obtained from the NOAA website for the 

period from 2000 through 2007. Figure 9 plots the data and demonstrates that this period 

was primarily a dry-weather period, particularly prior to mid-2005. Wet weather during 

this period was fairly brief and of small magnitude. 

2.3.7 Water Quality 

Water quality data for EPOF wells was obtained from the USGS and Pioneer 

Natural Resources (PNR).  Data sets from both sources were compiled and are discussed in 

this section.  

Water quality data include more than 1,800 water samples from roughly 170 wells 

located within or near the EPOF.  Analytes in the data set include chloride for all samples; 

total dissolved solids (TDS); sulfate, alkalinity, and major cations including sodium, 

potassium, calcium, and magnesium.  Many samples were field tested for specific 

conductance, temperature, and pH. Compiled data contain duplicate sampling events and 

duplicate entries.  Some records did not contain sampling dates and were not included in 

the compiled data set. 

Many wells have water quality data spanning more than 15 sampling events. 

However, the chronology of sampling events is not consistent; some wells have been 

sampled quarterly and others have only been sampled irregularly. The spatial extent of the 
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monitoring network varies by year. These inconsistencies in data make it difficult to 

adequately characterize the mobility of any contaminant plume. 

Of the annual data, the year 2003 has the most comprehensive sampling network.  

Chloride concentrations from sampling events in late 2003 were used to develop a chloride 

concentration contour map (Figure 10) using quantile kriging (e.g., Reed, Ellsworth and 

Minsker, 2004). This map and others summarizing the extent of contamination in EPOF 

area (e.g., Thamke and Craigg, 1997; Daniel B. Stephens and Assoc., 2007) suggest the 

possibility of 3 to 4 potential source regions. 

The same method was used for 2007 data, using data collected during a spring 2007 

sampling. The 2007 data set suggests that the 250 mg/L contour has extended south since 

2003.  Changes in the chloride distribution toward the north of the site may not be 

adequately characterized due to the low density of samples collected.    

Uncertainty in the southern extent of the plume in 2007 arise from changes in 

sampling locations.  Figure 10 shows well locations that were sampled in late 2003 and in 

spring 2007.  Several wells with chloride concentrations close to 250 mg/L in 2003 were 

not sampled in 2007; one well in particular, LAW-M05, was not sampled.  The 

concentrations of chloride in this well were below the 250 mg/L MCL in 2003, but the 

chloride concentration shows an increasing trend.  The inclusion of more current data from 

LAW-M05 and others may shift the location of the 2007 250 mg/L chloride contour.  

2.3.8  Distributed Recharge 

For the appropriate conditions, recharge from precipitation infiltrating through the 

vadose zone can be a significant component of the overall water budget. One way to 

estimate recharge is the chloride mass-balance method for drainage. This method is more 

accurate at low drainage rates (Scanlon et al., 2002), and should therefore be a reasonable 

way to obtain initial, lower-bound estimates for the EPOF site. Profiles of chloride data 

provided by the USGS (R. Healy, personal communication, 2007) were evaluated to gain 

insight into whether distributed recharge is a significant component of the water budget. 

Using the mass balance approach, chloride concentration with depth can provide an 

indication of flux through the vadose zone, and an estimate of recharge arriving at the 
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water table. This section examines five profiles collected by the USGS (Figure 11) 

providing observations of moisture, nitrogen (N) and chloride (Cl) with depth. 

An initial assessment of the five profiles in Figure 11 suggests that a simple mass 

balance approach may not be applicable to most of the locations. Two of the wells, 

USGS06-9 and USGS92-6 (Figure 10) appear to be significantly influenced by a relatively 

shallow water table; they are both located close to the Poplar river. The well USGS93-3, 

close to the Biere well field, appears to have a large impact from chloride sources other 

than atmospheric deposition. The chloride profile from M-30 suggests either a water table 

influence, but the water table at that location is about 100 feet below the tail of the chloride 

profile, or paleoclimate changes (Scanlon et al., 2002). In either case the profile requires 

additional interpretation. The remaining location, USGS93-4, has a bulge similar to M-30, 

but far less pronounced, making it more amenable to interpreting an unsaturated-zone 

concentration (Cuz) of about 80 mg/L. Based on observation from the National 

Atmospheric Deposition Program, National Trends Network site MT96, a typical chloride 

precipitation concentration of 0.05 mg/L was used. These two values are used in equation 

(8) from Scanlon et al.’s equation 3 (2002), 
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along with a precipitation rate (P) of 10 inches per year. The result is an estimated drainage 

(recharge) rate of 6.25E-03 inches/year, about 0.06 percent of the annual precipitation. 

While there is considerable uncertainty in this estimate, for example it would still be 

reasonable to use P = 15 inches/year, the approach tends to reinforce the expectation that 

very little distributed recharge reaches the water table.  

The USGS also provided nitrogen-profile data (R. Healy, personal communication, 

2007) for the same locations as the chloride data. Observations from the National 

Atmospheric Deposition Program, National Trends Network site MT96 indicate a typical 
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nitrate concentration of 1.0 mg/L, or 0.225 mg/L of nitrogen based on the atomic ratio 

mass ratio of 14/62 for nitrogen versus nitrate. Repeating the distributed-recharge analysis 

using nitrogen data from the same location, USGS93-4, indicates a recharge rate of about 

0.0173 inches/year, about 2 – 3 times greater than the chloride estimate, but of a similar 

magnitude. If analyzed, the locations where the chloride observations were not used 

(USGS06-9, USGS92-6, USGS93-3 and M-30) would predict recharge ranging from about 

0.02 to 1.0 inches/year. This range is not taken as an indication of the recharge rate, but as 

an indication that the application of the method requires additional screening and 

evaluation of the nitrogen data prior to any interpretation of the results. 
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3.0 HYDROGEOLOGIC FRAMEWORK 

Thamke and Craigg (1997), based on a comprehensive review of hydrogeologic, 

geologic, and lithologic literature and data, identified several major units as controlling 

subsurface hydrology: river alluvium (Qal), alluvium/fan colluvium (Qac) typically 

adjacent to the river alluvium, Wiota Gravel (Qw) buried beneath much of the glacial till, 

and the underlying, impermeable Bearpaw Shale (Kb). The units were identified based on 

surface geomorphic expression, and lithology reported in well logs. 

The Wiota Gravel, alluvium, and fan alluvium/colluvium are the primary units 

capable of producing water, and provide the greatest potential for contaminant migration in 

the EPOF. Though the Wiota Gravel, Sprole Silt, and glacial till are all referred to as 

"glacial deposits", contrasts in conductivity separate them significantly (Thamke and 

Craigg, 1997).  

Permeability of the Bearpaw Shale limits flow or transport from penetrating to any 

significant extent. For the Wiota Gravel, thickness and extent are the main factors limiting 

flow and transport potential, especially since the Wiota Gravel is absent in several areas. In 

the river valleys the alluvium and fan alluvium/colluvium appear to be more contiguous in 

their distribution, but there is very limited information regarding the spatial distribution 

and connectivity of the higher conductivity lenses that probably dominate flow and 

transport in these units. Information from various USGS reports is summarized below, 

providing details for each of the units. 

3.1 Bearpaw Shale  

The Upper Cretaceous Bearpaw Shale (of the Montana Group) conformably 

overlies the Judith River Formation. The Bearpaw Shale consists mainly of dark-gray 

marine shale and claystone. Minor fractures are present in the upper, eroded surface of the 

Bearpaw Shale. The approximate subsurface altitude of the top of the Bearpaw Shale is 

shown in Figure 12, based on (1) well log data indicating the top of the Bearpaw Shale, (2) 

well log data indicating the absence of Bearpaw Shale to the depth of the well, thereby 

constraining the top of the Bearpaw Shale below that elevation, and (3) Bearpaw Shale 

outcrop locations. Interpretation of the contours and trends depicted in Figure 12 is limited 

to locations in the vicinity of the Figure 12 well locations. The Bearpaw Shale east of the 
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Poplar River appears to slope gently towards the west; the apparent trough beneath the 

Poplar River valley probably represents stream erosion concurrent with deposition of 

alluvium, rather than a geologic structure (Thamke and Craigg, 1997). The Bearpaw Shale 

crops out along low hills west of the Poplar River. Quaternary deposits unconformably 

directly overlie the Bearpaw Shale. On the basis of lithologic descriptions from USGS, the 

depth to the top of the Bearpaw Shale in the study area has a range of about 22 to 55 ft 

(USGS92-14 and USGS82-11, respectively) beneath alluvial deposits of the Poplar River 

valley, and about 56 to 99 ft (USGS93-3 and USGS93-5, respectively) beneath glacial 

deposits east of the river (Levings, 1984, table 3; Thamke et al., 1996, table 3). 

3.2 Wiota Gravel 

Pleistocene Wiota Gravel consists of unconsolidated deposits of clay, silt, and 

quartzitic sand and gravel. Thickness varies considerably between the wells with logs that 

identified Wiota Gravel, or simply a coarse gravel, overlying the Bearpaw Shale. The 

Wiota Gravel is the result of fluvial action, and its distribution therefore often reflects 

typical channel geometry and variability: coarser, thicker deposits that taper transversely to 

finer and thinner deposits. Figure 13 shows an estimate of the Wiota Gravel thickness 

based on well-log information. 

One of the key features of the thickness maps are areas of thinning, which produce 

large hydraulic gradients and limit the potential for contaminant migration. Lithologic data 

indicate areas where the Wiota Gravel is very thin or missing. Wells with logs indicating 

little or no Wiota Gravel include (see Figure 1b): USGS92-12 with no reported gravel 

(Thamke et al., 1996); LAW-M02 with 1 foot of gravel/sand (Land and Water Consulting 

Inc., 2003); less than three feet of gravel with sand in PNR-7 (CH2MHILL, 2000); no 

gravel in PNR-16 (GWIC database); and PNR-35-07 having at most a few feet of poorly 

graded sand but no gravel (HKM Engineering, 2007b). Unfortunately, interpolation of the 

Wiota Gravel thickness does a poor job of delineating the area where the Wiota Gravel is 

thin or missing. The thinning area appears to be a relatively narrow, elongate band and the 

well log information is limited. Interpolation, without imposing constraining points to 

outline the area of thinning, creates a surface that reflects the adjacent locations with 

significant thickness. As a result, the interpolated Wiota-Gravel thickness in Figure 13, 
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while providing a good representation of the general variability of the Wiota-Gravel 

thickness, only recreates portions of the thinning zone. 

Slug tests from wells USGS92-12, MOC-20A, PNR-16 and PNR-8 (HKM 

Engineering, 2007a), with hydraulic conductivity values ranging from 0.004 to 0.02 

feet/day, support the well logs, confirming areas with very low capacity for transmitting 

water. A careful examination of water level observations, contaminant distribution, 

qualitative interpretation of the recent Electromagnetic (EM) surveys (Condor Consulting 

Inc, 2007), and the literature on the processes associated with the geology suggest a rather 

continuous, low permeability band where the Wiota Gravels are not present. This low-

permeability band separates the Wiota Gravel east of the Poplar River into two areas which 

are referred to as the lower and upper Wiota Gravel terraces, for the portions west and east 

of the low-permeability band, respectively. 

The conceptual model associated with the low permeability band is based on work 

by Donovan (1988), which describes the Wiota Gravel terraces associated with the 

preglacial Missouri River channel. The lack of continuity between terraces is supported by 

water level observations, and in many locations the terraces are topographically expressed 

due to a relatively thin (< 50 feet) glacial cover (Donovan, 1988). 

A few miles away, in the Poplar Valley, the litholigic data identifies specific 

locations where there is no Wiota Gravel, despite relatively extensive presence in the area. 

These isolated locations are connected and extended to create a low conductivity band, 

characterized by the absence of Wiota Gravel, between the lower and upper Wiota Gravel 

terraces. The presence of a line of abrupt water-level change, stretching from the vicinity 

of Slims Coulee, south almost to the Missouri River Valley, provides the basis for the 

contiguous low conductivity band. Water quality measurements support the conceptual 

model of a fairly continuous band without Wiota Gravel, but also provide indications of 

spatially limited connections between the upper and lower terraces of the Wiota Gravel. 

These areas of connection across the band are qualitatively supported by EM surveys, e.g., 

line L10270 (Condor Consulting Inc, 2007), which suggest isolated locations in the 

vicinity of PNR-28 (Figure 1b) where the impacted water has moved through the low 

permeability band. Recently installed recovery wells, e.g., PNR-RW-6 through -8 (HKM 
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Engineering, 2007b) support the EM survey data and the concept of potential connection 

between the upper and lower Wiota Gravel terraces in the vicinity of PNR-28. 

3.3 Sprole Silt and Glacial Till 

Pleistocene Sprole Silt overlies the Wiota Gravel and consists of poorly bedded to 

massive deposits of silt. Pleistocene glacial till is a complex, unstratified, and 

heterogeneous combination of clay, silt, sand, gravel, and boulders deposited by glaciers. 

Within the EPOF, till is present mainly beneath the topographic bench east of the Poplar 

River (Thamke and Craigg, 1997). 

3.4 Fan Alluvium and Colluvium 

Pleistocene and Holocene fan alluvium and colluvium underlie flood plains and 

consists of slope-wash deposits derived from topographically higher deposits; 

lithologically the slope-wash deposits are similar to Holocene alluvium. These deposits are 

not vertically extensive; Colton (1963a,b) reported that the maximum thickness is 20 feet. 

Laterally, however, these deposits can be more than 1 mile wide, although the average 

width is much smaller (Thamke and Craigg, 1997). 

3.5 Alluvium 

Holocene alluvium consists of stream-deposited clay, silt, sand, and gravel. The 

sand and gravel deposits typically occur as lenses of varying thickness. The detailed 

lithologic descriptions for 19 USGS monitoring wells completed in alluvium along the 

Poplar River (Thamke et al., 1996, table 3) provide some of the best insights into the 

alluvium composition in the Poplar River Valley. Considering the spatial and material 

property overlaps, Pleistocene and Holocene fan alluvium and colluvium and Holocene 

alluvium will simply be treated as undifferentiated and referred to as "alluvium." 

In addition to the alluvium along the Poplar river valley, alluvium associated with 

tributaries has the potential for providing recharge to the aquifer system. Observations of 

groundwater discharge, such as seeps and springs, have been associated with the inflow 

from tributary alluvium (Levings, 1984, p. 10). 
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4.0 SURFACE WATER / GROUNDWATER INTERACTION 

Review of the geologic and hydrogeologic conditions and water quality data 

indicates that within the EPOF area there is hydraulic communication between the shallow 

aquifer and the Poplar River.  Thus, contamination in the aquifer has the potential to 

impact stream water quality; at the same time aquifer water quality may be improved by 

the influx of surface water to the groundwater.  However, the timing and magnitude of 

surface/groundwater interaction is uncertain.  In general, it is worth considering the 

potential impacts of groundwater on stream water quality. 

A groundwater model that carefully incorporates surface water/groundwater 

interactions can provide a tool to better evaluate potential impacts to surface water quality. 

The development of a groundwater model that can reasonably simulate surface 

water/groundwater interactions requires detailed and spatially distributed information on 

surface water flows, land surface elevation, river cross-sectional elevations, and 

contaminant distributions.  Largely, these data already exist for the Poplar River in the area 

of the EPOF. The primary issue is their resolution and accuracy: whether the information 

contains sufficient detail to resolve the subtle interactions between stream and aquifer. 

The seepage data set of Thamke and Craigg (1997) provides some of the best 

available observations of surface water/groundwater interaction. The observations indicate 

a fair amount of surface water/groundwater interaction and mass transfer, with the greatest 

loading rates associated with the more typical lower flows. Variability in surface 

water/ground water interaction, especially in terms of loading, is most likely limited to 

periods during and immediately following higher flow events, e.g., > 500 cfs, when the 

stage has increased multiple feet or is receding from a multiple-foot increase, and a large 

portion of seepage into the river is comprised of bank storage from the recent high flow. 

Under these conditions calculated values of CGW (Equation 2a) would be much lower 

reflecting the high-flow induced flux of surface water into the stream banks draining back 

into the river as flows recede. While these events provide important insight into the 

dynamics of the surface water/groundwater interaction, they are of limited frequency and 

duration: 0 – 2 times/year and lasting about 1 month, based on 2003 – 2007 data (Figure 

4). Such high flow events probably create temporary reductions in groundwater loading of 

chloride to the stream, but considering their duration and frequency are assumed to have 
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limited impact on the long term process of transport from source areas to the Poplar PWS 

wells. 

For the Phase II objectives, the surface water/groundwater interaction is focused on 

the long-term average interaction in order to simulate the potential for chloride to travel 

long distances by advective transport. Shorter-term simulations, focused on the surface 

water/groundwater interaction may improve the understanding of the potential for bank 

storage and seasonal effects, but will require additional data, with both temporal and 

spatial refinements, to constrain their calibration. 
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5.0 GROUNDWATER BUDGET ELEMENTS 

This section describes elements of a qualitative groundwater budget for the EPOF. 

Identification of groundwater inflows and outflows is used in developing boundary 

conditions and fluxes at natural extents of the shallow aquifer system in the EPOF area. 

Even a relatively simplistic evaluation can be helpful for understanding fluxes in the 

system, since without flux estimates, flow calibration must rely entirely on head 

observations and prior information. Using only head observations can result in perfect 

correlation between system parameters, so that there is no unique set of parameter values 

providing a best fit between simulated and observed values. To develop a water budget, 

significant inflows (recharge), outflows (discharge), and changes in storage need to be 

identified. 

Four boundaries are considered in developing a qualitative groundwater budget for 

the EPOF: 

1. NORTH. Flux through the river alluvium from the North, adjacent to the 
confluence of the Poplar River and Slims Coulee.  

2. EAST. Flux through the Wiota Gravel from the north and east as part of a 
regional flow pattern from the eastern portion of Slims Coulee and the Lake 
Creek Terrace area. The surface of the Bearpaw Shale, and water levels just 
west of the topographic divide suggest flux from the northeast. Regardless 
of the exact nature, the eastern boundary requires at least some flux 
capability in order to produce the observed heads. 

3. WEST. The extent of the alluvium to the west, as it encounters Bearpaw 
Shale outcrops, constitutes the western boundary. This boundary is no-flow 
except for a number of locations where tributaries to the Poplar, and their 
associated alluvium, provide flux into the aquifer. 

4. SOUTH. Flux across boundaries in the south is associated with the Missouri 
River. To the west and east are boundaries providing and removing, 
respectively, water from the Missouri River Valley Alluvium. On the 
southern boundary is a combination of the Missouri River itself, acting as a 
spatially varying source/sink, and the fluxes representing any flow 
transverse to the general valley gradient.  

Review of the limited well-hydrograph data available suggests that, on a multi-

annual scale, changes in groundwater storage can be neglected for a groundwater budget 

analysis, as water levels have not trended significantly.   
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The potential recharge components of the groundwater budget are: 

• Infiltration from precipitation, 
• Seepage from streams, 
• Lateral subsurface inflow from adjacent hydrogeologic units. 

The potential discharge components of the groundwater budget are:  

• Evaporation and transpiration, 
• Withdrawals from wells, 
• Leakage to streams, 
• Subsurface outflow to adjacent hydrogeologic units. 

A preliminary assessment of each of these components is discussed below.  

5.1 Inflow to Groundwater 

5.1.1 Infiltration 

Chloride profile information from the USGS (R. Healy, personal communication to 

J. Thamke, 2007) provides some insight into the amount of recharge from precipitation. 

The preliminary assessment, summarized in Section 2.3.8, suggests that infiltration from 

distributed recharge is a small fraction of the water budget. Based on the initial estimates 

using chloride mass balance, infiltration may account for less than 1% of the total water 

budget. However, this estimate has considerable uncertainty and general conditions at the 

site suggest that the actual value is less: 1% can be considered as an upper limit to the 

range of potential infiltration. 

5.1.2 Stream Losses 

The Poplar River loses and gains water to the alluvium across the EPOF.  However, 

the losses and gains are not extremely large and the limited data make it difficult to 

quantify. Gains and losses from the river appear to vary spatially. Reach by reach 

assessments (e.g., Thamke and Craigg, 1997) provide some information, but need to be 

interpreted in terms of the potential transient nature of the system. Spatial variability, even 

at a scale below the length of the reaches designated for observation by Thamke and 

Craigg (1997), may complicate the interpretation. For example, Levings (1984) observed a 

seepage face discharging water to the river over a reach that had a net loss. This reflects the 

potential for local variability and the potential for gains and losses within one reach, and 

even from one riverbank versus the opposite riverbank.  
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Despite uncertainties and variability, observations such as those by Thamke and 

Craigg (1997) provide important insight into seepage magnitudes. Observations collected 

during lower, steady flows indicate a small but significant amount of interaction between 

the aquifer and river, on the order of 0.1 to 0.2 cfs/mile.  

5.1.3 Subsurface Inflow 

The primary potential sources of subsurface inflow to the EPOF are (1) inflow 

through the alluvium from the north, (2) flow through tributary alluvium from the west, (3) 

flow through the Wiota Gravel from the northeast, and (4) the Missouri River and Valley 

Alluvium. The most significant inflow probably occurs from the north and northeast; 

however, seepage-face and water-level observations suggest that some flow does occur 

from the tributary boundaries. 

5.2 Groundwater Outflow 

5.2.1 Evaporation and transpiration 

The National Wetlands Inventory GIS datasets for the EPOF indicate roughly 160 

acres of riverine wetlands along the Poplar River. Using a rough estimate of 2 feet of 

evapotranspiration per year and 160 acres of wetlands produces an estimate of 320 acre-

feet per year, or a budget of about 0.5 cfs for the wetlands habitat. GIS land-cover datasets 

may also be useful in refining the total riparian areas, but would require evaluating water 

availability, whereas designated wetlands can be assumed to receive sufficient water to 

meet demand. While these values are all approximate, the estimate provides a rough 

indication and gives perspective on the amount of water used by the river wetlands.  

Limited riparian habitat is also evident in some areas where erosional features 

apparently intersect or come close to the water table. Fluxes associated with these areas are 

not quantified, but total outflow could probably be estimated based on area and a typical 

riparian demand for the area. This quantity is expected to be relatively small and will not 

be evaluated unless it appears necessary to explain the potentiometric surface.  

5.2.2 Withdrawal from Wells 

The lack of irrigation practices in the area of the EPOF limits water pumping to a 

few domestic wells in the area and the Poplar PWS wells. The limited number of domestic 
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wells are not considered: it is assumed that their total output is not significant with respect 

to the water budget. The Poplar PWS wells are incorporated explicitly into the model. 

5.2.3 Stream Gains  

Although there appears to be significant stream aquifer interaction, inflow-outflow 

analysis of flows on the Poplar River in 1981 (Levings, 1984) and 1991 (Thamke and 

Craigg, 1997) does not indicate substantial net gains. The water quality data indicates that 

there must be at least some gains and losses, even if the net is virtually zero.  In general, 

stream gains are expected to be similar in quantity to stream losses, and the discussion on 

losses is similarly applicable to gains. 

5.2.4 Subsurface Outflow 

Subsurface outflow through the Missouri River Valley Alluvium can only be 

estimated roughly, primarily due to the lack of data regarding transmissivity and gradients. 

The local trend in river gradient provides a general indication of the area, and could be 

combined with estimates of cross section and hydraulic conductivity to come up with a 

flux estimate. However, given the uncertainty in these components, any flux estimates 

developed would be only approximate, and may be considered more qualitative than 

quantitative.  
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6.0 GROUNDWATER FLOW MODEL 

A groundwater flow model was created to represent subsurface flow in the vicinity 

of Poplar and the EPOF. The flow model provides groundwater velocity vectors for 

determining advective transport from the 250 mg/L chloride concentration contour. The 

focus of this investigation was evaluating the route and timing of chloride moving from the 

location of the 250 mg/L concentration contour. Movement due to density contrasts was 

not simulated since it is reasonable to assume that density-induced transport for chloride 

concentrations ≤ 250 mg/L is insignificant compared to advective transport. Simulation of 

high concentration chloride plumes, associated with source areas, may require the use of 

software that accounts for density-induced transport, e.g., SEAWAT (Langevin et al., 

2003). However, trial two-dimensional SEAWAT simulations using geometry, brine 

density, and hydraulic gradients similar to typical conditions at the EPOF suggest that even 

at the higher brine-concentration densities, density-induced movement is a relatively minor 

component of the overall potential for contaminant migration. 

This section provides details of the groundwater flow model development. 

6.1 Model Code 

Simulations were performed using version 1.18 of MODFLOW2000 (Harbaugh et 

al., 2000). 

6.2 Simulation Type 

All flow simulations were steady-state. Flow is simulated as steady-state for a 

variety of reasons including, (1) limited periods over which time-series data are available, 

(2) limited observations to constrain seasonality, and (3) the considerable period of 

transport time required to simulate particle movement to the Poplar supply wells during 

which any seasonal variations would be smoothed out. Stresses representing the typical, 

long-term average seepage are more amenable to the spatial and temporal scales of the 

current model. Median seepage values in Figure 6b are the kind of seepages that the Phase 

II model attempts to simulate. The advective-transport simulations use the steady state 

flow field to simulate movement of particles from the 250 mg/L chloride concentration 

contour. 
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6.3 Model Structure 

The transmissive portions of the glacial and alluvial deposits are conducive to a 

single layer model. Flow through the alluvium, alluvium/colluvium and Wiota Gravel are 

represented within a single contiguous layer, with areas of lower permeability incorporated 

to represent the discontinuity between the laterally adjacent upper and lower Wiota Gravel 

terraces. 

6.3.1 Model Grid 

The model grid is composed of a single layer of 399 rows and 160 columns with 

cell sizes equal to 200 by 200 feet (Figure 14). Limited material thickness and the 

predominance of lateral changes make a single-layer model well suited to this site. The 

model grid is rotated so the principal flow is aligned with the general direction of the 

Poplar River Valley. The lower left corner of the model grid is located at 480,735.37 

meters Northing, 5,327,127.02 meters Easting (UTM, Zone 13N, NAD83). The grid is 

rotated 337 degrees counter clockwise from the positive x-coordinate direction (23 degrees 

clockwise of North). 

6.3.2 Model Layer Delineation 

The model layer is designated as fixed transmissivity: the simulation uses a fixed 

saturated thickness. This is appropriate for the steady-state simulation of the Poplar area, 

where typical water level fluctuations are on the order of one foot or less.  

6.3.2.1 Delineation of Bedrock Surface 

The Bearpaw Shale delineates the bottom of the model structure. Comparison of 

the Bearpaw surface provided in the Phase 1 report with land surface elevations identified 

the need for adjustment along the western edge of the Poplar River Valley. The lack of 

lithologic logs along the western extent of the Poplar River Valley alluvium and fan 

alluvium/colluvium results in an interpolated surface between locations in the central or 

eastern portions of the Poplar River Valley, and the Bearpaw Shale outcrop locations 

occurring beyond the western extent of the Poplar River Valley. A series of control points 

along the western edge of the Poplar River Valley were added to the set of Bearpaw  Shale 

elevations, so that the interpolated Bearpaw Shale elevations remain below the land surface 

within the Poplar River Valley. 
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6.3.2.2 Layer Thickness 

During initial model fabrication, thickness was based on (1) interpolated thickness 

of the Wiota Gravel and (2) depth from the land surface to the Bearpaw Shale for the 

alluvium and fan alluvium/colluvium. The Wiota Gravel ranged from virtually zero up to 

about 50 feet thick, with a typical value of about 20 feet. Alluvium and fan 

alluvium/collovium thicknesses ranged from about 20 to 130 feet, with the larger 

thicknesses occurring in the Missouri River Valley. After initial calibration, water levels in 

the alluvium and fan alluvium/colluvium replaced the land surface as the top elevation, 

improving the accuracy of the saturated-thickness representation. A second iteration of this 

process was performed as the model-calibration process approached completion to insure 

that the model-layer thickness was a close approximation of the simulated saturated 

thickness. 

The transmissive sand and gravel portions of the alluvium and fan 

alluvium/colluvium are not explicitly represented. Limited data and spatial variability 

precludes their explicit representation so they are represented using the full saturated 

thickness of the layer: from the approximate water table down to the top of the Bearpaw 

Shale. As a result, values of calibrated hydraulic conductivity for the alluvium and fan 

alluvium/colluvium do not represent a parameterization of the sand and/or gravel lenses 

within the alluvium and fan alluvium/colluvium. Rather, they provide a value of effective 

hydraulic conductivity based on the saturated thickness. 

6.4 Hydraulic Properties 

Information from the aquifer tests summarized in Section 2.3.3 are incorporated 

into the model. The test results provide initial values for the simulations. These values 

were adjusted through both manual and automated calibration.  

6.4.1 Hydraulic Conductivity Zones 

Hydraulic conductivity zones are based on the site geology. A total of 5 zones are 

used: Qac, Qal, Qwa, Qwb and Qw0 (Figure 15). Delineation of Qac and Qal are based on 

the GIS surface geology coverages from the MBMG. The Wiota Gravel, to the east of the 

Poplar River Qac/Qal, and north of the Missouri River Qac/Qal, is divided into two zones: 

Qwa and Qwb for the lower and upper Wiota Gravel terraces, respectively. The Qw0 zone is 
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used to separate Qwa and Qwb, and was originally conceived based on well logs indicating 

minimal or no Qw. The extent of the Qw0 was developed through a process of examining 

water levels, concentration contours, and consideration of the processes shaping the 

geology. The result is the narrow Qw0 band running essentially in a north-south direction. 

Some well logs, as discussed in Section 3.2, do provide direct support for this band. In 

most areas however, the zone is constrained to the extent that there is data available. For 

example, in areas of sparse water level information the position of the band is less certain. 

Nonetheless, the current location does account for observed water levels, concentration 

distribution, and the potential surface expression of the transition where the Wiota Gravel 

is absent or has a limited presence. Prior work (e.g. Donovan, 1988; Land and Water 

Consulting, 2005; D. B. Stephens and Assoc., 2007) has also indicated the potential 

absence of Qw at the transition between terraces, providing further support to the general 

conceptualization of the Qw0 zone. 

6.4.2 Hydraulic Conductivity  

Hydraulic conductivity values were assigned to each of the 5 zones discussed 

above using pilot points. Initial pilot point values within each zone are uniform, based on 

aquifer test results, resulting in an initially uniform distribution of hydraulic conductivity 

within each zone. Prior to each simulation the pilot point hydraulic conductivity values are 

kriged providing, within each zone, a continuous distribution of hydraulic conductivity 

values. Values at each pilot point are adjusted during the parameter estimation process in 

order to improve the fit between observed and simulated values. 

Zones were created to represent the different regions of hydraulic conductivity: 

river alluvium (Qal), fan alluvium/colluvium (Qac), Wiota Gravel on the lower (Qwa) and 

upper (Qwb) terraces described in Section 3.2, and a zone delineating the band (Qw0) 

separating the Wiota Gravel between the upper and lower terraces (Figure 15). Figure 16 

shows the locations of the pilot points. The PEST utilities PPK2FAC and FAC2REAL 

were used to create the necessary kriging factors, and then interpolate the values of 

hydraulic conductivity, respectively. Values of hydraulic conductivity in each zone are 

interpolated independently: the values in adjacent zones do not influence each other. This 

is important for two reasons, (1) zonation reduces the need for a large number of pilot 

points at abrupt changes, and (2) the different zones allow different representations of the 
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physical system.  Without zonation, the transition between materials, such as from river 

alluvium to Wiota Gravel, would be far less distinct, or require a very large number of 

pilot points. Prior information, consisting of the lateral delineation of alluvium, constrains 

the model and is efficiently incorporated using zones. Finally, the different approaches to 

representing hydraulic conductivity, explicitly for Qw versus bulk thickness for Qac/Qal 

(see discussion in Section 6.4.1), are best characterized with separate zones rather than a 

single interpolated region. 

Hydraulic conductivities based on values discussed in Section 2.3.3 were assigned 

as initial values to the pilot points creating zones of uniform hydraulic conductivity. 

Uniform initial values assigned to each zone were 50, 100, 200, 1.0 and 200 feet/day for 

zones Qac, Qal, Qwa, Qw0 and Qwb, respectively. 

6.4.3 Storage Terms 

The Poplar model in its current configuration is a steady state model and does not 

require a storage term; storage terms will be required for any future transient simulations. 

Available storage data are discussed in Section 2.3.3. 

6.4.4 Effective Porosity 

MODFLOW performs particle tracking through the ADV2 package (Anderman and 

Hill, 2001), using effective porosity to determine seepage velocity from specific discharge. 

The model is set up to allow adjustment of effective porosity on a by-zone basis if there is 

sufficient information. 

6.4.4.1 Effective Porosity From Prior Work 

Prior efforts assessing seepage velocity or simulating transport (e.g., Land & Water 

Consulting, 2003; Daniel B. Stephens & Associates, 2007) have used a porosity value of 

0.25. This value probably reflects the grain size distribution and qualities of the Wiota 

Gravel. Concentration observations suggest that effective porosity, the porosity available 

for transport, is significantly smaller than 0.25. The following section examines 

concentration observations in an effort to determine if the value of 0.25 can reproduce the 

observed trend in concentrations at several locations. 
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6.4.4.2 Observation-Based Effective Porosity 

In general, it is difficult to develop an accurate assessment of velocity due to the 

uncertainty associated with the characterization of impacted-water sources and travel 

direction. However, there are a few locations where, making some simplifying 

assumptions and limiting the transport directions, it is possible to make inferences about 

transport velocity. One of the best examples uses wells M-36 and M-71 (Figure 10), 

assuming essentially straight-line travel between the two wells. As a hypothetical source, 

M-36 reaches a concentration of 250 mg/L chloride about 47 months before M-71 

implying a transport rate, over the 6,400 feet separating the two wells, of about 4.5 

feet/day. This approach assumes that advection dominates dispersion as the primary 

mechanism for transporting chloride. 

Initial evaluation of the chloride concentration contours in Figure 10, especially the 

250 mg/L contour, might seem to suggest that the concentration front is moving in a 

southeast direction from M-36, as opposed to a southwestern direction from M-36 to M-71. 

However, the Figure 10 contours provide information based on just two sampling events. 

Additional future sampling, especially at locations southeast of the 250 mg/L concentration 

may help to determine the actual plume-migration direction. Chloride concentrations 

timing at the two wells, and the steeper concentration gradients in the vicinity of M-36, 

suggest that a southwestern travel direction is a reasonable assumption. In other words, the 

250 mg/L chloride concentration contour that runs roughly from M-36 to M-71 represents 

the southeastern side of a plume moving in a generally southwestern direction.  

The interpreted seepage velocity of 4.5 feet/day can be used to improve the model 

parameterization. Using Darcy’s law, a seepage velocity of 4.5 feet/day, hydraulic 

conductivity of 150 feet/day and effective porosity of 0.25, requires a gradient of about 

0.008. A gradient of 0.008 requires a head difference of about 45 feet between wells M-36 

and M-71 (Figure 1b), however, the observed head difference is an order of magnitude 

smaller. Achieving the estimated 4.5 feet/day seepage velocity using the observed head 

difference requires considerable adjustment to the hydraulic conductivity and/or effective 

porosity. Hydraulic conductivity needs to increase by an order of magnitude, to 1500 

feet/day, or effective porosity needs to be about 0.013. Both the hydraulic conductivity and 

effective porosity inferred by the estimated velocity of 4.5 feet/day are considerably 
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different than values typically associated with the site. However, site hydraulic 

conductivity values are based on aquifer tests demonstrating values more in the range of 

150 to 300 feet/day, while there is little, if any, information constraining the effective 

porosity. 

The Land & Water Consulting (2003) report evaluated travel between another pair 

of wells, M-31 and M-60 (Figure 1b), at a rate of about 1.8 feet/day. However, the current 

conceptualization of structure at the site makes a straight-line travel between these two 

wells unlikely. Evaluation between M-31 and M-60 requires an assumed travel path, first 

through about 3000 feet of Wiota Gravel, then about 500 feet of the Qw0 zone, and finally 

through roughly 3000 feet of Wiota Gravel. Assuming a Wiota Gravel hydraulic 

conductivity of 150 feet/day, and 1.0 feet/day in the Qw0 zone, it is possible to calculate 

the effective conductivity using a harmonic mean (Freeze and Cherry, 1979), and obtain a 

Qw0 hydraulic conductivity of 0.2 to 3.0 for effective porosities of 0.025 and 0.25, 

respectively. Unfortunately, neither parameter combination can be ruled out based on prior 

information of the site. In this case, the harmonic-mean calculation for an effective 

hydraulic conductivity lumps material properties and tends to mask the cause and effect. 

As a result, the range of inferred hydraulic conductivity values is smaller and neither value 

of porosity can be ruled out. 

Similar analysis may be possible elsewhere, although uncertainty in travel direction 

and source locations becomes more of an issue at most other locations. A similar order of 

magnitude seepage velocity, 7.3 feet/day, is obtained comparing the LAW-M03 and LAW-

M04 wells (Figure 1b and 10). Even if there is considerable error in assuming that the front 

is traveling along the vector direction from LAW-M03 to LAW-M04, if the actual front 

propagation is at a 45-degree angle to the direction between LAW-M03 and LAW-M04, 

the inferred velocity is still 5.1 feet/day. This range of seepage velocities suggests effective 

porosities of 0.0255 to 0.036 for the typical head difference of 3.7 feet and a separation of 

about 2,990 feet. Using an upper end of the observed range of hydraulic conductivity, 400 

feet/day, still suggests effective porosities in the range of 0.068 - 0.096. 

The above calculations have uncertainty associated with many aspects, but 

nonetheless imply that concentrations are moving faster than possible for the combination 

of (1) observed gradients, (2) measured hydraulic conductivities, and (3) estimated 
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effective porosity. Since available information constrains observed gradients and hydraulic 

conductivity, it is reasonable to adjust effective porosity to reproduce the estimated 

transport rates. The uncertainty of the velocity estimate implies uncertainty in the effective 

porosity estimate, but the analysis demonstrates that a value significantly smaller than 0.25 

should be considered in order to produce the estimated transport rates.  

Based on the observations discussed, and the range of measured hydraulic 

conductivities, the observations suggest a value of effective porosity within the range of 

0.013 – 0.096. For this work, it will be assumed that the observation-based estimate of 

effective porosity is the middle of that range: 0.055. The base particle-tracking runs 

presented in Section 7 are performed using the 0.25 value from prior studies. Section 7 also 

assesses porosity sensitivity, specifically differences between 0.25 and the observation-

based values of effective porosity. 

6.4.4.3 Values in the Poplar Model  

Initial values of effective porosity were set at 0.25 uniformly across the model, 

using the same values as prior modeling efforts (Land & Water Consulting, 2003; Daniel 

B. Stephens & Associates, 2007). However, in recognition of the inferred effective porosity 

discussed in the previous section, transport times were evaluated using effective porosities 

ranging from 0.013 to 0.25, providing travel times estimates for the full range of effective 

porosities considered. 

6.5 Boundary Conditions 

Boundary conditions affecting flow in the shallow subsurface at the EPOF include 

pumping, subsurface flows, and river seepage. These boundary conditions are represented 

using a variety of MODFLOW packages as described below. 

6.5.1 Pumping 

Significant groundwater extraction within the Poplar model domain is limited to the 

Poplar Public Water Supply (PWS) Wells. A total of three wells provide water to the city 

of Poplar and some of the surrounding area. There are no records on actual pumping rates, 

however, the water treatment plant maintains records of annual water-treatment totals. The 

average of the 2003 – 2006 annual values, as summarized in the RUS Preliminary 
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Engineering Report (Interstate Engineering Inc., 2007), were used to determine an average 

rate of about 14,000 feet3/day/well. 

6.5.2 Subsurface Flow 

Potential areas of subsurface inflow and outflow are shown in Figure 14. These 

include tributaries, valley alluvium, and flow through the Wiota Gravel. Subsurface flow 

boundary conditions were represented as specified-flows using the WEL package, head 

dependent fluxes with the GHB package, or constant-head sources using the CHD 

package. 

Nine distinct areas of subsurface flow were specified using the WEL package: six 

tributaries and three additional areas associated with (1) Slims Coulee, (2) Northeast 

Boundary, and (3) Lake Creek Terrace (Figure 14). Initial simulated values of flux 

contributions from the six tributary alluvium areas were based on estimates of tributary 

drainage area, a typical value of one foot of precipitation per year, and an assumption that 

one-percent of precipitation became recharge and flowed through the tributary alluvium 

and into the Poplar model. These values were subject to adjustment during calibration. 

Initial flux values for the other three areas, in the vicinity of Slims Coulee, were set to 

zero: there was no direct evidence of significant influx from Slims Coulee and the 

Northeast Boundary, while the Lake Creek Terrace was also represented by head 

dependent boundaries. The redundant specified flux was included for the Lake Creek 

Terrace only to provide the option of specifying this critical boundary as either a head-

dependent or specified flux boundary. While values for both the Slims Coulee and 

Northeast Boundary were adjusted during calibration, the Lake Creek Terrace specified 

flux was kept at zero: Lake Creek Terrace fluxes were handled with the GHB package, as 

discussed below. 

Subsurface flows at the north end of the Poplar Valley, and the east and west 

extents of the Missouri River are represented using the CHD package. At the north end of 

the Poplar Valley water level observations provide the necessary input, while river 

elevations in the Missouri River Valley are used to estimate water levels at the east and 

west extents of the valley imposing an overall gradient on the valley that matches the 

Missouri River. 
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The remaining subsurface flow, from the Lake Creek Terrace, is represented using 

the GHB package. For the Lake Creek Terrace there was some information available to 

estimate both the typical gradient across the boundary and the boundary conductance. 

Wells monitored by the MBMG just outside the active model domain, coupled with 

estimates of Wiota-Gravel thickness and hydraulic conductivity, provided the information 

necessary for a head-dependent boundary at the Lake Creek Terrace.  

6.5.3 River 

Both the Poplar and Missouri Rivers were incorporated as head-dependent flux 

boundaries using the RIV package. Representation required providing estimates of river 

bottom elevation, stage, and conductance. The simulated river stage, relative to the 

adjacent simulated water levels, determines whether the river gains or loses water to the 

aquifer. 

6.5.3.1 Poplar River 

Poplar River bottom elevations were initially estimated from minimum USGS 

Digital Elevation Model (DEM) values within each river cell.  DEM cell values were 

extracted as points.  Each river cell was assigned the minimum point elevation within the 

cell polygon.  A correction was applied to cells that increased in downstream elevation to 

adjust for inconsistencies in the DEM dataset; minimum point values were linearly 

interpolated between target minimum cells or cells that consistently lowered in 

downstream elevation. 

Uncertainty regarding the ability of the minimum DEM elevations to provide river 

elevations prompted a second approach: locations where the 10-foot contour intersected 

the river were identified from USGS topographic maps, and the elevations interpolated 

along the river. This interpolated set of river elevations was then compared to station 

information from USGS gage 0618100, and the entire profile adjusted by a consistent 

amount so that, at the river gage location, the river profile elevation matched the surveyed 

elevation. Additional shifts in river profile were performed during calibration, but they 

were performed as uniform offsets using the topographic-map based profile. 

River stage was set based on a typical stage value from the 2003 – 2007 stream 

gage data. The stage of 1.6 feet was used, representing a typical flow of about 50 cfs.  
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6.5.3.2 Missouri River 

The river-bottom elevation at the confluence of the Poplar and Missouri River, was 

assigned the elevation of the last cell of the Poplar River. Missouri River bottom elevations 

were extrapolated upstream and downstream from this cell based on the river slope. A 1.5 

foot/mile slope was first evaluated based on estimates from Donovan (1988); however, 

comparison between the within-grid-cell average DEM land-surface elevation and river-

bottom elevations calculated from a 1.5 foot/mile slope indicated a discontinuity between 

datasets. A 1.0 foot/mile slope provided a better match to the DEM elevation trend and was 

used for the Missouri River slope.  Meandering of the Missouri River was delineated using 

USGS 1:24,000 topographic maps.  

6.6 Observations, Calibration Targets and Weighting 

This section provides details on the observations used to constrain the model 

calibration. Observations consist of groundwater levels and seepage rates from the Poplar 

River. Observations representative of typical long-term conditions were selected as 

calibration targets. The calibration targets were weighted according to the uncertainty 

associated with the observation. In many cases only the approximate magnitude of 

observation uncertainty is known but the weights still provide an estimate of uncertainty 

and serve to compensate for different units between different types of observations  

6.6.1 Water Levels 

A subset of the water level observations discussed in section 2 are incorporated into 

the PEST .PST control file, and the MODFLOW HOB head observation file (Table 1 and 

Figure 17). Water levels are selected based on whether they are reliable and appropriate. In 

most cases, water levels from a well were only considered if there were multiple 

observations. Single observations from wells were typically recorded at the time of 

installation and are not well documented. Lithologic information was also considered: well 

information was reviewed to determine if the observation was from the relevant formation. 

For example, some wells were in desirable locations, but were not screened in the Wiota 

Gravel. 

From each well with multiple observations, a typical value was selected to 

represent the steady-state water level for use in the model calibration. Table 1 lists values 
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selected to represent the water level at each well, and the model grid location of each 

observation. 

The water levels constrain the steady state simulation, but provide better 

information in some areas than others. One area with rather limited information is the 

Missouri River Valley downgradient of the town of Poplar. There are water levels in this 

area, but without sufficient density to provide good information regarding the degree of 

interaction between the Wiota Gravel and the Missouri River Valley Alluvium. Data are 

primarily available for the Wiota-Gravel side of the boundary between the Wiota Gravel 

and Missouri River Valley Alluvium; wells in the Wiota Gravel along the boundary 

indicate fairly flat gradients in the Wiota Gravel virtually to the Missouri River Valley 

Alluvium. 

Most water levels were assigned a consistent weight based on a 95% confidence 

interval of ±0.8 feet. This confidence interval reflects a variety of sources of uncertainty 

including the depth-to-water measurement, surveyed elevation of the well, survey datum 

information, and the ability of the water level in the well to reflect hydraulic head in the 

adjacent aquifer. Given the range of possible factors contributing to water level 

uncertainty, uncertainty of observations from an individual well may be considerably 

higher, but the 0.8 foot value is considered a good estimate of typical uncertainty. 

6.6.1.1 North Poplar Boundary (NPoplar) 

The typical water level from well USGS93-1 (2031.08’ AMSL) at the northern 

limits of the Poplar River Valley within the model domain provides the water level 

elevation for the boundary head of the NPoplar cells. The weight on this well was the same 

as other water level observations.  

6.6.1.2 Lake Creek Terrace Estimate 

A linear interpolation of typical water levels in wells MBMG85-15A and MOC-6 

(Figure 1b) provided a water level estimate in the vicinity of the Lake Creek Terrace 

boundary. The water level estimate was used as a calibration target and assigned to row 

132, column 121. While the estimated observation assumes a consistent head change and 

uniform hydraulic conductivity between the two wells, it avoids making any assumptions 
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regarding the hydraulic conductivity value. The weight on the estimated water level was 

the same as the directly-measured water level observations. 

Despite the limitations of using an interpolated water level, the estimated 

observation was included as a target because of the insight the residual provides for an area 

of the model where there is minimal information. As a single observation, the associated 

residual’s contribution to the objective function during calibration is expected to be 

limited. However, including the estimated observation allows the calibration to incorporate 

information from a well with one of the better water-level observation sets, MBMG85-

15A, along a model boundary that provides a significant portion of the overall water 

budget. 

6.6.1.3 Missouri River Valley Boundaries 

The Missouri River Valley west and east boundaries, MO_FP_W and MO_FP_E, 

respectively, represent water levels induced by the Missouri River gradient. Consistency 

with the river gradient indicates that flux through the west and east boundaries will 

contribute and remove water, respectively, from the model. 

6.6.2 Fluxes 

Each of the following subsections provides details on the flux observations or 

calculations associated with flux estimates. 

6.6.2.1 Poplar River Seepage  

Seepage rates observed by Thamke and Craigg (1997) are discussed in Section 5. 

The steady state simulation is not focused on providing details on any transient 

components of flux: the objective is to reproduce the long-term average interaction 

between river and aquifer, providing typical conditions for the relatively long transport 

periods involved. For this reason the very high seepage rates observed for the April 1991 

survey were discounted, and the seepage targets are based on more typical levels of 

interaction, as expressed by the median seepage rate (Figure 6b). 

Weights on the seepage observations were based on a coefficient of variation. The 

uncertainty in the observation was assumed to be about 10% of the observed value. 
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6.6.2.2 Tributary Alluvium  

Flows through tributary alluvium were used as calibration targets. Uncertainty of 

the estimated flux limited the targets to being relatively qualitative targets. Initial estimates 

of subsurface flow through tributary alluvium were based on each tributaries’ estimated 

watershed area, a typical annual rainfall rate, and a factor representing the proportion of 

precipitation that becomes recharge. Watershed area estimates were based on topography, 

and assume that the entire area contributes. This approach is reasonable considering the 

limited potential contribution to the overall water budget and other uncertainties involved 

in the estimation. Despite the uncertainties, the drainage-area estimates provide 

information on the relative contributions of the tributaries. For example, of the tributaries, 

Boxelder Creek, with its larger watershed, is expected to have the greatest subsurface-flux 

contribution to the model. 

6.6.3 Water Quality 

Water quality observations are used to position a set of particles representing the 

250 mg/L chloride concentration contour. The contour construction details are provided in 

Section 2.3.7. Particle placement approximates the location of this critical concentration, 

and provides a starting location for predictive model runs of advective transport. 

Evaluation of chloride concentration trends in the area helped to refine the 

conceptual model of impacted water movement and distribution. Three primary impact 

categories were identified: (1) Poplar River impact on aquifer water quality, (2) movement 

of impacted water, and (3) implications for effective porosity.  

The stream loading observed during September 1991 indicates surface water 

concentrations of about 185 mg/L of chloride. This may have increased significantly since 

1991; however, chloride observations in well LAW-M07, which is quite close to several 

river meanders, has only in recent years begun an upward trend. Other wells nearby, but 

further from the river (e.g., M-32 and LAW-M04), were impacted earlier than the recent 

trend in LAW-M07. The relative timing of impact on these wells, and their distance from 

the river, reinforces the concept that the river does not contribute to groundwater quality 

degradation in this area. 
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Wells PNR-9 and M-27 (Figure 1b) support the concept of impacted water flowing 

from the northeast: historic concentration increases in PNR-9 and M-27 have been leading 

the increases observed in M-32 and LAW-M04 (Figure 1b). Expanding to include 

examination of concentrations in M-36, M-38 and PNR-10 reveals potential indications of 

an additional source direction. The virtually simultaneous rise in concentrations in PNR-10 

and the M-36, M-38 (Figure 1b) wells suggests a source direction that is equidistant 

upgradient from these two locations. This suggestion coincides with observed water levels 

and the localized areas of connection between gravel terraces indicated in the EM data 

(Condor Consulting Inc, 2007), discussed in Section 3.2. 

Water quality observations suggest a transport rate through the Wiota Gravel that 

requires a smaller than previously used effective porosity value. This was discussed in 

detail in Section 6.4.4.2. 

6.6.4 Prior Information 

Prior information was incorporated to help constrain parameter estimation and 

reduce the potential for extreme parameter correlation or insensitivity plaguing parameter 

estimation attempts. Prior information consisted of constraints on, (1) hydraulic 

conductivities based on aquifer test results, (2) river conductance based on typical 

hydraulic conductivities, (3) general head boundary and horizontal flow barrier 

conductances based on expected ranges, (4) tributary valley alluvium flux based on flux 

estimates, and (5) pumping rates of the Poplar PWS wells based on the waster water 

treatment plant records.  

6.7 Calibration and Traditional Sensitivities 

The flow model was calibrated through a series of adjustments to the parameters 

listed in Tables 2 – 5. The parameters are broken down into four basic categories: river 

conductance (river reaches are listed in Table 2), conductance-based boundary groups 

(names, descriptions and calibrated values are provided in Table 3), flux-based boundary 

groups (names, descriptions and calibrated values are provided in Table 4), and hydraulic 

conductivity (pilot point IDs, zone name and calibrated value are provided in Table 5). 
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6.7.1 Hydraulic Conductivity Adjustments 

Adjustments to hydraulic conductivity improve the fit between simulated and 

observed water levels. Hydraulic conductivity adjustments in the Poplar model are 

primarily controlled using PEST and pilot points. PEST determines adjustments to each 

pilot point to improve the fit between simulated and observed and incrementally adjusts the 

hydraulic conductivity values. Calibrated values of hydraulic conductivity are shown in 

Figure 18 and listed in table 5. Calibrated values ranged from about 400 feet/day down to 

low values on the order of 0.1 feet/day. The high end values represent hydraulic 

conductivities for the Wiota Gravels, although in some areas the calibrated Wiota Gravel 

value was as low as 50 feet/day. Hydraulic conductivity for the Qal and Qac zones varied 

over a range of about 55 to 130 and 25 to 60 feet/day, respectively. 

The lowest hydraulic conductivities were in the Qw0 zone. Within this zone are 

areas where interpolated Wiota-Gravel thickness is greater than zero, even though the 

actual thickness may be zero. As a result, hydraulic conductivities within this zone should 

be interpreted as effective values which were adjusted to compensate for variability in both 

thickness and hydraulic conductivity. 

The two primary exceptions to low Qw0 hydraulic-conductivity values were in the 

area of PNR-28 and USGS93-4. These locations were provided with higher hydraulic 

conductivity and assigned prior information in order to limit the parameter adjustment. The 

prior information was based on qualitative EM observations (Condor Consulting Inc, 

2007) of impacted water migrating through the Qw0 zone, and water level observations 

indicating regions where the head contrasts between wells in the Qwa and Qwb was slightly 

less. 

To examine the potential impact of hydraulic conductivity adjustments on river 

seepage, Qal and Qac hydraulic conductivities were increased first by a factor of two, and 

then by three. The NPoplar boundary conductance was simultaneously increased to 

provide additional flux capacity for the higher hydraulic conductivity in the river valley. 

The factor of three increase in hydraulic conductivity, with increased NPoplar boundary 

conductance, increased river seepage, but still was not able to reproduce the magnitudes of 

observed seepages. In addition, the three-fold increase in Qal and Qac hydraulic 
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conductivity resulted in unreasonable values: hydraulic conductivities of 120 to 190 

feet/day for the entire thickness of the alluvium. Considering the values are at the high end 

of any aquifer test results, and are used to represent the entire thickness of the alluvium, the 

values were considered to be too large to be reasonable. 

6.7.2 River Parameterization 

River conductance parameter groups are listed in Table 3 and indicated on Figure 3, 

where conductance groups are associated with the gage/observation location at the 

downstream end of each reach. Adjustments to river conductance parameters were 

performed as both part of the automated calibration process using PEST, and through a 

series of manual adjustments. The manual adjustments were necessary due to extreme 

parameter correlation along with insensitivity of the individual Poplar river-reach 

conductances. 

Manual adjustments of the Poplar river conductance consisted of making order of 

magnitude changes in the conductance factor and evaluating the impact on river gains and 

losses. Large increases in the Poplar river conductance had minimal impact on the 

magnitude of river gains and losses: at the estimated elevations and river stages, river 

conductance is a fairly insensitive parameter providing only minimal ability to provide 

increased seepage and improve the fit between observed and simulated seepage rates. 

River elevations were increased by three feet from their initial values. This offset 

was performed to reduce a bias between simulated and observed values, and was 

considered within the range of uncertainty associated with the river elevation. 

To evaluate the potential impact of stage and conductance on river seepage, a 

sensitivity run was performed. The stage was increased from 1.6 to 4.6 feet representing 

higher flow rates, in the range of 400 to 500 cfs, which occur only a few times per year, not 

at all during drought years, and are of limited duration (Figure 4). The increased stage had 

minimal impact on the magnitude of stream aquifer interaction, even with a simultaneous 

increase in river conductance. This lack of seepage sensitivity to combined stage and 

conductance increases suggests that the river parameterization is not the limiting factor for 

river seepage.  
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The Missouri River Conductance was set to a relatively low value that allowed the 

head contours to orient according to the expected upstream-downstream trend in water 

levels. This arrangement produced water levels that were consistent with the conceptual 

model of a flux moving along the Missouri River Valley alluvium predominantly in a 

downvalley orientation.  

6.7.3 Boundary Conductance  

Non-river conductance-parameter groups are listed in Table 3 and shown on Figure 

14. Calibrating conductance of the LCTTERRGHB was a relatively straight forward 

process performed for the most part using PEST. Some manual adjustments provided 

insight into the general sensitivity: while not quite linear, there was good response in the 

simulated values for an adjustment in conductance. 

The Missouri River Valley Alluvium conductances (MO_FP_SW, and MO_FP_S) 

required only minimal adjustment as their contribution was relatively insignificant. 

Adjustments to the Missouri River Valley Alluvium components were primarily in terms 

of minor refinements to heads associated with boundary conditions. For example, changes 

in the Poplar river elevation required adjustment of the Missouri River as well, and in turn 

required adjusting the elevations of the Missouri River Valley Alluvium boundaries in 

order to produce water levels consistent with the Poplar-River, Missouri-River, and 

Missouri-River-Valley-Alluvium boundaries. 

6.7.4 Boundary Fluxes 

Boundary-flux parameter groups are listed in Table 4 and shown in Figure 14. 

Boundary fluxes adjusted during model calibration can be divided into two groups: the 

Poplar Public Water Supply wells, and the subsurface flux from tributary alluvium. In 

terms of uncertainty these two groups are practically at opposite ends of the spectrum: 

pumping rate for the Poplar wells can be estimated with a fair deal of accuracy, while there 

is virtually no direct information regarding the magnitude of subsurface flow through 

tributary alluvium. As a result, the Poplar wells pumping rates were not adjusted during 

calibration. In contrast, subsurface tributary-alluvium fluxes were varied considerably to 

gain insight into their impact on the simulated water levels. Adjustments to the subsurface 

tributary-alluvium fluxes were driven primarily by the amount of simulated mounding that 
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occurred in the vicinity of the tributary as it enters the model domain: in the absence of 

water levels indicating the need for mounding near a tributary’s entrance, which was 

usually the case, flux rates were decreased until only minor simulated water-level 

mounding occurred. 

6.7.5 Incorporating Horizontal Flow Barriers (HFB) 

Results from initial model runs indicated that the simulated connection between 

Wiota Gravel and Missouri River Valley Alluvium required at least some resistance: flow 

from the upper terrace and eastern portion of the lower terrace flowed directly south into 

the Missouri River Valley Alluvium. Water level information and the distribution of 

impacted water indicate flow in a more westerly, or southwest direction. Horizontal flow 

barriers were incorporated between the Wiota Gravel and Missouri River Valley Alluvium. 

These barriers represented resistance or disconnect between the two features and produced 

the needed water levels and general flow directions to match observed behavior. Three 

zones, shown in Figure 14, were incorporated: west (HFB_W), middle (HFB_MID) and 

east (HFB_E).  

The geologic history of the area just west of Poplar includes a rather complex 

combination of rivers, lakes, and ice sheets and lobes (e.g. Swenson and Duram, 1955; 

Witkand, 1959; Howard, 1960) as both the Missouri and Poplar rivers changed course 

when glacial ice sheets advanced and retreated. Disconnection between the Wiota Gravel 

and the Missouri River Valley Alluvium could be due to the preglacial Missouri River first 

carving and subsequently abandoning a channel that later filled with glacial till. The lack 

of geologic data in this specific area limits the ability to develop a more refined conceptual 

model. However, geology and historic conditions in the area just west of Poplar support 

the potential for a disconnect between the Wiota Gravel north of the Missouri River Valley 

and the Missouri River Valley Alluvium. 

The conductance term in the HFBs were adjusted in order-of-magnitude 

increments: uncertainty of constraining information limited the adjustment resolution. 

Conductance was set at the maximum value that still produced simulated water levels close 

to observed, and southwest-flow pathlines demonstrating at least some potential for 

contaminant migrations towards the Poplar River. 
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6.8 Flow-Simulation Results 

6.8.1 Water Levels 

Simulated versus observed water levels are shown in Figure 20a. This graph 

provides perspective on the overall fit of the model to the observations, accounting for the 

approximately 140 feet of observed water level change. There is relatively little indication 

of bias, and the model does a good job or reproducing the areas of higher and lower water 

levels. The RMSE for the water level observations is 2.47 feet. 

Water level weighted residuals are shown in Figure 20b, while the weighted 

residuals from all observations are provided in Figure 20c. The reason for two graphs is 

due to the wide range of simulated values due to different units. For example water levels 

in feet AMSL and river seepage in cfs/mile. Under these circumstances, it is often 

necessary to unweight and rescale the simulated values (Hill and Tiedeman, page 101, 

2007). For Figure 20c, the abscissa axis is similar to Figure 20b, but the simulated values 

of flux and hydraulic conductivity prior information have been scaled so that they fall 

within the same range of values used in Figure 20b. The water level simulated values 

remain unscaled in Figure 20c. 

Water level weighted residuals (Figure 20b) show a good distribution of negative 

and positive values, without any significant trending. Even with the addition of weighted 

residuals from flow observations and hydraulic conductivity prior information, a similar 

comment applies for Figure 20c. 

The spatial distribution and values of water-level residuals are plotted in Figure 

20d, superimposed on the simulated water level map. Most residuals are relatively small; 

larger residuals are typically associated with locations where there appears to be a 

contradiction between adjacent or nearby observations, so that there will always be at least 

one relatively large residual in the area.  

The simulated water-level surface (Figure 21) demonstrates the major trends in the 

system: a large drop in water levels across the Qw0 zone, water levels tracking the Poplar 

and Missouri River elevations, drawdown in the vicinity of Poplar that interacts with the 

river, and a limited connection between the Wiota Gravel and the Missouri River Valley 

Alluvium. 
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While not used as a direct target during calibration, gradients between well 

locations provide another opportunity to compare simulated results to observations. 

Gradients between Wiota Gravel wells in the area between the town of Poplar and the 

Biere Site, but downgradient of Qw0 (e.g., LAW-05, LAW-M05, LAW-M06, LAW-M08, 

M-36 and M-38), were evaluated in terms of gradients between selected pairings of the 

wells. Gradients between these wells were fairly low, ranging from about 3.1E-04 to 7.7E-

04, reflecting head changes of only several feet over a distance of about two miles. These 

observations of gradient were used to support the selected adjustment of hydraulic 

conductivities in the area, as well as the incorporation and adjustment of the horizontal 

flow barriers. 

6.8.2 Poplar River Seepage 

Overall, trends in spatial variability seem consistent. It is quite possible that an 

improved representation of the river will allow more accurate reproduction of the observed 

seepage rates and better insight into how well spatial variability is matched. Typical 

magnitudes of simulated seepage rates are in the range of about -0.35 – 0.06 cfs/mile 

(Figure 22). The observed values in Figure 22 are from September, 1991. In general the 

simulated values are relatively close to September, 1981 and 1991 observations, but at 

least an order of magnitude less than the observed April and July 1991 medians (Figure 6a 

and b). As noted, the April and July 1991 observations are probably more representative of 

transient conditions, or, as discussed below, mechanisms not incorporated in the current 

numerical model, and are unlikely to match the simulated steady-state seepages. 

Figure 23 shows the spatial distribution of river seepage and provides insight into 

the simulated interaction between the Poplar PWS wells and the Poplar River. In the 

vicinity of the wells, where the Poplar River is closest to the wells, the river contributes 

flux to the groundwater system. The simulated river seepage transitions from gaining to 

losing (or losing to gaining using MODFLOW conventions) as it comes closer to the 

Poplar PWS wells, and then reverses relatively quickly as the Poplar River meanders away 

from the wells and gains aquifer water for a stretch. This pattern is essentially repeated a 

second time as the Poplar River continues around the town of Poplar.  
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The parameter adjustments described in Section 6.7 demonstrate that the amount of 

seepage is probably due to mechanisms other than those represented in the model. It is 

possible that water moving into and from abandoned meanders create the bulk of the 

observed losses and gains. Verifying the source of losses and gains, whether from prior 

stream-channel sediments or interaction with the groundwater, should be a focus of future 

efforts. 

6.8.3 Fluxes 

Simulated fluxes are summarized in Table 6. Inflows are categorized as: North end 

of Poplar Valley (including the North Poplar boundary, NE boundary, and Slims Coulee), 

Lake Creek Terrace, Tributaries, West Missouri River Boundary, and the Missouri River. 

Outflows are broken out as the East Missouri River boundary, Poplar PWS wells, and the 

Poplar River. The summary indicates that fluxes from the Lake Creek Terrace have a 

similar contribution to those in the north end of the Poplar Valley. The Poplar River has a 

significant net gain through the model domain, and the wells play a significant role in the 

overall water budget. As simulated, the Missouri River has a relatively minor contribution 

to the water budget: the river’s role in the simulation is relatively minor, providing 

potential for boundary flux, but the upgradient and downgradient boundary heads are the 

primary mechanisms for setting the flow domain within the Missouri River Valley 

Alluvium. 
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7.0 CHLORIDE TRANSPORT 

7.1 Approach 

Particle tracking was used to simulate the movement of chloride. Particle tracking 

represents movement of constituents in the ground water using the head distribution, 

hydraulic parameters and aquifer geometry. In this context, particle tracking represents the 

process of advection: the movement of constituents in the groundwater as part of the bulk 

movement of water through the aquifer. Particle tracking provides an efficient way to 

simulate advective transport, quickly executing long simulation periods, allowing 

examination of multiple scenarios. The ADV2 package (Anderman and Hill, 2001) 

included with MODFLOW 2000 was used to simulate particle tracking. 

7.2 Initial Particle Locations 

Five configurations of initial particle locations were created to gain insight into 

advective transport from the affected areas: (1) 1,000 particles placed around 10 selected 

wells, described below, (2) 648 particles approximating the 250 mg/L chloride 

concentration contour in the lower Wiota-Gravel terrace, (3) 100 particles approximating 

the 250 mg/L chloride concentration contour in the upper Wiota-Gravel terrace, (4) 748 

particles combining the 250 mg/L chloride concentration contour from the upper and lower 

Wiota-Gravel terraces, and (5) 12 particles from the 250 mg/L chloride concentration 

contour having either the fastest travel time or most direct route to the Poplar PWS wells. 

Figure 24 shows the initial particle locations associated with each of these configurations. 

Details of the simulations are provided in the following sections. 

7.2.1 Transport From Select Wells 

This initial simulation was performed to track particles from locations with 

confirmed concentrations. The 10 wells selected were: LAW-M03, -M04, and -M05, M-

38, -60, -61, and -71, and PNR-10, -28 and -34-07 (Figure 24). All of these wells have 

recorded chloride concentrations above the 250 mg/L level. One hundred particles were 

placed at each well, at a radius of 400 feet around the well. Particle tracks demonstrated the 

potential for transport in a southwesterly direction, to the Poplar River, as well as more due 

south towards the Poplar PWS wells and the Missouri River Valley Alluvium. The results 
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(not shown) indicate the potential for impacted water to arrive at the Poplar PWS well 

either through the groundwater alone, or via a combination of surface and groundwater.  

7.2.2 Transport from the 250 mg/L Chloride Concentration Contour 

Transport from the 250 mg/L chloride concentration contour was performed three 

times, to explore transport paths and how they are affected by the absence of Wiota Gravel 

in the Qw0 zone. The sharp contrasts in hydraulic gradient produce sharp turns in simulated 

pathlines so that a continuous line source crossing the Qw0 produced a large number of 

overlapping and difficult to interpret pathlines. Instead, two separate segments were used 

as line sources, reducing the potential for confusing results. 

The first line-source set consisted of 648 particles along a line running south of 

wells LAW-M05 and M-71 (Figure 24). This line of particles represents an approximate 

location of the 250 mg/L concentration contour in the lower Wiota-Gravel terrace. The 648 

particles were distributed across 72 model grid cells, in a uniform pattern of 9 particles per 

cell (Figure 24). 

The second set from the 250 mg/L chloride concentration contour was along the 

250 mg/L chloride concentration contour above the Qw0 zone. One hundred particles were 

placed in 33 grid cells in the upper terrace. Simulation using this set of particles allowed 

inspection of the particle paths from the upper Wiota-Gravel terrace without the issue of 

overlap with particle tracks from the lower terrace. 

The third set from the 250 mg/L chloride concentration contour combined the first 

two sets, providing a complete representation of the contour along its southern edge, the 

edge with the greatest potential for transport to arrive soonest at the Poplar PWS wells. 

7.2.3 Transport from Select Locations 

Based on results from the 250 mg/L chloride concentration contour simulations, 12 

particles with the fastest and/or most direct travel path to the Poplar PWS wells were 

selected. The limited number allowed more rapid analysis, while providing information on 

the particles with the greatest potential for impacting the Poplar PWS wells. 
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7.3 Advective Transport Simulation Results 

Advective transport was simulated from the five initial particle location 

configurations discussed above. The simulations used the calibrated flow model. Particle 

locations were tracked for almost 300 years in order to provide opportunity for most of the 

particles to interact with boundaries of one form or another. 

7.3.1.1 Particle Paths and Arrival Times 

For consistency with other prior investigations, travel times reported here are based 

on the previously reported effective porosity value of 0.25. This value was used as a 

baseline but is not considered an accurate representation of the physical system. Sections 

6.4.4.2, 7.3.1.2 and 9.3 provide additional discussions on effective porosity, appropriate 

values, and the impact on predicted arrival times. 

Figure 25 illustrates the directions that particles are predicted to travel from the 250 

mg/L chloride concentration contour. Figure 26 shows transport for the 12 particles with 

the shortest pathlines and/or travel times from the 250 mg/L chloride concentration contour 

to the Poplar PWS wells. Changes in the particle pathline colors represent periods of 

approximately 10 years of travel using an effective porosity of 0.25. The results indicate 

considerable potential for transport to the Poplar River, the Poplar PWS wells and the 

Missouri River Valley Alluvium. 

Predictions of particle arrival time varied dramatically depending on the initial 

particle location and its potential for interacting with boundary conditions such as the 

Poplar River. This report focuses first on the earliest particle arrival times, and then the 

sensitivity of particle pathlines to changes in the simulated system. 

The first predicted particle arrival time from the 250 mg/L chloride concentration 

contour line to the Poplar PWS wells is about 68 years. This travel time reflects the low 

gradient in the high hydraulic conductivity of the Wiota Gravel, and an effective porosity 

of 0.25. Other less direct routes, for example particles that headed towards the Missouri 

River Valley but were still captured by the Poplar PWS wells, had estimated arrival times 

of more than 200 years. 
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Some of the shortest travel times included potential interaction with the Poplar 

River. In fact, particles moving from the 250 mg/L chloride concentration contour 

interacted with the river as early as 30 – 40 years into the simulation, with additional 

particles showing potential to interact downstream at later times (Figure 25). It is worth 

noting that the particles depicted in Figure 25 were not removed from the simulation by the 

river: as a weak sink it is possible that some of the particles entering the river cell would 

continue to flow in the aquifer towards the Poplar PWS wells. Allowing the particles to 

travel beyond the weak sink provides insight into the total pathline through the aquifer. 

Another pathway to consider is a combination of transport through both the 

groundwater and surface water. If impacted water is drawn into the Poplar River, it will 

mix with the river flow, travel downstream, and may seep back into the ground water. To 

investigate this issue, a final, sixth set of particles were generated along the Poplar River in 

the vicinity of where the Poplar PWS well capture zone intersects the Poplar River. This 

area is evident by the seepage fluxes illustrated in Figure 23. Particles pathlines are shown 

in Figure 27. The simulated travel time, from the Poplar River to the Poplar PWS wells, 

ranged from about 2.5 to 9.5 years, with the upstream release locations having the shortest 

travel time. Variation in these travel times reflects differences in paths, flux rate from the 

river and the gradient along the pathline. These paths were simulated as a separate travel 

time: the total travel time from the 250 mg/L chloride concentration contour to the Poplar 

PWS well is the sum of these values plus the estimated time, discussed above, to reach the 

river.  

7.3.1.2 Effective Porosity Adjustments 

The impact of effective porosity is to change the seepage velocity. As a result, for a 

steady-state simulation, the change in effective porosity impacts only the travel time, the 

path is not affected. For this reason, analysis of effective porosity does not require 

additional simulation runs. Effective porosity was adjusted for two reasons, (1) as a more 

traditional sensitivity analysis, and (2) to provide results for the observation-based 

effective-porosity estimates discussed in Section 6.4.4.2. Base-run travel times are adjusted 

in proportion to the effective porosity modification. The simplest example is a factor of ten 

reduction in effective porosity: when effective porosity is assumed to be 0.025 the shortest 

travel time from the 250 mg/L chloride concentration contour to the Poplar PWS wells, via 
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groundwater only, is about 6.8 years. The Figure 26 pathlines are still valid, but now the 

change in colors represent approximately one year of transport. The pathlines that move 

towards the river are predicted to take about 3 - 4 years to reach the river, and about 0.25 to 

0.95 years to flow from the river to the Poplar PWS wells. An effective porosity of 0.013, 

at the low end of the range, results in the shortest travel times from the 250 mg/L chloride 

concentration contour to the Poplar PWS wells of 3.5 years via groundwater only, flow to 

the river from the 250 mg/L chloride concentration contour taking about 1.5 years, and 

0.13 to 0.49 years to move from the river to the Poplar PWS wells. At the high end of the 

range, an effective porosity of 0.096 would result in travel times of 26 years, 11.5 years 

and about 1 – 3.6 years to go from source to the wells via groundwater only, source to the 

river, and river to the wells, respectively. 

Travel time estimates have a fairly large range due to the uncertainty of effective 

porosity estimates, but still provide important information for water supply impacts. The 

range of effective porosity values results in a proportional range in travel time estimates. 

Ignoring the 0.25 effective porosity value, and assuming the range of effective porosities 

calculated in Section 6.4.4.2 represents effective porosity uncertainty, then travel time 

uncertainty has a factor of about 7, still fairly large, but considerably less than the factor of 

20 that would be necessary if the previously used value of 0.25 is included. While there is 

uncertainty, the effective porosity range of 0.013 - 0.096 is based on observations that 

provide a range of travel time estimates, and infer a mean effective porosity of 0.055 as an 

estimate for simulating chloride transport and determining arrival times. 

The mean observation-based effective porosity value, 0.055, the value 

recommended for use by this report (Section 6.4.4.2), predicts transport that is about one-

fifth the travel time of the 0.25 value: 15 years is the shortest travel time from the 250 

mg/L chloride concentration contour to the wells via groundwater only. Pathlines that 

move towards the river are predicted to take about 6.6 years to reach the river, and about 

0.55 years to 2.1 years to flow from the river to the Poplar PWS wells.  
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8.0 SENSITIVITY AND PREDICTION ANALYSIS 

Formal sensitivities and parameter correlation were evaluated repeatedly during the 

calibration process to identify insensitive parameters or extreme correlation between 

parameters. The sensitivities, parameter correlations, and predictions provided in this 

section are based on the calibrated parameter values. Due to model and sensitivity 

nonlinearity, results from intermediate parameter values are not relevant to the calibrated 

model, were not saved, and are not presented in this report. 

8.1 Sensitivity Analysis 

Composite scaled sensitivities (css) provide a measure of the information provided 

to estimate each parameter; the css indicate the relative importance of the parameter in 

affecting the simulation results in the vicinity of observation locations. The first css 

calculations included all parameters. Extreme parameter correlation and insensitivity 

suggested the use of a subset of parameters. Selected parameters were fixed: the Missouri 

River reaches, subsurface inflow from several of the tributaries, and the GHB boundary 

portions of the Missouri River Floodplain. For generating css, the Missouri River reaches 

were simply fixed. However, their significance for predictions requires additional 

discussion in Section 8.2. The subsurface inflow from Boxelder Creek was, due to 

location, perfectly correlated with the western Missouri River Valley Alluvium boundary. 

The Boxelder Creek parameter was simply fixed: for the purposes of generating css its 

contribution was not distinguishable from the western Missouri River Valley Alluvium 

boundary. The correlation between these two parameters should be resolved by either (1) 

lumping the two together, or (2) obtaining prior information that constrains one or both of 

the parameter values. 

After addressing extreme parameter-correlation and insensitivity issues, composite 

scaled sensitivities (Figure 28) ranged from a high for the NPoplar and MO_FP_E 

boundaries to a low about five orders of magnitude less for some of the smaller, northern 

Poplar River reaches (e.g., PR-4). In most cases, any parameters having a css more than 

roughly two orders of magnitude smaller than the largest css probably has insufficient 

impact on simulation results to be estimated accurately (Hill and Tiedeman, 2007).  
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The css indicate that the most important parameters for improving the fit between 

simulated and observed values include: the constant-head boundary conditions at the north 

end of the Poplar Valley and the east and west ends of the Missouri River Valley, 

hydraulic conductivity of each of the zones, many of the Poplar River-reach conductances, 

the Lake Creek Terrace boundary conductance, conductance of HFBMID and HFBEAST, 

and the NE boundary. 

Parameter importance is based on the impact on simulated equivalents to 

observations, and the uncertainty of the observations. The hydraulic conductivity 

parameters are important because they influence virtually all of the simulated equivalents 

to observations. The Poplar PWS well pumping rate is important because of its influence 

on a fair number of flux boundaries, especially the Poplar River as it passes close to the 

wells. Since the uncertainty associated with the Poplar seepage observation is a rough 

estimate, the importance of the pumping rate may change significantly if seepage-estimate 

uncertainty is reduced. Their roles as major sources/sinks for the model make other 

boundaries, such as the North Poplar, Lake Creek Terrace, and Missouri River Valley 

Alluvium important. The HFB conductance sustains the higher water levels observed in the 

area north and east of Poplar, while allowing the Missouri River Valley water levels to be 

in line with the Missouri River’s gradient.  

8.2 Predictions 

8.2.1 Prediction Scaled Sensitivities 

Transport predictions consisted of twenty locations along pathlines of two particles, 

selected from the twelve in Figure 26. The two particles selected were chosen because they 

had a relatively direct travel route and short transport time. Weights associated with the 

predictions were based on the total amount of offset that had occurred from their starting 

location. For each prediction, a coefficient of variation was used to create a weight that 

was inversely proportional to the total distance traveled, so that as the particle traveled 

further from the source, the weight on the prediction decreased. The decreasing weight 

reflects the increasing uncertainty associated with a particle-location prediction as the 

particle travels for greater periods of time and moves further from the source. 
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Prediction scaled sensitivities, pss, (Figure 29) indicate the relative importance of 

various parameters for generating predictions. Parameters with pss spanning roughly the 

largest two orders of magnitude include: constant heads at the ends of the Missouri River 

Valley, porosity of the lower terrace Wiota Gravel (PorQwa), hydraulic conductivity of all 

zones (Qal, Qac, Qwa, Qwb, Qw0), and the Missouri River Valley Alluvium/Wiota Gravel 

connection (HFB_MID, HFBEAST). Of these parameters, it is important to determine the 

parameter for which observations provide the least information. A parameter that is 

important to predictions needs to be well constrained by good information, so that the 

estimated parameter-value uncertainty does not overwhelm the prediction.  

Comparison of Figures 28 and 29 allows identification of the parameters having 

large pss (within roughly two orders of magnitude of the largest pss) which do not have 

good information, as indicated by low css values, to guide their estimation. The Missouri 

River Valley constant head boundaries play an important role, and, according to their css, 

have good information to constrain them. On a by-zone basis the hydraulic conductivities 

also have good information, although it is worth noting that an assessment using individual 

pilot points would probably identify locations where the information is weak. Portions of 

the Qw0 zone would probably be a good example.  The remaining parameters with large 

pss values, Qwa porosity and horizontal flow-barrier conductances, lack good constraining 

information. The calibration observation set provides no information on effective porosity: 

effective porosity is not constrained by water-level or flux observations, but is important 

for determining chloride migration rates. The HFB cells have only qualitative head-change 

information to constrain their values.  

It is important to consider changes in parameter correlation when progressing from 

calibration to predictive simulations. Decoupling of extreme parameter correlation by the 

addition of predictions raises the question of importance for any previously correlated 

parameters (Anderman et al., 1996). If the flow simulation was calibrated with correlated 

sets of parameters, but the transport simulation predictions decouple that correlation, then 

individual adjustment of the previously correlated parameters is necessary to provide 

realistic predictions. However, in this study parameters that were correlated and then 

decoupled by predictions were generally the less sensitive parameters. For example, for the 

flow simulation, the subsurface tributary inflow from Boxelder Creek was perfectly 
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correlated with the western boundary of the Missouri River Valley Alluvium. This issue 

was resolved by providing an estimate of Boxelder Creek subsurface inflow, and fixing the 

value. According to the pss statistics, the transport predictions provide sufficient 

information for independent estimates of tributary subsurface inflow from Boxelder Creek 

and the western boundary of the Missouri River Valley Alluvium. Since there are no 

observations of transport, calibration of these two parameters for transport is not an issue, 

but it is important to recognize that the independent adjustment of the two will produce 

different predictions, reemphasizing the need to reduce parameterization uncertainty of 

these boundary conditions. 

8.2.2 Prediction Confidence 

Assessing prediction uncertainty requires determining the importance of each 

parameter and then quantifying, based on uncertainty, the range to associate with each 

prediction. For chloride transport in the EPOF, there are several sets of parameters that 

make up the bulk of the contribution to prediction uncertainty. These include (1) the 

Wiota/Missouri River Valley Alluvium connection, (2) characterization of river seepages, 

(3) Missouri River Valley Alluvium boundary fluxes, and (4) effective porosity. Each of 

these can dramatically impact transport: the first three primarily in terms of transport 

pathlines, while the last one only affects velocity. 

Prediction uncertainty is largest when predictions are very sensitive to parameters 

that are highly uncertain (Tonkin et al, 2007). The prediction scaled sensitivities identified 

porosity as one of the most important parameters in determining predictions. However, the 

observations provide no information on porosity: the only pre-existing information on 

porosity is limited prior information - the undocumented 0.25 effective-porosity value used 

in previous reports. The mean effective porosity value of 0.055, provided in Section 

6.4.4.2, is about five times smaller than the 0.25 value. 

Given the parameter uncertainty, a formal assessment of linear prediction 

confidence intervals, e.g., YCINT (Hill, 1993), primarily demonstrates that there is 

considerable uncertainty in the predicted location and arrival time. Results from YCINT 

runs were not included in this report: the uncertainty of the parameters discussed above 

produced confidence intervals which did not provide any additional insight into the system. 
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In order to provide a meaningful interpretation, uncertainty associated with some of the 

major parameters, such as porosity, need to be better characterized.  

Transport prediction uncertainty can be evaluated on a less rigorous, but more 

practical, basis by focusing only on porosity uncertainty. This infers that other aspects of 

the model parameterization are considered acceptable. This is a reasonable assumption 

since the available information, while not sufficient to constrain predicted individual 

particle locations, does provide qualitative constraints on the general transport direction. 

Given the uncertainty in transport direction, there are a number of parameterizations that 

will allow chloride transport from the 250 mg/L concentration contour to the Poplar PWS 

wells. If any one of these parameterizations are considered reasonable, then the analysis of 

transport uncertainty can be focused exclusively on timing: the transport prediction 

uncertainty depends on effective-porosity uncertainty.  

Focusing only on effective porosity, the prediction for transport from the well has 

an expected value of about 38 years. Using the range of estimated porosities (Section 

6.4.4.2), the advection-based prediction for the 250 mg/L chloride concentration contour to 

arrive at the Poplar PWS wells would be between 9.1 and 66.5 years. Additional 

discussion, including potential for alternate migration routes is provided in Section 9.4. 
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9.0 DISCUSSION 

This section provides more detailed discussion of key components affecting the 

assessment of chloride-migration potential. The final subsection provides a summary of the 

potential chloride migration threat to the Poplar PWS wells. 

9.1 Seepage 

Resolving surface water/groundwater interaction requires assessing three factors, 

(1) magnitudes, (2) directions, and (3) concentrations of water in both the surface water 

and groundwater systems. Observed magnitudes were often more than the simulation is 

able to reproduce. With respect to magnitude, questions that need to be addressed are: (a) 

is the magnitude of measured seepage representative of the interaction between river and 

groundwater in the aquifer, and, if so, (b) what kind of stresses and refinements are 

necessary in order to create the observed magnitude of surface water/groundwater 

interaction. Flow and water quality observations provide clear indications that the direction 

of interaction is spatially variable, and varies on a scale below the scale of the river 

sampling. For example, sections of the Poplar River exhibit increased mass loading while 

having a net loss of water (Section 2.3.5). 

The question of concentrations includes an element of temporal variability. In 

general, simulation results indicate that the chloride mass loading observed in the river is 

primarily due to the steady seepage of impacted water to the river. When high flows occur, 

fluctuations in the zone adjacent to the river, the hyporheic zone, may temporarily reduce 

the loading rate. During flow events in excess of about 400 - 500 cfs, water from the 

Poplar River enters the adjacent hyporheic zone as bank storage. As the high flow events 

recede, the bank storage water, having mixed with and diluted the groundwater, seeps back 

to the river. While high flow events may produce reductions in river loading, the effects 

are short-lived. 

Of the three factors considered, the uncertainty in magnitude has the greatest 

potential for impact: the seepage targets must reflect water movement from groundwater to 

surface water, and the simulated seepage to the river needs to reproduce observations in 

order to provide good estimates. 
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9.2 Wiota Gravel/Missouri River Valley Alluvium Connection 

The degree of connection between the Wiota Gravel and Missouri River Valley 

Alluvium plays a considerable role in determining the direction of flow in the Poplar 

Valley. Simulation runs assuming a perfect connection (not presented in this report) 

allowed virtually all impacted water to flow to the Missouri River Valley Alluvium, 

bypassing most of the Poplar River and avoiding the Poplar PWS well capture zone. In this 

study, despite the lack of direct characterization, it was possible during calibration 

adjustments to identify conditions providing a reasonable set of simulated water levels and 

pathlines. Calibrated HFB values represented imperfect connection between the Wiota 

Gravel and Missouri River Valley, resulting in at least some flow to the Poplar River and 

the Poplar PWS wells. The uncertainty in the degree of connection, and the associated 

HFB parameterization, makes characterization of this aspect one of the high-priority items 

identified during Phase II. A number of characterization options are listed in the 

recommendations, including isotope analysis; if there is only limited connection between 

the Wiota Gravel and Missouri River Valley the isotope signature in the two formations 

may be significantly different.  

9.3 Effective Porosity 

Determining a range for values of effective porosity should be a priority: the value 

used in prior work does not appear to be supported by the water quality observations. 

Based on the available data, the effective porosity at the EPOF may be significantly 

smaller than the previously used value of 0.25 (Land and Water Consulting, 2005; Daniel 

B. Stephens and Assoc., 2007). Analysis in Section 6.4.4.2 indicated a range of values, 

from about 0.1 down to almost 0.01, all consistently smaller than the 0.25 value. While 

other factors, such as stream/aquifer interaction and connection between the Wiota Gravel 

and Missouri River Valley Alluvium are critical pathline factors, effective porosity is the 

only parameter having a direct impact on velocity and the associated travel time. For this 

reason it is important, as will be discussed further in Section 10, to obtain better 

information regarding the effective porosity values for the site. Until better effective 

porosity information is available, travel-time estimates should be based on, or at least 

include, an estimate using effective porosity values based on available water quality 

observations (Section 6.4.4.2). 
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9.4 The Chloride Migration Threat to the Poplar PWS Wells 

Results of this study demonstrate potential for chloride to impact Poplar PWS wells 

through either groundwater transport alone, or a combination of groundwater and surface 

water transport. The analysis identifies the primary ways in which the Poplar PWS wells 

can be impacted and the probable timing. Equally important to the predictions are the 

assessments of uncertainty: the predictions provided are only as good as the information on 

which they are based, and in some cases the information is limited. 

Flowing with the groundwater, simulated transport of chloride from the 250 mg/L 

chloride concentration contour, using the observation-based effective porosity of 0.055, to 

the Poplar PWS wells, took almost 15 years. Based on uncertainty of the surface 

water/groundwater interaction and the connection between the Wiota Gravel and the 

Missouri River Valley Alluvium, there is the potential that transport may take longer, or 

not even reach the Poplar PWS wells. However, the geometry of river, formations, and 

source area suggest that an earlier groundwater transport arrival time is unlikely. 

A combination of surface water/groundwater transport provides a faster route from 

the 250 mg/L chloride concentration contour to the Poplar PWS wells. For an effective 

porosity of 0.055, the predicted travel time from source to wells is in the range of 7 – 9 

years. While this is considerably faster than the groundwater-only route, it is important to 

consider the dilution associated with this route. The chloride concentration of water 

entering the river and then reentering the groundwater is subject to dilution both times. As 

a result, although it is possible for chloride to travel more quickly to the Poplar PWS wells 

through a combination of groundwater and surface water, the concentrations reaching the 

wells will probably not be significant unless there are very high concentrations seeping 

directly into the river. A full assessment of this route requires additional information (see 

Section 10.1); such an assessment would allow anticipation of future conditions in the 

vicinity of the 250 mg/L chloride concentration contour, and would find immediate 

application for portions of the Poplar River where adjacent chloride concentrations have 

already reached the 5,000 – 10,000 mg/L range, e.g., PR-4 – PR-5 (Figure 3). 
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10.0 RECOMMENDATIONS  

Based on the analysis performed, this section provides a series of recommendations 

to reduce the uncertainty in chloride transport predictions and improve the understanding 

and representation of interaction between the Poplar River and groundwater. These 

recommendations consist of a series of tasks, each identified during the process of creating 

this Phase II Report, which are critical for improving estimates of water quality impacts to 

the Poplar water supply. 

10.1 Characterization Recommendations 

Recommendations listed here are intended to improve and/or extend the existing 

analysis. The information obtained will reduce uncertainty of water-supply-impact 

predictions. The recommendations are lumped within several broad categories, and are 

presented in no particular order. 

Hydraulic Parameters 

• Effective Porosity: The considerable range of effective porosity indicated by 
prior studies and interpretation of water quality observations is the largest 
contributor to chloride transport-velocity uncertainty. A carefully designed 
tracer test is recommended, to provide a field-measured estimate of 
effective porosity. 

Surface Water/Groundwater 

• Surface Water Seepage/Mass Flux Evaluation. Simulation results suggest 
additional mechanisms not incorporated into the numerical model 
contribute to the observed Poplar River gains/losses (Section 6.8.2). 
Additional seepage runs and surveying of the river thalweg with 
accompanying groundwater monitoring are recommended to determine 
seepage rates for different stream/aquifer-gradient conditions and whether 
abandoned channels play a primary role in the observed gains and losses 
from the Poplar River.  

• Land Cover Mapping: This refinement may be part of the surface water 
seepage assessment. Characterization of wetland/riparian corridors will 
quantify another component of the water budget and help characterize the 
surface water system, including potential surface water sinks other than 
ground water. 

Structural 

• Aquifer Connection Characterization. The degree of connection between 
the Wiota Gravel and Missouri River Valley Alluvium is uncertain, but has 
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considerable impact on the transport direction: towards the Poplar River, the 
Poplar PWS wells, or the Missouri River Valley (Section 8.2.1). Some 
combination of additional water level monitoring, aquifer tests, tracer tests, 
or stable isotope analysis is recommended to determine the degree of 
connection between the Wiota Gravel and the Missouri River Valley 
Alluvium. 

• Refining Spatial Characterization of the Lower/Upper Terrace Separation. 
The Qw0 zone location is approximate, based on limited observations and 
well logs. Sharp hydraulic gradients create the potential for unsaturated 
conditions: adjustment of the location of the Qw0 zone, in relation to 
topographic relief of the Bearpaw Shale, should reduce/eliminate this issue. 

• Refining Top of Bearpaw Shale. The top of the Bearpaw Shale is poorly 
constrained in the vicinity of the Lake Creek Terrace Boundary. Additional 
refinement would help to improve the boundary characterization and 
resolve questions regarding Bearpaw Shale elevation trends in that area. 

Boundary Fluxes 

• Boundary Fluxes. Assessing the potential for flux across boundaries, 
specifically, the Lake Creek Terrace, distribution and magnitude among the 
North Poplar, Slims Coulee and Northeast Boundaries, and the Missouri 
River Valley Boundaries. 

• Refining Estimates of Tributary Subsurface Inflow: Sensitivity analysis 
indicates that the tributary subsurface inflow can have a significant impact 
on observations. A basic quantification using GIS data sets and water 
budget estimates is recommended to provide improved estimates. 

Seasonality 

• Seasonal evaluation. Analysis of observed stream loading and simulated 
surface water/ground water interaction indicate simulation results may be 
missing a seasonal variability component (Section 4). This recommendation 
builds on the previous surface water seepage recommendation but focuses 
on characterizing seasonal variability, including a seasonal-stress data set 
and simulations to reproduce seasonal conditions, with an emphasis on 
determining whether seasonality impacts the potential contamination threat 
to the Poplar water supply. 
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