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ABSTRACT

Residential and commercial development in and near the communities of Belgrade and Manhattan, in
Gallatin County, Montana, have replaced areas of historically agricultural land. Municipal water distribution
and wastewater-treatment systems are being installed due to an increasing residential population that often relies
on municipal or public water supply. Population estimates for Gallatin County exceed 100,000, with reported
growth of 32.9% from 2010 to 2020 (U.S. Census Bureau). Growth is expected to continue, and water availabil-

ity to supply this growth is a major concern.

The Montana Bureau of Mines and Geology conducted a groundwater investigation in the Belgrade—Man-
hattan area to better understand groundwater resources. Surface-water flow, stage, and groundwater elevations
were monitored and used to develop a groundwater flow model for the area. The model was developed to assess
the expected magnitude and location of influence of new pumping stresses within the study area. The model
suggests that pumping in thicker deposits of sediment, south of the Central Park fault, offers the least disruption
to the flow system. Results also indicate that mitigation of stream depletion via an infiltration pond is effective

when applied at a constant rate year-round.

PREFACE

This report has been prepared by the Montana Bu-
reau of Mines and Geology (MBMG) Ground Water
Investigation Program (GWIP). The purpose of GWIP
is to investigate specific areas, as prioritized by the
Ground-Water Assessment Steering Committee (2-15-
1523 MCA), where factors such as current and antici-
pated growth of industry, housing, and commercial
activity, or changing irrigation practices, have created
elevated concern about groundwater issues. Additional
program information and project ranking detail can
be accessed at http://www.mbmg.mtech.edu/, Ground
Water Investigation Program. GWIP uses various sci-
entific tools to interpret hydrogeologic data and inves-
tigate how the groundwater resource has responded to
past stresses and to project future responses.

This report summarizes construction of numeri-
cal groundwater models and associated results within
the context of the study area and the issues addressed.
This report is intended for use by qualified individuals,
hydrogeologists, and decision-makers to evaluate and
use the groundwater flow models or to test specific
scenarios of interest, or to provide a starting point for
a site-specific analysis. The files needed to run the
models are available on the web page for this publica-
tion.

INTRODUCTION

The Belgrade-Manhattan study area is in the
north-central portion of Gallatin County (fig. 1). It
primarily encompasses the floodplains of the Gallatin
and East Gallatin Rivers, extending outward into the
surrounding foothills. The study area covers about
177 mi? of the upper Missouri River watershed (fig.
1). Gallatin County is the fastest growing county in
the State (U.S. Census Bureau, 2023), and county
planners are concerned about water supply to meet
the demand of a growing population. Since 1993 the
Upper Missouri River Basin above Morony Dam has
been subject to a Legislative Closure, indicating the
“DNRC may not process or grant applications for
permits to appropriate water or applications for state
water reservations within the Upper Missouri River
basin” (Water Rights Bureau, 2016). This closure dic-
tates that any new surface-water right must be offset
(or “mitigated”) by retiring preexisting water rights
or proving that existing surface-water flows will not
be affected by the new appropriation. Applications to
appropriate groundwater for domestic, municipal, and
non-consumptive uses are allowed if they do not affect
surface-water flows to the Missouri River. Effects can
be legally offset by applications to store high spring
flows.
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Figure 1. The study area is in Gallatin County, Montana, primarily encompassing the northern portion of the Gallatin
River Valley.
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Purpose and Scope

This project addresses the following objectives:

1. determine where water is available for public
water supply (PWS) use based on hydraulic
characteristics of the aquifer, and

2. determine effects on surface water and
groundwater from new PWS water use and the
feasibility of offsetting those effects.

The location and yield of PWS wells determine
the availability of water supplies and the ease of miti-
gation. This study was conducted to better understand
the effects of well placement and mitigation within the
Belgrade—Manhattan study area.

Two types of models were used to assess the ef-
fects of high-yield pumping on the aquifer and surface
waters: an analytical two-dimensional model, and a
three-dimensional numerical groundwater flow model.
These models will be referred to hereafter as the ana-
lytical model and the numerical model.

Municipal and Domestic Water Supplies

The rapid population increase and associated
development in the Gallatin Valley necessitates the
development of new water supplies. As of 2021, there
were 20 active PWS districts that meet residential
water demand; many new homes are served by a PWS
rather than individual wells. Historically, most subur-
ban development was supplied by individual domes-
tic wells. Figure 2 is a map of the water and sewer
districts in the study area, the PWS wells, and other
high-yield wells (greater than 500 gpm), typically used
for irrigation.

Previous Investigations

Murdoch (1926) conducted the first known study
relating groundwater, surface-water, and irrigation ef-
fects in the Gallatin Valley. He concluded that ground-
water recharge from irrigation, combined with poor
drainage in the valley, caused flooding of agricultural
land in the north valley.

Hackett and others (1960) provided a comprehen-
sive assessment of hydrologic conditions in the Galla-
tin Valley. Hackett’s report presents geologic mapping,
groundwater levels, and streamflow data collected
from an extensive monitoring network that was active
between 1952 and 1953. The report allows comparison

of hydrologic conditions in the early 1950s to condi-
tions described in this study. Hackett and others (1960)
concluded that groundwater resources could supple-
ment surface water for irrigation during dry years and
be used to expand irrigation to uncultivated acres. By
dividing the study into geologic subareas, Hackett

and others (1960) also identified the hydrologic and
geologic controls on groundwater and surface-water
movement throughout the valley.

Dunn (1978) collected groundwater samples and
groundwater-level data to evaluate conditions after
the Hackett and others (1960) report was completed.
Slagle (1995) examined hydrologic conditions in
the Gallatin Valley to assess the effects of land-use
change. Neither Dunn (1978) nor Slagle (1995) report-
ed notable changes to local water supplies.

Dixon (2002) examined aquifer properties based
on drillers’ log information and categorized local
hydrogeologic units. Custer and Schaffer (2009) and
Schaffer (2011) assessed groundwater/surface-water
interaction, describing the close connection between
the two. These studies provide details of the geology
and hydrogeology in the Gallatin Valley.

English (2018) identified areas with greatest
potential for developing wells that yield greater than
950 gallons per minute (gpm). Using a framework of
12 "hydrogeologic subareas" identified by Hackett and
others (1960), English compiled previously published
geologic and hydrogeologic information, aquifer
test data, and well log information from the MBMG
Ground Water Information Center (GWIC, 2016) to
identify these potential high-yield areas. The study
area for this GWIP report generally encompasses
the Belgrade, Manhattan, and Central Park subareas,
first described by Hackett and others (1960) and later
modified by English (2018), which is one of the most
promising areas for producing sustainable high well
yields (fig. 3).

Numerous other, local-scale hydrogeologic studies
completed in the Gallatin Valley and the Belgrade—
Manhattan area include master’s theses and consultant
reports submitted for water-rights applications. These
materials were reviewed but not specifically cited as a
part of this study.
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Physiography

The Gallatin Valley covers about 540 mi? and oc-
cupies the eastern half of the Three Forks structural
basin (Robinson, 1961). The valley is bounded by the
Horseshoe Hills to the north, the Bridger Range on the
east, and the Gallatin Range and the Spanish Peaks of
the Madison Range to the south. The Madison Plateau
forms the western boundary of the Gallatin Valley (fig.
1), and forms a topographic divide between the Galla-
tin and Madison River Basins.

The study area consists of a relatively flat valley
floor that includes the Gallatin River floodplain and
the higher-elevation benches, referred to collectively
as the Bozeman Fan area. The area slopes approxi-
mately north—northwest following the overall orien-
tation of the Gallatin Valley. Elevations range from
5,210 ft above mean sea level (amsl) on the plateau
of the Bozeman Fan to 4,490 ft amsl] at the northwest-
ern boundary. Topographically low areas include the
streambeds of the Gallatin River, Hyalite Creek, and
Dry Creek (fig. 1). The Bozeman Fan area consists of
mounded alluvial fan deposits that form hills at the
southeastern portion of the study area (Hackett and
others, 1960). These sediments rise about 50 to 100 ft
above the adjacent floodplain.

The Gallatin River is the primary surface-water
feature in the Gallatin Valley. The river flows into
the valley from Gallatin Canyon at the southern
(upstream) end of the valley near the community of
Gallatin Gateway (fig. 1). The Gallatin River flows
along the western portion of the study area, and in-
cludes tributary waters from South Cottonwood Creek.
The Gallatin River’s largest tributary, the East Gallatin
River, flows along the east side of the study area. The
outlet for both surface water and groundwater is a
bedrock notch near the town of Logan (fig. 1; Hackett
and others, 1960).

Dry Creek and Hyalite Creek are tributaries to the
East Gallatin River. These streams flow through the
study area and meet the East Gallatin River east of
Belgrade. Dry Creek is spring-fed and originates south
of the study area. Hyalite Creek flows roughly parallel
to Dry Creek, but originates in the Gallatin Range to
the south.

Geologic Setting

The geology of the Gallatin Valley was most
recently described by Vuke and others (2014; fig.
3). Previous geologic mapping includes Hackett and
others (1960), with detailed descriptions provided by
Custer and others (1991), Slagle (1995), Dixon and
Custer (2002), and Lonn and English (2002). Hackett
and others (1960) and Slagle (1995) provide informa-
tion on the flow regime and hydrogeology of the basin.

The Gallatin Valley is a typical intermontane basin
formed by extensional faulting that resulted in gently
east-tilted valley floor deposits (Kendy and Tresch,
1996; Vuke and others, 2014). The eastern and south-
ern margins of the valley are defined by several steep-
ly dipping normal faults along the front of the Gallatin
and Bridger Ranges.

The valley is divided by an east-west-trending
Basin and Range extension fault, the Central Park
fault, first described by Hackett and others (1960).
The fault is understood to have been active during the
deposition of sediments that constitute the study area.
South of the fault, a depressed basin was created and
is believed to have dropped as much as 4,000 ft. This
allowed for the deposition of a thick sediment package
in the northern portion of the Belgrade subarea. North
of the fault, the offset is described as less than 200
ft, creating a much thinner depositional environment
(English, 2018). The fault forms a boundary between
the Central Park and Belgrade subareas and transects
the Dry Creek and Camp Creek Hills subareas.

Two general groups of sediments were identified
in the study area: (1) Quaternary alluvial and Gallatin
River floodplain sediments that cover the valley floor;
and (2) Tertiary sediments that presumably underlie
the entire valley and form benches generally east and
west of the modern floodplain (fig. 3). These uncon-
solidated sediments exchange water and form a single
heterogenous aquifer unit (Hackett and others, 1960).

The Quaternary-age sediments are further subdi-
vided into separate formations, based on relative age
and provenance (fig. 3, map units Qal, Qat, Qaf, Qab,
Qafo, and QTaf). These units are generally cobbles,
sand, gravel, and silt/clay deposited by current and
recent river channels and alluvial fans or terraces and
can be tens to hundreds of feet in aggregate thickness.
It is often difficult to separate the Quaternary and up-
per Tertiary sediments; therefore, the undifferentiated
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zone has been included in the Quaternary sediment
package, as it is generally found to be more similar
in composition to Quaternary sediments at shallow
depths.

Underlying the Quaternary sediments are gener-
ally finer-grained lower Tertiary sediments (fig. 3, map
unit Ts). These materials are characterized by vari-
ably cemented sediments, siltstones, sandstones, and
conglomerates. Together, these units can be over 1,000
ft thick.

Bedrock underlies the Quaternary and Tertiary sed-
iment, frequently at unknown depths. Very few wells
have encountered bedrock within the lower half of the
valley, and the only bedrock outcrops within the study
area occur north of the Gallatin River in the bedrock
area noted in figure 3. North of the Gallatin River,
bedrock exposures outcrop in the Horseshoe Hills (fig.
3, map units €m, €w, €f, and Yla).

Hydrogeologic Framework

Surface water and groundwater are connected in
the study area (Hackett and others, 1960; Kendy and
Tresch, 1996). Groundwater flows west from the east-
ern benches and Bridger Mountain Range toward the
Gallatin Valley floor and north from the Bozeman Fan
and Gallatin Mountains parallel to the Gallatin River.
The Horseshoe Hills bound the valley to the north,
driving water into the gorge between the Madison
Plateau and the Horseshoe Hills (fig. 1).

Simplification and grouping of hydraulic charac-
teristics into the subareas defined by Hackett and oth-
ers (1960) and English (2018) facilitated calibration
of the model. In this study, the subareas from Hackett
and others (1960) have been modified only to move
the boundary created by the Central Park fault and to
truncate the areas for the focus of the model.

The Central Park fault, located just north of Bel-
grade (fig. 3), transects the study area and constrains
vertical groundwater flow in the valley. The fault is
buried and its precise location is not known. In addi-
tion, the fault likely tilts steeply rather than acting as
a vertical sediment boundary; evidence from drilling
near the fault suggests it has a far-reaching influence
on the aquifer between the Central Park and Belgrade
subareas. Bedrock on the south side of the fault is
several hundred feet lower than on the north side,
and consequently contains a much thicker sequence

of overlying sediment. The Quaternary/Tertiary al-
luvial aquifer south of the fault extends to over 1,000
ft in thickness in places, while north of the fault it
can be less than 100 ft thick. This rapid shallowing
of the aquifer in the dominant flow direction causes
groundwater to discharge at the land surface, where it
forms several shallow spring-fed creeks (fig. 3). The
creeks flow northward and form tributaries to the East
Gallatin River. Nearer the confluence of the Gallatin
and East Gallatin Rivers, groundwater discharges to
marshy areas at the ground surface.

A brief description of the geology of each subarea
is included in subsequent sections to provide informa-
tion about the hydraulic properties of the sediments
(table 1). A comprehensive description of the geology
can be found in Hackett and others (1960). Reported
well yields in each subarea were reviewed for this

study (http://mbmggwic.mtech.edu/).

Dry Creek

The Dry Creek subarea is primarily located in the
steeply dipping foothills of the Bridger Mountains (fig.
3). Tertiary sediments underlie interspersed, thinly
deposited Quaternary alluvial fan deposits (Vuke
and others, 2014). There are two existing PWS wells
drilled in the alluvial valley at the far eastern corner of
the subarea with reported yields of 100 gpm. There are
no reported hydraulic conductivities for the aquifer in
this subarea; most of these wells are domestic (also re-
ferred to as “exempt”) wells completed in the Tertiary
sediments with yields less than 100 gpm. Hackett and
others (1960) described the subarea as “well drained
and contain[ing] little groundwater.” For this reason,
the area was not considered suitable for development.
In the model, it provides a distal boundary for pump-
ing in the central part of the valley.

Spring Hill

The Spring Hill subarea, also located at the foot
of the Bridger Mountains (fig. 3), is almost entirely
Quaternary alluvial fan sediments deposited on fine-
grained Tertiary sediments. The hydrogeology has not
been described, though it is assumed to be similar to
the Dry Creek subarea. There are no PWS wells here,
nor are there reported hydraulic conductivities in the
subarea. Reported well yields are low (<100 gpm).
The subarea was included in the model as a distance
boundary, but is not considered suitable for high-yield

pumping.
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Table 1. Aquifer properties of the subareas.

Hydrogeologic Sediment  Transmissivity Hydraulic
Subarea Data Source Age? (T) (f/d) Conductivity  Storativity (S)
9 (K) (gft/d)
Dry Creek N/A — — — —
Spring Hill Hackett and others (1960) Q 936—4,010 — —
Breuninger and Mendes 0.00003—-
(1993) QT 761-1,700 — 0.00017
0.00005—
South Bridger Kaczmarek (2003) QT 182-205 — 0.00025
Gaston (1996) QT 254 — 0.00023
Hay (1997) QT 608 — 0.00066
Upper East Gallatin N/A — — — —
) Hackett and others (1960) T 160-3,476 1-9 —
Camp Creek Hills
Hackett and others (1960) T 3,476 — —
Hackett and others (1960) Q 602-8,689 80 —
Bozeman Fan Hackett and others (1960) T 40-361 — —
Custer and others (1991) QT 214-10,694 — —
16,042—-
Hackett and others (1960 Q . 1,043 0.001
Manhattan (1960) 18,715
Carstensen (2008) T 1,955-2,580 21-30° —
Hackett and others (1960) Q 5,080-64,167 201-535 0.006-0.05
0.00001-
Central Park Hackett and others (1960) T 495 — 0.0008
This study T — 26969 —
Hackett and others (1960) Q 6,684-89,566 602 —
Hackett and others (1960) T 2,273 31 —
Michalek and Sutherland
(2020) Q — 90-150 0.01-0.001
Belgrade Michalek and Sutherland T o 11-73 0.0008-
(2020) 0.00001
Kendy and Bredehoeft
(2006) Q 1,604—4,679 16-104 —
Kendy and Bredehoeft
(2006) T 5-307 1-67 —

aQ Quaternary; T, Tertiary-age sediments.

bK estimated using 1.5 times the screened interval.

South Bridger

low potential for municipal use. The area is included

in the model as a distance boundary.

The South Bridger subarea is composed of alluvial

fan sediments of varying age. The area hosts more
wells than the Spring Hill and Dry Creek subareas,
but yields are similarly low (<100 gpm). There is one
PWS well with a reported yield of 60 gpm in the area,
though most wells are for domestic use. While there
are no reported hydraulic conductivities for this area,
the estimated transmissivity range is much lower than
in other subareas (table 1). Previous studies did not
document high yields (English, 2018), suggesting that
similar to Spring Hill and Dry Creek, this subarea has
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Upper East Gallatin

The Upper East Gallatin subarea differs from those

discussed above that border the Bridger foothills in

that it is primarily composed of fine-grained Quater-
nary alluvium deposited by the East Gallatin River

(Hackett and others, 1960; English, 2018; Vuke and

others, 2014). Alluvial sediments up to 160 ft in thick-

ness have been reported. Tertiary sediments that un-
derlie the alluvium provide a greater yield than com-
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parable units to the north; however, the fine-grained
nature of the Tertiary sediments limits the yield for
municipal use (English, 2018). There are no reported
hydraulic conductivities or transmissivities for this
subarea. Well yields ranging up to 450 gpm in domes-
tic wells are reported in this area. Although there is
currently no existing PWS, the aquifer in the Upper
East Gallatin subarea may support low-volume mu-
nicipal pumping, though it is unlikely to sustain high
yields. It is included in the model to provide a distance
boundary and baseflow to the East Gallatin River.

Bozeman Fan

The Bozeman Fan subarea is a topographic high
on the valley floor composed primarily of outcropping
Tertiary basin-fill sediments (Lonn and English, 2002).
Compacted, fine-grained sediments, characteristic of
Tertiary deposits, likely result in lower well yields
than areas with coarser Quaternary sediments; howev-
er, there are several reported high-yield wells (>1,000
gpm). Hackett and others (1960) report a transmis-
sivity (T) range of 602 to 8,689 ft*/d, and Custer and
others (1991) reported transmissivities ranging up to
10,694 ft*/d (table 1). One PWS well reports yields
greater than 1,000 gpm, and several others report 400
gpm or greater. Hackett and others (1960) and English
(2018) question the sustainability of high-yield pump-
ing in this area due to the limited storage potential of
the fine-grained sediments. The high transmissivities
reported in this area may be due to productive but lat-
erally discontinuous gravel lenses that may not sustain
long-term pumping. The subarea may have potential
for relatively low-yield municipal water development,
though it was not included in the model as a pumping
location.

Camp Creek

The Camp Creek subarea is composed primarily of
fine-grained Tertiary sediments above the valley floor
on the adjacent Madison Plateau (Vuke, 2003). Al-
though Tertiary sediments are commonly more com-
pacted and/or finer-grained than Quaternary sediment,
this subarea has produced multiple high-yield wells.
Most are used for irrigation, with reported yields up
to 900 gpm. Several PWS wells report yields up to
290 gpm. Hackett and others (1960) reported a T up
to approximately 3,476 ft*d. The existence of mul-
tiple high-yield irrigation wells suggests there may be
higher K in some areas (table 1). The high yields are

attributed to gravel beds in the sediments (Custer and
others, 1991). This subarea was not considered for
municipal water development in the numerical model
primarily due to the distance from the focus area on
the valley floor.

Manhattan

The Manhattan subarea is north of the Central
Park fault (fig. 3). Drill cutting indicates that south
of the fault, the Quaternary alluvium is highly porous
and conductive. North of the fault, these same sedi-
ments are characterized by finer-grained sediments
with more sand, silt, and clay and typically extend to
less than 60 ft in depth. Tertiary sediments reportedly
include a deep water-bearing zone from 215 to 300 ft
that is partially connected to recharge from infiltration
at the land surface (English, 2018). Hackett and others
(1960) report a T of up to 18,7115 ft*/d for the Quater-
nary, while Carstensen (2008) reports the T of Tertiary
sediments to be up to 2,580 ft*/d (table 1). Several
PWS wells are completed in the Tertiary sediments,
including wells for the city of Manhattan (500-850
gpm), indicating that the subarea supports high-yield
pumping. Irrigation recharge is an important source
of water for this area (English, 2018). Pumping wells
were not simulated in this subarea because the ex-
tent and thickness of Tertiary sediments are not well
defined and the shallow alluvium does not appear to
support high-yield pumping.

Central Park

The Central Park subarea includes a geologic
depositional environment similar to the Manhattan
area. Several spring creeks emerge in the subarea or
just south of it and are thought to be associated with
the thinning of the Quaternary sediments due to the
Central Park fault. Groundwater flows to the surface
where the offset of deep (~2,000 ft) sediments south
of the fault converge with shallow (~500 ft) sedi-
ments to the north. Swampy areas and a shallow water
table (<15 ft) are characteristic of the subarea near the
confluence of the East Gallatin and Gallatin Rivers.
Hackett and others (1960) report T in the Quaternary
sediments at a range up to 64,167 ft?/d (table 1). The
finer-grained Tertiary sediments are less conducive to
high-yield pumping; however, there are four well logs
reporting yields over 500 gpm in the Tertiary sedi-
ments. One PWS well reports 50 gpm.
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Belgrade

The Belgrade subarea is the largest of this study
and the most likely to yield high flow rates to wells.
Bounded to the north by the Central Park fault, the
Belgrade subarea encompasses a thick package
(>2,000 ft) of basin-fill sediments resulting from the
downward offset of the fault. Quaternary alluvium in
this area is coarse and poorly sorted, with transmis-
sivities reported up to 89,566 ft*/d (table 1; Hackett
and others, 1960). The T of Tertiary sediments is on
the order of 5-2,273 ft*/d, and there are several PWS
wells completed in both Quaternary and Tertiary sedi-
ment packages. Reported yields for the PWS wells
reach 2,000 gpm and they are drilled up to 450 ft deep.

METHODS

Data Management

Data collected for the Belgrade—-Manhattan inves-
tigation is stored in MBMG’s GWIC database (http://
mbmggwic.mtech.edu/). GWIC contains information
on well completions, groundwater levels, aquifer tests,
and other information. GWIC identification numbers
reference locations and sites where data were collected
for this report. The data associated with this study are
presented under the Belgrade-Manhattan project code
on the GWIC website.

Groundwater and Surface-Water Monitoring

Data from 50 wells located within or near the
study area were used to examine the subsurface geol-
ogy of the study area. Existing wells were selected
for the monitoring network based on well availability,
well owner permission, historical record, geographic
location, and hydrogeologic setting. Wells and data
from a monitoring network established by the Galla-
tin Local Water Quality District and the MBMG's
Ground-Water Characterization Program were also
used. Wells and surface-water sites were monitored
generally monthly from the spring of 2012 through
2015. All well logs are available in the MBMG’s
GWIC database (http://mbmggwic.mtech.edu/, under
Belgrade/Manhattan).

Eighteen surface-water monitoring sites were
included in the model (fig. 4; appendix A, table A2).
Instantaneous field measurements of discharge were
obtained using either a Sontek RiverSurveyor Acous-
tic Doppler Current Profiler, a Sontek FlowTracker
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Acoustic Doppler Velocimeter, or an OTT MF-Pro
electromagnetic current meter. Stage was measured
manually at staff gages, from surveyed locations on
bridges, and from stilling wells in which dataloggers
were installed. Three U.S. Geological Survey (USGS,
1999, 2017a, 2017b) gaging stations also provided his-
toric stage and discharge data for the Gallatin and East
Gallatin Rivers (USGS sites 06043500 and 06052500
on the Gallatin and 06048650 on the East Gallatin).

For many streams in the Gallatin Valley it is not
possible to measure flows during high flow. During the
runoff season (April through June/July), flows are too
fast and deep to accurately and safely measure. Ad-
ditionally, stage data are generally not available during
the winter months because of ice buildup at the gage
sites. Wells and stream gages used to provide water
levels were surveyed by licensed surveyors.

Aquifer Tests

Aquifer tests for this study were conducted at
four sites (pumping wells 267822, 255476, 259074,
and 266830, fig. 4). Four to six wells were drilled at
each location, with monitoring wells arrayed around
a production well. Each test consisted of at least 1
week of pre-test water-level monitoring, up to 7 d of
pumping, and an appropriate recovery interval. Water
levels were measured using pressure transducers (data
loggers). Manual water-level measurements were used
to correct water levels and ensure that the pressure
transducers functioned properly. A digital flow meter
and recorder were used, where possible, during test-
ing to record flow rates and the total volume of water
pumped.

These tests were conducted and analyzed in accor-
dance with ASTM standards (ASTM, 2008, 2012) to
determine the transmissivity, hydraulic conductivity,
and storage capacity of the shallow Quaternary aquifer
and the underlying Tertiary sediments. The data col-
lected and compiled into a Form 633 during these tests
are available in GWIC, searchable with the identifica-
tion number of the pumped well (fig. 4).

Estimates of aquifer properties are also avail-
able from water-rights applications obtained from the
Montana Department of Natural Resources and Con-
servation (DNRC, 2011, 2016) and previous studies.
Two aquifer tests performed external to this study, one
performed for River Rock Subdivision and one for
water right application 41H30029944, were also used
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Figure 4. Groundwater and surface-water monitoring, drilling, and aquifer testing helped create a conceptual model

of the study area that was used to both develop and verify
south of the study area boundary.

to match pumping conditions in the modeling effort
(fig. 4).

Groundwater Modeling
Analytical Model

The analytical model provides a simple approach
to analyzing the aquifer system and serves as a prelim-
inary tool to assess aquifer characteristics and effects
of pumping. This model incorporates a single well
with a constant pumping rate, and estimates the result-
ing drawdown and/or stream depletion. Assumptions

the numerical model. USGS stream gage site 06043500 is

include a homogenous and isotropic aquifer system

of infinite lateral extent. This type of model provides

a first-cut estimate of the expected drawdown from
pumping in various parts of the aquifer and was used
to validate the numerical models. The analytical model
solves the Theis equation to determine groundwater
drawdown at a particular time and distance from the
pumping well based on hydraulic characteristics and
pumping rates.

The analytical model uses Microsoft Excel 2016
to solve the Theis (1935) distance-drawdown equation

11
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with the Lohman (1979) well function modification to
allow for vertical water flow and partially penetrating
wells in the aquifer (Lohman 1979; eq. 45, 48). This
analytical model allows the user to define storage,
transmissivity, time, and discharge to solve the math-
ematical equation for drawdown at a given distance
from the pumping source. The model is limited in
function to determining the cone of depression at some
distance from a pumping well and acts as a verifica-
tion tool for the numerical groundwater model (details
in appendix A).

The analytical model was developed based on ob-
served and published hydrogeologic properties of the
aquifer in the study area. Further assumptions include
instant release of water from storage in a non-leaking
confined aquifer.

Superposition Numerical Groundwater Flow Model

The numerical model was developed in MOD-
FLOW with steady-state and transient versions to
examine four hypothetical pumping scenarios. The
MODFLOW model domain encompasses the study
area, which extends north from Hulbert Road into
the Horseshoe Hills, immediately north of the East
Gallatin River to the canyon near Logan. The model
extends into the surrounding hills, with the Madison
Plateau to the west and the eastern benches acting as
a boundary in the foothills of the Bridger Mountain
Range (fig. 1).

The purpose of the numerical model is not to pre-
dict future conditions or to replicate the current flow
regime, but rather to understand the changes that can
be expected due to pumping new wells. The superpo-
sition model solves the groundwater flow equation in
terms of changes to the system rather than in absolute

values of head or flow. Rather than calibrating the
model to head or stage, estimates of aquifer thickness,
conductivity, and transmissivity are used to define the
system. The initial model represents current condi-
tions, and each scenario applies a new stress. Changes
in groundwater and surface-water conditions are quan-
tified by subtracting the initial model from the sce-
nario model. In this way, the difference in the volume
of water by surface-water reach or by aquifer zone can
be identified within the overall flow system.

Water use and redistribution of water occur within
the model area; however, the principle of superposi-
tion holds these factors constant to determine effects
on the aquifer. Agricultural recharge, municipal water
supply pumping and septic recharge, and evapotrans-
piration are all considered constant stress factors. Any
changes to the system are calculated as an addition
or subtraction from the baseline model. If water were
to be added to the system, it may induce additional
surface-water capture, which is effectively an increase
in surface-water flows.

The numerical model employs the principle of
superposition to allow for the evaluation of a stress
to the system (i.e., pumping of a well) when other
stresses to the system are not clearly defined (fig. 5;
Bear, 1979). The initial background conditions are
constant between the unmodified baseline model and
the modified model with a new stress added, negat-
ing any effect between the two scenarios other than
changes induced by the new stress. By subtracting the
second model from the first, all influences aside from
the new pumping well are equal, calculating only the
changes from the new pumping. For example, a new
pumping well might discharge 4 acre-ft/yr of water
(Q; fig. 5), and this composite solution indicates 3

Q =4 acre-ft

v Water table

3 acre-ft

A. Initial flow system

B. Pumping induced drawdown and stream capture

Figure 5. The superposition numerical model allows changes to be subtracted from the initial, baseline flow model (A) to
quantify the effects. In this example, the 4 acre-ft of water pumped from the well is from the aquifer (3 acre-ft) and surface-

water capture (1 acre-ft).
12
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acre-ft come from storage (aquifer drawdown), and
stream depletion (surface-water capture) accounts for
the other 1 acre-ft. In this way, the model can compute
the expected drawdown and surface-water capture of a
new pumping stress without detailed consideration of
other background factors.

The superposition model quantifies drawdown and
surface-water capture from multiple new stresses with
variable pumping rates in a complex hydraulic system.
Rather than match the reality of a complex system and
calibrate to known water levels or flows, the numeri-
cal model mathematically renders the overall charac-
teristics of the system. A superposition model is best
used to understand the changes to the system from an
applied stress.

Numerical Model

The numerical model uses MODFLOW version
1.19.01, a groundwater flow model developed by
the USGS (Harbaugh and others, 2000). The MOD-
FLOW finite-difference equation was solved using
the Strongly Implicit Procedure (SIP1) solver (Stone,
1968) and automated parameter estimation (PEST, v.
13.0; Doherty, 2003, 2010). Groundwater Modeling
System (GMS version 10.0.2; Aquaveo, 2014) was
used as a graphical user interface for MODFLOW and
PEST. This software facilitates the use of geographical
information such as maps and images for model input
and output.

This model simulates groundwater and surface
water in the Belgrade-Manhattan area, and the results
demonstrate how surface water and groundwater re-
spond to pumping stresses. The model simulates “sce-
narios” that quantify changes in the hydrologic system
that may be useful in making decisions about how
and where to locate a municipal water supply well.
Each scenario calculates volume and timing of water
recharge or discharge by simulating a new stress and
comparing the results to the initial (baseline) version.
The head changes between the scenario model and
the initial model quantify changes in the groundwater
system. We use changes in the cell-by-cell flow deple-
tion zones to quantify changes to surface water along
any stream reach.

The model represents the basin-fill alluvium of the
groundwater system in the study area with five layers.
Both the steady-state and transient models are down-
loadable from the MBMG publications website. These

models cover a 177 mi? area, and the MODFLOW grid
is oriented north—northwest (fig. 6), parallel with the
dominant groundwater flow direction.

Steady-State Superposition Numerical Model

Steady-state models are useful for evaluating the
overall, long-term effects of changes to the ground-
water system and/or average annual characteristics.
This steady-state numerical model simulates average
annual conditions of the Gallatin Valley for the 2014—
2016 water year. Details of the model development are
included in appendix A.

The numerical model is based on observed
groundwater and surface-water elevations, stream
flows, aquifer test results, and previously published
data pertinent to the study area. The calibration dataset
included monthly stages recorded for surface-water
bodies, observed flow data from 2015, and hydraulic
characteristics of the aquifer. The calibration reflects
the hydrogeologic properties of the subsurface, sur-
face-water flows, and groundwater response to pump-
ing.

Variables that fluctuate throughout the year, such
as groundwater elevation, recharge/discharge from
canals, and surface-water levels are entered as average
values for the year. For example, the elevation of the
water surface in the Gallatin River at a site may fluctu-
ate between 4,294 and 4,298 ft over the year; however,
the annual average or “steady-state” elevation might
fall closer to 4,295 ft. The steady-state model repre-
sents the system’s response to average annual water
conditions.

Transient Superposition Model

The annual changes in recharge, discharge, and
flow are broken out by month in the transient model.
The transient model is useful for determining the tim-
ing of any changes that occur, in both groundwater and
surface water, and identifying how different surface-
water bodies change over time.

Transient models simulate aquifer system response
to time-dependent changes to stresses. For example, a
transient model might simulate changes in groundwa-
ter levels in response to seasonal pumping. The ad-
vantage of the transient model is it can better replicate
changes that occur over time. For example, additional
water withdrawal from a well may initially cause an

increase in groundwater drawdown; however, over
13
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Figure 6. The numerical groundwater model grid is oriented north—northwest to approximate the direction of groundwa-
ter flow. The focus of the model is the central part of the valley in the Belgrade, Central Park, and Manhattan subareas.

Boundaries are generally located several miles from the focus area, in the hills surrounding the valley. Model details are

included in appendix A (table A1). Five layers were used.
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time it may include some capture of surface water too.
The transient model can quantify the volume of water
from each source (e.g., aquifer, streams, rivers) during
each stress period.

This transient numerical model builds on the
steady-state model to include a time element and
includes aquifer storage (S). Fluctuations in monthly
surface-water levels and seasonal drainage from irriga-
tion canals to the water table represent flow changes.
The transient model evaluated the seasonal response of
surface-water changes in Hyalite Creek, East Gallatin,
and Gallatin Rivers. Hypothetical pumping scenarios
used this model to determine drawdown and changes
to surface-water discharge. We present two versions of
the transient model. A 12-mo transient model simu-
lates January 1, 2015 through January 1, 2016. A 10-yr
transient model replicates the conditions of the 12-mo
version through December 31, 2025. The 10-yr tran-
sient model provides a baseline, or control model, for
comparison to new stresses applied in the predictive
scenarios.

Model Construction

The subareas are a modification of Hackett’s
(1960) subareas based on areas of geologic deposition
(fig. 3). Simplification and grouping of the hydraulic
characteristics into these subareas streamlined the
calibration of the model.

The geologic units were consolidated into three
main hydrogeologic units for the purpose of estimating
K in the model: bedrock (€m, €w, €f, Yla), Tertiary
sediments (Tsuf, Tsuc, Tdc), and Quaternary sediments
(Qal, Qat, Qaf, Qab, Qafo, QTaf; fig. 3). The Quater-
nary/Tertiary contact is often difficult to distinguish
in drill cuttings and only clearly identifiable at the
surface. In addition, Quaternary sediments interfinger
with the Tertiary sediments in some locations, caus-
ing mixing or interbedding of the deposits. For these
reasons, the Quaternary and Tertiary sediments, unless
identified at the surface or clearly identified in drill
cuttings, were grouped into hydraulic conductivity
zones.

The bedrock of the valley floor is generally outside
of the interest of this study, and its hydraulic charac-
teristics are poorly characterized. It is primarily com-
prised of limestones, shales, and sandstones with low
porosity as compared to the unconsolidated deposits
(Vuke and others, 2014). The bedrock is frequently

weathered to saprolite near the surface, and is com-
monly fractured. Water movement in the bedrock is
dominantly through saprolite and fractures.

Tertiary sediments tend to be less transmissive
than the Quaternary deposits, owing to a greater
proportion of fine sediments. The Tertiary sediments
are characterized by matrix-supported siltstones and
sandstones, calcareous cemented zones, and con-
glomerates. These sediments include some lenses of
silt and clay, cemented layers, and compacted layers.
The composition is similar to Quaternary sediments,
though the Tertiary sediments tend to have a higher
limestone component (Vuke and others, 2014).

Quaternary sediments in the valley are the young-
est and generally the coarsest, with higher K. They are
composed of alluvial fan, terrace, and braided river de-
posits of the valley floor. The sediments are character-
ized by moderate to well-sorted sands and gravels with
sparse clay or silt layers. The composition varies but is
primarily clast-supported bedrock of quartz, quartzite,
volcanics, and Archean metamorphic rocks (Vuke and
others, 2014).

Monthly average stage data for the East Galla-
tin near Bozeman (USGS station 06048650) and the
Gallatin River near Logan (USGS station 06052500)
were applied to the inflow of the East Gallatin River
and the outflow of the Gallatin River. All other stage
data from Belgrade—Manhattan project locations were
applied to nodes corresponding to GWIC locations.

The stage values were duplicated annually to de-
velop a 10-yr baseline numerical model for compari-
son to the pumping scenarios. No new stresses were
applied in the 10-yr numerical model, which runs from
January 1, 2015 to January 1, 2026. The time steps
were decreased from 5 to 1 for each month to make
the numerical model run more efficiently.

RESULTS

Numerical Model

The model includes five layers and divides the
domain into nine subareas to distinguish geologic
characteristics governing groundwater movement. The
depth, rather than the age, of the sediments dictate
hydraulic conductivity in the Belgrade, Manhattan,
and Central Park subareas. The sediments are similar
in composition; however, they typically fine and com-
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pact with depth. The hydraulic conductivity decreases
with depth in the model to account for this. Horizontal
K (HK) was modeled by subarea, depth, and geo-
logic source material by determining a minimum and
maximum range within each model layer and subarea.
Shallow alluvial deposits were assigned the highest K
while consolidated Tertiary deposits and bedrock were
assigned the lowest K.

The fluvial and alluvial sediments are composed
primarily of the same source material; however,
stratification of the fluvial deposits inhibits vertical
movement of water. In areas of shallow fluvial sedi-
ments (Upper East Gallatin, Belgrade, Manhattan, and
Central Park areas), the vertical conductivity (VK)
is limited to approximately 10% of HK (table 2). In
deeper sediments where water movement is limited
by compaction or in areas of alluvial deposits, vertical
conductivity is approximately 33% of HK (Alan Eng-
lish, MBMG, oral commun., 2019). We applied these
ratios as anisotropy factors to VK within the Layer
Properties Flow package of MODFLOW.

Fractured bedrock occurs at shallow depths north
of the Gallatin River and in the Dry Creek, Spring
Hill, and South Bridger subareas, but otherwise occurs
at depths below this model domain. In the Dry Creek
Subarea, model layers 3—5 simulate bedrock, and in a
small section north of the river, all five model layers
represent bedrock.

The low-K bedrock is included in the calcula-
tion of conductivity for all subareas except Belgrade,
where the depth to bedrock exceeds 500 ft. Bedrock
exposures at the far north part of the study were in-
cluded in layer 1 (figs. 7-9).

Tertiary sediments were included in the calculation
of hydraulic conductivity for all subareas, though they
are thinner in the Dry Creek, Spring Hill, and South
Bridger areas (figs. 7-9). Where Quaternary sediments
are exposed at the surface, they were included in the
calculation of HK for the subarea (fig. 9).

Tertiary fine sediments are at shallow depths north
of the fault, ranging from 20 to 80 ft below ground
surface (figs. 7-9). Layer 1 north of the fault is similar
in composition to the valley fill of the Belgrade subar-
ea, but deeper geologic material has lower HK. Simi-
lar Tertiary sediments are present south of the Central
Park fault (fig. 9) at depths ranging from 200 to 400
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ft, with compaction causing lower HK at greater depth
(fig. 9).

Sediments in the Belgrade subarea are heterog-
enous, with lateral and vertical variation in hydraulic
conductivity. Coarse Quaternary and shallow Tertiary
sediments fill the valley bottom from the southern end,
deepening as the valley tilts toward the fault. Highly
conductive sediments occur at depths of 200 ft or more
in the central part of the valley. These sediments fine
and compact with depth, decreasing HK, but are more
productive than sediments north of the fault. Surficial
Tertiary sediments in the Bozeman Fan subarea have
a lower HK than surrounding valley sediments, and
the coarse alluvium of the Upper East Gallatin subarea
overlies shallow Tertiary sediments from the same fan
deposition. The upper 200 ft of the valley floor subar-
eas south of the fault generally has the highest conduc-
trvity.

Dry Creek, Spring Hill, South Bridger, and Camp
Creek subareas are included in the model, though they
are not the focus of this study. These areas provide
a buffer around the area of interest that negates the
effects of boundary conditions along the edges of the
model. Limited information is available on the hydrau-
lic characteristics of aquifer material in these subareas,
and they were estimated during model calibration.

Source and Sinks

Hyalite Creek, the East Gallatin River, and the
Gallatin River were simulated using the MODFLOW
river package (RIV; fig. 6). This package incorporates
observed stage for each river reach over the period of
record. The river package calculates gains and losses
to the river reach based on streambed conductance and
the relationship between stream stage and head in the
aquifer. Field measurements of stage and river bottom
elevation are entered into GMS nodes (appendix A,
table A2). Locations of river reaches were digitized
from the 2015 National Agricultural Imagery Program
(NAIP, 2015) aerial imagery.

Streambed conductance (C) was calculated for
each river reach. The thickness (b) of the streambed
was set to 1 ft. The range of streambed permeability
for similar streams was taken from Calver, 2005 (see
appendix A, table A3 for details). Width was applied at
the stream nodes, at locations where the stage and flow
were measured in the field. Conductance values were
adjusted during model calibration.
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Table 2. Modeled aquifer properties.

Geologic Area HKMin  HKMax | VKMin VK Max Veﬂical
(ft/d) (ft/d) (ft/d) (ft/d) Anisotropy
South Bridger Subarea 1 50 8 26 0.33
Upper East Gallatin
Subarea 10 400 21 205 0.1
Spring Hill Subarea 5 50 9 28 0.33
Bozeman Subarea 1 120 20 61 0.33
T Dry Creek Subarea 10 40 8 25 0.33
g Belgrade low Q 10 450 23 230 0.1
S Belgrade high Q 10 600 31 305 0.1
Bedrock area 1 50 1 25 0.5
Central Park Subarea 100 350 23 225 0.1
Camp Creek subarea 1 200 33 101 0.33
Belgrade low Q 10 450 23 230 0.1
Manhattan Subarea 15 400 21 208 0.1
South Bridger Subarea 1 50 8 26 0.33
UpperSEast Gallatin 10 30 2 20 0.1
ubarea
Spring Hill Subarea 5 50 9 28 0.33
Bozeman Subarea 1 100 17 51 0.33
~ Belgrade 50 450 25 250 0.1
5 Belgrade Subarea 10 350 18 180 0.1
&~ | Central Park Subarea 40 200 12 120 0.1
- Manhattan Subarea 10 200 11 105 0.1
Bedrock area 1 40 1 20 0.5
Dry Creek Subarea 5 25 5 15 0.33
Belgrade low Q 10 350 18 180 0.1
Belgrade low Q 10 350 18 180 0.1
Camp Creek subarea 1 150 25 76 0.33
South Bridger Subarea 1 45 8 23 0.33
Upper East Gallatin 10 30 2 20 0.33
Subarea
Spring Hill Subarea 2 50 9 26 0.33
» Bozeman Subarea 1 100 17 51 0.33
5 Dry Creek Subarea 1 50 8 26 0.33
2 Central Park Subarea 10 75 4 43 0.33
- Camp Creek subarea 1 120 20 61 0.33
Belgrade Subarea 10 250 13 130 0.1
Belgrade Subarea 10 300 16 155 0.1
Manhattan Subarea 10 50 3 30 0.33
Bedrock area 1 45 1 23 0.5
South Bridger Subarea 1 40 7 21 0.33
Upper East Gallatin
Subarea 10 30 2 20 0.33
Spring Hill Subarea 2 35 6 19 0.33
< Bozeman Subarea 1 80 13 41 0.33
5 Dry Creek Subarea 1 50 8 26 0.5
a Central Park Subarea 10 75 4 43 0.33
- Camp Creek subarea 1 125 21 63 0.33
Bedrock area 1 20 1 10 0.5
Belgrade Subarea 10 175 9 93 0.1
Belgrade Subarea 10 225 12 118 0.1
Manhattan Subarea 10 50 3 30 0.33
South Bridger Subarea 1 35 6 18 0.33
UpperSEast Gallatin 10 30 5 20 0.33
ubarea
Spring Hill Subarea 2 35 6 19 0.33
0 Bozeman Subarea 1 75 13 38 0.33
4 Dry Creek Subarea 1 50 8 26 0.5
5 Belgrade Subarea 1 150 8 76 0.33
Manhattan Subarea 10 50 3 30 0.33
Bedrock area 1 20 1 10 0.5
Central Park Subarea 10 75 4 43 0.33
Camp Creek subarea 1 125 21 63 0.33

Note. HK, horizontal hydraulic conductivity; VK, vertical hydraulic conductivity; Vertical
Anisotropy, ratio of horizonal to vertical movement.
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Figure 7. Four cross-sections were developed to better understand the hydraulic conductivity of sediments at depth in
the valley. Well logs and geologic maps were examined to determine the depth of the lithology and the hydraulic controls
exerted on the aquifer. See figure 9 for lithologic descriptions.
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Unit

HGU

Description

Modeled area

Thickness
where present

Alluvium comprised of

Central Park, Belgrade, Upper East

and Manhattan

unco_nsohdated grav_el, sand, silt, and Gallatin, and Dry Creek subareas <50 ft
clay in stream and river channels
®
qc) Alluvial terrace deposits Dry Creek and Belgrade subareas Unknown
-_% Alluvial fan deposits comprised of ) ) )
@ gravel, sand and silt deposited by Dry Creek, Spring Hill, South Bridger, <200 ft
v Hyalite Creek and Bozeman subareas
©
=
=
© Alluvial braid plain deposits comprised
> | of bouldery gravel and sand with thin Belgrade and Manhattan subareas <800 ft
g beds of clayey silt
8
©
8 Alluvial fan deposits comprised
of gravel, sand, silt and minor South Bridger subarea <100 ft
amounts of clay
Alluvial fan deposits comprised .
of gravel, sand, and silt Dry Creek and South Bridger subareas <120 ft
Dominantly fine-grained siltstone with Camp Creek (surface), Manhattan,
conglomerate sandstone beds and Central Park, Belgrade, and Upper East <300 ft
0 lenses of gravel Gallatin subareas (subsurface)
c
[}
£
S . P
Q Dominantly coarse grained . Bozeman, Dry Creek (subsurface), and
n conglomerate with sandstone, siltstone, . 500+ ft
- South Bridger (subsurface)
% and volcanic ash beds
£
|°_’ Siltstone and fine-grained sandstone
with conglomerates and calcareous Central Park area (subsurface) 800-1000 ft
paleosols
. Limestone and dolomite Bedrock area 330-550 ft
8 Shale Bedrock area <400 ft
—
3 Sandstone, quartzite, and cemented
o conglomerate Bedrock area <150 ft
i)
g
3 Bedrock area (surface), Dry Creek,
g Limestone and shale Spring Hill, South Bridger, Central Park, Unknown
L

Figure 9. The geologic controls on groundwater were classified into three main hydraulic groups: the Quaternary al-
luvium, the Tertiary sediments, and the fractured bedrock. The hydraulic properties of each group, based on aquifer

test results, were used as calibration criteria in the numerical groundwater model.
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Spaulding Brook, Gibson, Cowan, Story, Ben Hart,
Bull Run, lower Smith, and Thompson Creeks were
simulated using the MODFLOW drain package. The
drain package is similar to the river package; however,
the drain package simulates only flow from the aqui-
fer to the drain at nodes where the head in the aquifer
exceeds the elevation of the drain. The package does
not simulate stream loss (flow from the drain to the
aquifer). Elevations at the drain nodes were calculated
from digital elevation models where they were not
surveyed for the project (see appendix A, table A4 for
details).

Each of the streams modeled as drains acts as a
sink for groundwater, exclusively simulating the dis-
charge of groundwater to surface water. Limited flow
information on the creeks collected during this study
demonstrated a hydraulic connection to the aquifer.
As coarse geologic materials thin north of the fault,
groundwater discharge to springs form the headwaters
of these creeks.

Numerical Model Calibration

The goal of a superposition model is to replicate
the characteristics of an aquifer and determine the
effects of an applied stress; therefore, the steady-state
characteristics of the aquifer were targeted rather than
trying to match head change. Groundwater elevations
collected for the Belgrade—Manhattan study were
included as qualitative calibration criteria. The calibra
tion criteria included matching drawdown recorded
during three aquifer tests and varying hydraulic con-
ductivity within the measured ranges for each subarea.
The model results were compared to the analytical
model, the drawdown from three aquifer tests, and the
surface-water gains and losses to determine when the
calibration was satisfactory (details in appendix A).

Groundwater/Surface-Water Interactions

The gains to or losses from the aquifer along each
river reach are simulated as gain to the aquifer (posi-
tive flow) or loss from the aquifer (negative flow)
between nodes. For example, if the surface-water
flow from one node to the next decreases, flow to the
aquifer is positive. In GMS, cells of the river arc may
gain or lose water individually between nodes, with
flow calculated as the sum of the cells constituting the
river arc.

In reality, throughout the year, river reaches may
change seasonally from gaining to losing, and this
makes the steady-state model a simplification. Dur-
ing calibration, flows were maintained within the
range of gains and losses from one node to the next.
The streambed permeability was modified so that the
conductivity term replicated gains and losses. Flow
measurements taken on Bull Run, Cowen, Gibson,
Smith, and Thompson Creeks near their confluences
with the East Gallatin River were input to the model
to establish flow. We used flow measurements from 18
locations along these reaches to determine the range of
gains along the drain cells. Each creek is modeled as
a single arc with an overall negative flow between the
point of origin and the terminus at the East Gallatin
River.

The simulated flows fall within the range of
observed flows for each river segment. Changes in
flow are highly variable, particularly in Hyalite Creek
where the stream is dam-controlled, and the upper
reaches of the East Gallatin River adjacent to the East-
ern Benches. Table 3 shows the minimum and maxi-
mum measured flows along each modeled arc of the
river. Unmeasured diversions or tributaries introduce
error to the calculation of gain or loss; this error may
account for the wide range in measured flows along
some river arcs.

Hydraulic Conductivity

The hydraulic conductivity array was developed
using a combination of polygon and pilot point PEST
calibration tools. The hydraulic conductivity was
adjusted during calibration within measured field
conditions in the subareas. An array of pilot points
within the subareas allowed a minimum and maxi-
mum horizontal hydraulic conductivity, and the array
of HK is calibrated to the reported range of values for
the geology of the area (fig. 10; table 1). Each layer
is heterogeneous, reflecting the variety of geologic
units present. Table 2 presents the horizontal hydrau-
lic conductivity assigned to layers 1-5 along with the
anisotropy factor applied to generate VK.

The layer one K values are representative of
coarse-grained Quaternary sediments in the Belgrade,
Manhattan, and Central Park subareas in the shal-
low sediments crossing the Central Park fault (figs.

3, 10). Horizontal conductivity is lower where layer
one includes the finer-grained sediments of the Camp

21



ol '8 2.8°199 ¥8€'9Zy 02€'09. 6 8vv'Z6 3 39910 ‘PY ssfeS—uQ uUny (Ing  €€629¢

Mary Sutherland, 2023

uny jing
8 v'e ¥99°L6V Z1L5'09¥ ¥¥€'60. 8 089°11Z 4 M) "PY [00YdS D Aig-usmod 106292
uamo?
8 *N4 0v0°L2S 00%°929 026'688 ol 088°29¢ % L) "pY looyog WD Aig-uosqle 188292
uosqio
L 1C 706°G6.°C 8¥¥‘800°¢ 00%°90%‘v LS 967019} 6l L) Py evud Aig-eaiD 8sedy  6£8792
asooy
Z €e 0v9'918‘C 002°G€9°C 02S‘ev0'y VA4 088°9zZ’l vl EESe) "pY dea10 Aig-x10 uosdwoyl 078792
uosdwoy |
Sl 908 ¥¥.'GS6°C ¥20'GLG | 968°266'C Ge i 0 €AH "pY abejuoi4—ea1] sYeAH 96€.G¢
45 €80¢ 082Gor'LL  9€6'/8L°'S 9/G6'02S'LL €€l 96¢2'GS L CAH 'Y J8jua) AsjleA—3e81] BllleAH  $6£/5¢
3 L'2C 9686Cv'LL  896°'L¥C'9 968'956°| | 0¥0°LeS LAH mojuj-xea1) ajleAH  00¥.2G2
Zl 19z 088'8/8°'6GL 89619198  80¥'L0OL'99L ZZ6'L 8ZSCCT'9 ¢l P Y9810 Aig-une|eS  8Gy/GT
ol e 96¥'v/981  9G2'808'9L  ¥0G'S¥l'9Zz  €0€ 800°L.¥'L 98 99OM ‘pY ebejuoi4-une|es 95¢/G2
- 'l 091°9€8°¢ 0¥2'90.'9C  0zZE'vC9'8Z  Leg 091°88.°vZ /8¢ SOM adls—unejes Vv/N
L 0.Z 096'881'CLL 961'0/8C6  9.6'vLL'6LL €.0°C 9109299 /L €OM ‘PY Wepisiswy-une|es  GGe/S¢
L 9'GlL  0¥Z'86Z‘l6l 080°0€.80L 00Z6.EY0Z 99€C 096°080°€t LG ZOM abpug uosswed-une|es  /G¥/G2
— 8'8 z€T'619c0  968°9vC' LTl  21G'986'8eT 082°.£6°GZ LOM Mojjul-unejes  V/N
snonupuo) '€l 008'¥02'8€C 009'69€'8EL  000°C.¥.ZGC 086'C 0022926l €2C uebo] 0052509
je obeb gogN—IaAlY une|e
4" 6L 0560102} 889'v€9'60L OV¥'689'V61L €SC'C 9€6'6.5'VC ¥8C g9 Uo|n UOXIN—IBAIY uljejes  Ley/S2
4’ A 8¥8°060°vE  8¥9°/69'CcC  cl0'tvl'6y  9.G ¥2e¢'zs9'sl 18l 693 youey JeAly unejeg-uiejes '3  ¢ey.Ge
S 1'C 9Le'L/6'cc  O0ve've9've  8¥8Zyl'9E  8L¥ ze9'qalel  ¢sl 893 obpug Buipinedg-une|es '3 0592
9 12 0v¥0°/Z.9L  02TE'086'€CZ  OV8'EvECE  v.€ 008°919°GL 18l /93 P MO A1a M ‘uneles '3 €50592
9 144 960°v92'8L  9€€'020'CC  ¥8E'TSLLE 19¢ 887'888°Cl 6¥l 993 "pY [00yos MO Aig-uneles '3 006292
S 6¢C ¥98°C€0cC  9€€'9//.'CC¢  89.'C6L'EE L6E ¥06'6G2°LL  9€El FRE! ‘pY dwems unejes '3 /#0592
9 904 082'G¥9°'0c  0ZL'L¥9'9L  09.'696'9¢  ¢ClE osv'vze'd €L 793 ‘pd MeaId Aig-uneles '3 L#8¥92
€l vvy  ¥86°€€L'G9  CLE'€8EWE  ¥0E€'0SZ'L9 8L 02¢'91G°) 8l [ASE| abpug |lomusd-une|es '3  11£852
snonupjuo)  Z'€Z  026'G/89€  0¥9'960°0¢  00¥'¥ES'8E  9vv 088°859°) 6l 193 uewszog (0598%09
Jeau abeb gogn-une|es ‘3
(PreW) (PreW) (P/ch) (s)0) (preW) (sp)  olv I9po uo1Ees0 "ON UonelS
SJUSWBINSEBdN %  gpuey mol4  eBieyosiq poINSES\ poInsespy SN
MO|4J0°ON  JolF obeiony MO| WiNWIXep MO[ WINWIUIA 10.dI 2IMO

"SMOJ} J181EM-80BJINS PRINSES\ "€ S|qeL

22



Montana Bureau of Mines and Geology Open-File Report 756

‘aseaJoul syydep se AJIAIoNpuod oliNeIpAy asesaloap sjuswipas Aleua] Jaul ay) ‘sjuswipas Aleussieny) asieod jo abeyoed oIy} e sepnjoul jey) eaieqns
apelbjeg ayj Jo uoiod e Jo uondaoxe ay) YlIAL "MOJ} Jejempunolb Uo sjuawiIpas sy} JOo 8duanjyul 8y} SMoys AJIAIONPUOD dijNeIpAy pajspow ay] "0l anbi-

00
09y
0'c6

08¢l
o'v8l
00¢€c
09/¢
0¢cee
089¢
ovly

0°09%
PR MH

pesy payloadg  mmm
JOAIY wmm
uelq mem
sjoquAs MOT4A0N

SalN ¥ 4 0

Y

N

G Jake ¥ Jake

¢ 1afen ¢ 19ken | J1oke

23



Mary Sutherland, 2023

Creek Hills, and lower still in the Tertiary outcropping
of the Bozeman Fan subarea. Layer one in the Upper
East Gallatin subarea has relatively high K values to
represent the shallow fluvial sediments deposited by
the East Gallatin River, and K values decrease in the
eastern benches of the Dry Creek, Spring Hill, and
South Bridger subareas. In the Belgrade subarea, the
PEST calibration arrived at high- and low-conductiv-
ity areas that are not consistent with our conceptual
model of the aquifer system. These areas calibrated
poorly; however, changes to the K values negatively
affected river flows in the Gallatin River. As such,
these high- and low-K areas were retained and used
in the scenarios to determine the effects of high- and
low-conductivity sediments on the drawdown from

pumping.

Layer two has relatively low K values north of the
fault, where fine Tertiary sediments are prevalent (fig.
10). Conductivity further decreases near the model
boundary that simulates groundwater outflow from the
model domain, where bedrock becomes shallow and
compacted Tertiary sediments dominate. The relatively
high conductivity of the Central Park and southern
Manhattan subareas suggest interconnected gravel
deposits in the shallow basin-fill sediments. A high-
conductivity zone near Belgrade may overestimate the
actual aquifer conductivity; however, it occurs in the
location of a known deep sediment zone that displays
promising aquifer development potential. The hydrau-
lic conductivity decreases near the southern portion of
the Belgrade subarea, where coarse Quaternary sedi-
ments thin and finer Tertiary sediments dominate. The
shallow sediments of the Upper East Gallatin subarea
(represented in layer one) are replaced by deeper sedi-
ments similar to those in the adjacent subareas in the
foothills of the Bridger Mountains. In these subareas
(Dry Creek, Spring Hill, and South Bridger), bedrock
may be present at this depth or in layers two or three;
the low conductivity at depth reflects the low porosity
of fractured bedrock.

Model layer three reflects a decrease in conductiv-
ity due to an increased percentage of fine sediment and
compaction north of the fault (fig. 10). The Belgrade
subarea sediments also show decreasing conductiv-
ity with depth, although the deep Quaternary package
remains an overall relatively high-conductivity zone.
The coarsest part of the aquifer has the highest con-
ductivity, reflective of the thick basin-fill sediments
encountered on the down-dropped side of the Central
24

Park fault. The Camp Creek Hills, Upper East Galla-
tin, Manhattan, Central Park, and Bozeman Fan sub-
areas reflect the finer-grained, compacted or cemented
Tertiary sediments found at depth in these areas.

Model layer four shows the effect of compaction
and increasing cementation from Tertiary sediments
both above and below the fault (fig. 10). Wells that
exceed 400 ft in depth in the Belgrade subarea en-
counter the Quaternary/Tertiary boundary, though it is
sometimes difficult to distinguish the contact. Tertiary
sediments tend to be finer and often include lenses of
calcareous or cemented lenses and worm casts that
help determine the contact. The sediments reflect
compaction and tend to fine with depth, though in the
northeast part of the valley there is a coarse sediment
package that increases conductivity. Other subareas
are composed entirely of finer Tertiary sediments or
bedrock at this depth. The modeled conductivity re-
produces our conceptual model of the conductivity in
these deeper basin sediments.

Model layer five reflects a uniformity of conduc-
tivity between the deeper Belgrade subarea sediments
and the adjacent Camp Creek Hills subarea, which are
both composed entirely of Tertiary sediments (fig. 10).
Interconnected gravel beds within the Camp Creek
Hills provide zones of productive, high-conductivity
aquifer. It is possible that similar beds exist in the deep
sediments west of the river. Just as the Camp Creek
Hills subarea provides ample water, it is likely that
there are conductive zones within the deep basin of the
Belgrade subarea; however, the overall conductivity
of the Belgrade subarea is likely to be low. At these
depths, the only locations that have good water devel-
opment potential are in the Camp Creek Hills and the
Belgrade subareas.

Storage

The 12-mo transient model incorporated aquifer
storage and changes over time into the calibrated
steady-state model, and simulates January 1, 2015
through January 1, 2016. Storage values for layers
one through four were assigned a value of 10%, which
represents an unconfined aquifer consisting of sands
and gravels (Driscoll, 1986). Layer five was assigned a
confined storage value of 0.5% to represent compacted
to cemented Tertiary silts and clays.
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Numerical Model Verification

Aquifer test data provided calibration targets to
match to the output from the transient model. Three
72-h aquifer tests were reproduced in the transient
1-yr numerical model to determine whether the model
accurately simulated the observed drawdown. These
aquifer tests were part of a water-rights application
near Belgrade, water-rights application 41H 30029944
for River Rock subdivision on Amsterdam Road, and
a test performed by GWIP on Stagecoach Trail (well
255476). Two other aquifer tests at Sales Road (well
266830) and Hulbert Road (well 259074), performed
for this study, were also reproduced but not utilized
during calibration. The locations of the tests are shown
in figure 4.

The model simulated drawdown similar to the test-
ed wells, including drawdown at nearby observation
wells (where available). The results are described in
detail in appendix A. By simulating the aquifer tests in
the numerical model and obtaining similar drawdown
results, the model demonstrates that the match to the
calibration targets was sufficient with storage param-
eters of 10% for layers 1-4 and 0.5% for layer 5.

Model Predictive Scenarios

Predictive scenarios illustrate the potential effects
of hypothetical stresses. In this study, the steady-state,
1-yr transient, and 10-yr transient numerical models

provide base cases and new stresses are applied to
them. Using superposition, we compare the calculated
stream depletion and head from applying new pump-
ing stresses to the baseline model. In the predictive
scenarios, a pumping rate of 5,000 acre-ft/yr (3,100
gpm) is simulated, either from one well or from an
array of wells. The pumping is distributed throughout
the year based on estimated domestic consumptive use
in the Gallatin Valley (DNRC, 2011). A base rate of
2,007 gpm (270 acre-ft/mo) is pumped from Novem-
ber to April, and pumping increases from May to July
as residential irrigation increases water use. A decrease
in pumping is simulated from August to October until
it reaches the base rates (table 4).

The MODFLOW model simulates the ground-
water system, and rather than tracking the volume of
surface-water flow, it tracks the gain or loss of ground-
water to/from surface water. The model quantifies the
volume of groundwater that discharges to surface wa-
ter at streams and rivers. Groundwater that discharges
to surface water is “lost” from groundwater but sus-
tains flow to springs, streams, and rivers. Groundwater
discharge to streams and rivers is referred to in these
scenarios as “surface-water capture.” When surface-
water capture declines, this indicates a decrease in the
surface-water flow. Changes in water are expressed as
positive (groundwater gain) and negative (groundwa-
ter loss) quantities. Decreases in surface-water flow

Table 4. Monthly pumping rates for simulated pumping wells.

Stress

Period 1 well 81 wells®
January 32,254.6 ft3 270 acre-ft 398.2 ft3 3.3 acre-ft
February 32,254.6 ft3 270 acre-ft 398.2 ft3 3.3 acre-ft
March 32,254.6 ft® 270 acre-ft 398.2 ft3 3.3 acre-ft
April  32,254.6 ft3 270 acre-ft 398.2 ft3 3.3 acre-ft
May 48,381.9ft3 405 acre-ft 597.3 ft? 5.0 acre-ft
June 80,636.5 ft? 676 acre-ft 995.5 ft? 8.3 acre-ft
July 96,763.8 ft3 811 acre-ft 1,194.6 ft2  10.0 acre-ft
August 80,636.5 ft® 676 acre-ft 995.5 ft? 8.3 acre-ft
September 56,445.5 ft3 473 acre-ft 696.9 ft3 5.8 acre-ft
October 40,318.2 ft® 338 acre-ft 497.8 ft3 4.2 acre-ft
November 32,254.6 ft® 270 acre-ft 398.2 ft3 3.3 acre-ft
December 32,254.6 ft® 270 acre-ft 398.2 ft3 3.3 acre-ft
Antual 596,710 ft 5,000 acreft | 596,711 5,000 acre-ft

a\/olume is per well.
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indicate a decrease in groundwater discharge to sur-
face water compared to the baseline scenarios.

The simulations include:

3. One well vs. many wells: comparison of the
groundwater-elevation changes and streamflow
losses induced by pumping a set volume of
water from one well compared to pumping the
same volume from a group of wells in the same
vicinity.

4. Effects of hydraulic conductivity: a comparison
of pumping the same volume of water in
coarse, highly conductive sediments versus
finer-grained, low-conductivity sediments. This
includes a comparison of aquifer thickness.

5. Pumping mitigation: in a closed basin such
as the Gallatin Valley, any new water rights
require legal mitigation by offsetting water use.
In this simulation, mitigation is simulated by
infiltrating the amount of water pumped at a
pond (mitigation wells) in the model.

6. Timing and location of surface-water loss:
pumping wells can cause pumping-induced

stream losses, depending on the locations of
the wells relative to the stream. This scenario
compares effects of pumping on various river
reaches and examines the timing and volume of
stream loss.

The locations of the pumping and/or mitigation
wells are shown in figure 11 and the design of the sce-
narios is shown in table 5.

Scenario 1: One Well vs. Many Wells

The steady-state and transient models were used to
evaluate the groundwater and surface-water response
to pumping a theoretical PWS well installed in the
Belgrade subarea. The theoretical PWS well produces
5,000 acre-ft/yr (3,100 gpm), either as a single well
or as an 81-well field pumping the same 5,000 acre-
ft/yr from a dense array of wells (fig. 11, inset; BE4
pumping well array). The 5,000 acre-ft/yr is not a
constant rate but varies throughout the year (table 4).
The single well is in the central part of the valley with
the 81-well array surrounding it (fig. 11). Each well in
the well field is completed in layer one or two of the
model, simulating a depth of 80 ft, and cumulatively
the 81 wells are pumping the same volume as the
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single well (table 5). The single pumping well (BE4;
fig. 11) is completed in layer three of the model, at a
depth of 300 ft, to accommodate the greater drawdown
expected from a single well.

The steady-state model results show that pumping
a single well causes a steep cone of depression near
the well, whereas pumping 81 wells develops a dif-
fuse cone of depression near the well field. At a mile
from the center of the pumping, the cones of depres-
sion from these simulations are indistinguishable (fig.
12). Comparison of the pumping-induced surface-
water capture from the rivers and streams was nearly
identical between the two numerical models. Results
show that the number of wells used to pump an equal
volume of groundwater does not affect the amount
of reduction in discharge to surface water, nor does
it change the distribution of drawdown outside of the
immediate pumping area (table 6). In the steady-state
numerical model, the system has equilibrated to the
continuous new stress. In these two simulations, the
wells pump 5,000 acre-ft/yr in perpetuity and eventu-
ally nearly all water is from a reduction in discharge to
surface water rather than from storage. The percent of
water pumped that is from a reduction in discharge to
surface water is 94% in both steady-state simulations.

The same two scenarios were run in the 10-yr tran-
sient numerical model. Figure 13 shows river (13A)
and stream (13B) leakage changes superimposed
over the baseline scenario with no pumping. Differ-
ences in pumping-induced losses from the streams
and rivers between the two pumping scenarios were
initially different but become similar over time. Pump-
ing initially pulls more water from the rivers, but over
time, the surface-water loss shifts to pull more water
from streams, although the river loss is a larger vol-
ume (figs. 13A, 13B). Pumping-induced surface-water
capture by the rivers nears equilibrium, with negligible
differences between the two pumping simulations (fig.
13A). The volume of pumped water that would have
been discharged to the streams in the baseline model
slowly increases, with greater streamflow losses due
to pumping from the 81-well field. This difference
may be due to the shallow (80 ft) well array having a
more direct connection to surface water than the single
deep well (300 ft). Groundwater stored in the aquifer
fluctuates as pumping rates change. The magnitude of
surface-water capture and storage withdrawal reflects
increasing and decreasing pumping rates throughout
the year. The comparison between the two simula-
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Figure 11. The numerical model breaks the rivers into reaches to assign flow, streambed conductance, and elevations.
The predictive scenarios include multiple pumping wells and a mitigation area to allow for new pumping stresses applied

to the model.
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Table 5. Predictive model scenario designs.

Scenario 1

Description

Steady-state

Well

BE4 (pumping)
BE4 (pumping)

Transient 10-yr

Compares a single well pumping to an 81-well array in the
same hydraulic conductivity zone

No. of Well depth Pumping HK zone
wells rate
1 300 5,000 AF-y 300 ft/d
81 80 5,000 AF-y 300 ft/d

Compares a single well pumping to an 81-well array in the
same hydraulic conductivity zone

Well ';'V‘;”cs’f Well depth P“:;‘fe'”g HK zone

BE4 (pumping) 1 300 ft 5,000 AF-y 300 ft/d

BE4 (pumping) 81 80 ft 5,000 AF-y 300 ft/d
Scenario 2 Description

Steady-state

Well
BE1 (pumping)
BE2 (pumping)

Transient 10-yr

Compares a single pumping well in low HK sediments to a
single pumping well in high HK sediments

No. of Well depth Pumping HK zone
wells rate
1 80 ft 5,000 AF-y 20-50 ft®/d
1 80 ft 5,000 AF-y 400-450 ft3/d

Compares a single pumping well in shallow sediments to a
single pumping well in deeper sediments with similar HK

Well ';'V‘(’a'ncs’f Well depth P“gféng HK zone
CP1 (pumping) 1 80 ft 5,000 AF-y 200-250 ft¥/d
BE4 (pumping) 1 80 ft 5,000 AF-y 200-250 ft3/d
Scenario 3 Description

Transient 10-yr

Compares mitigation through an array of injection wells
uniformly throughout the year vs. only in Apr, May, and June

Well \':lvgilsf Well depth f;‘;g‘pi”g HK zone
BE3 (pumping) 1 80 ft 5,000 AF-y 300-350 ft3/d
BES5 (injection/mitigation) 16 5 ft 5,000 AF-y 250-300 ft¥/d
Scenario 4 Description

Transient 10-yr

Well

CP1
BE3

Compares the timing and location of surface-water capture
from shallow alluvium vs. deeper sediments

No. of Pumping

Well depth HK zone
wells rate
1 80 ft 5,000 AF-y 200-250 ft3/d
1 80 ft 5,000 AF-y 300-350 ft3/d
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Figure 12. The single pumping well and the 81 pumping well array reflect virtually identical drawdown contours at

approximately 1 mi from the pumping center (near the 14-ft contour interval). The drawdown from the single pumping
well at the center reaches a maximum of 38 ft while the well array reaches only 18 ft of drawdown.
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Table 6. Scenario 1 results for the steady-state model.

Percent

Max. Head Surface Water
River Stream Drawdown Sourced for
Simulation Stress Applied Gain® (ft%)  Gain' (ft%) (ft) Pumping
Baseline No pumping simulation 16,044,068 14,156,542 0 0
Scenario1 BE5 1 well simulation 947,218 824,146 38 94
BE5 81 wells

Scenario 1  simulation 947,439 823,760 19 94

aDecreases from the "no pumping" scenario indicate decrease in groundwater going to surface

water.

tions in this scenario indicates that the volume of
water pumped determines the amount of surface-water
capture rather than the number of wells that water is
pumped from.

Scenario 2: Effects of Different Hvdraulic Conductiv-
ity Zones on Pumping

The steady-state and 10-yr transient numerical
models were used to test the effects of hydraulic con-
ductivity on pumping rates, groundwater drawdown,
and pumping-induced surface-water capture. In one
simulation, the effects of high and low conductivity
were compared, and in another simulation, the effects
of similar conductivities with differing thicknesses
were compared (table 7).

Using the steady-state numerical model, two
pumping wells simulating a PWS producing 5,000
acre-ft/yr were placed in the numerical model in a
high-conductivity zone (400—450 ft/d) and a low-con-
ductivity zone (20-50 ft/d). The pumping rates varied

Table 7. Scenario 2 steady-state results.

throughout the year in the transient simulations (see
table 5). The wells are both completed in layer 1 and
are located approximately 6,300 ft from the Gallatin
River, at locations BE1 (low-conductivity zone) and
BE2 (high-conductivity zone; fig. 11). These zones
were identified through model calibration and rep-
resent the range of HK within the Belgrade subarea
(table 1).

In the steady-state numerical model, the low-
conductivity pumping well (BE1) induced a head
drawdown of approximately 34 ft. The well in the
high-conductivity area (BE2) created a drawdown
of over 48 ft (fig. 14). Surface-water losses were not
equivalent between these two wells, primarily due to
the distance from the creeks. While the two wells are
equidistant from the Gallatin River, well BE1 is lo-
cated further north, closer to the creeks that discharge
into the Gallatin River (fig. 14). Reduction in ground-
water discharge to the creeks, modeled as drain leak-
age, was nearly three times higher at this location. The

Max. Percent
Depth Head Surface Water
of Well HKZone River Gain® Stream Gain Drawdown Sourced for
Simulation Stress Applied (ft) (ft/d) (ft%) (ft%) (ft) Pumping
Baseline None 16,044,068 14,156,542 0 0
Steady-state BE1 ~On€ PWS pumping 5,000 acre- 80 20-50 841,392 778,546 33.8 95
ft/yr in low HK zone
Steady-state BE2 On€ PWS pumping 5,000 acre- 80 400450 1,038,943 267,836 475 9%
ft/yr high HK zone
One PWS pumping 5,000 acre-
Steady-state BE4  ft/yr south of fault (thick 80 200-250 399,334 2,233,610 40.2 91
sediment package)
One PWS pumping 5,000 acre-
Steady-state CP1  ft/yr north of fault (thin sediment 80 200—250 832,227 1,505,857 56.3 92

package)

@Decreases from the "no pumping" simulation indicate decrease in groundwater going to surface water.
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Figure 13. Graphs A and B illustrate the changes in river
(A) and stream (B) loss from pumping 1 well or 81 wells as
compared to the baseline model with no pumping. The East
Gallatin and Gallatin Rivers are responsible for about 4%
of the volume pumped, but the losses taper over time (A).
Stream capture (B) increases over time, with the 81 well
field resulting in a greater volume loss (300—400 ft¥/mo)
compared to pumping from one well. Storage changes in
the aquifer are virtually identical in both pumping scenarios
(C).

groundwater discharge to the creeks likely decreased
the pumping-induced river leakage, causing river leak-
age to be lower for well BE1 (table 7). The capture of
water at well BE1 that reduced discharge to streams
was nearly equal to the capture of water at well BE2
that reduced discharge to the river, with a difference of
less than 1% of surface-water capture between the two
locations. This suggests that nearly the same volume
of water will be captured; however, the source of sur-
face water (stream or river) depends on the location of
the pumping well relative to each surface-water body.

A similar steady-state simulation compared two
layer 1 wells north and south of the Central Park fault.
Well BE4 is south of the fault, completed in the thick-
er Quaternary sediments (>300 ft) of the Belgrade
subarea (HK 200-250 ft/d). Well CP1 is located north
of the fault in sediments that have similar hydraulic
conductivity (200-250 ft/d) to the location of well
BE4 in the shallow surficial sediments (<80 ft). The
high-conductivity sediments north of the fault are not
as thick, and therefore of lower transmissivity, before
reaching the low-conductivity zone of finer Tertiary
sediments. The sediments in layer 2 north of the fault
limit water availability and deepen the cone of depres-
sion. Pumping from either well reduces groundwater
discharge to surface water, with the cone of depression
extending outward to the spring creeks and both the
East Gallatin and Gallatin Rivers.

The same two wells, BE4 and CP1, are simulated
in the transient 10-yr numerical model. Pumping from
well BE4 captured more groundwater that otherwise
would have discharged to surface water when com-
pared to pumping from CP1 (fig. 15A), and it used
less water from storage (fig. 15C). This results from
proximity to the spring creeks as well as the shallow
Tertiary sediments. The increase in drawdown and
capture by streams is offset by a greater depletion
of the rivers (fig. 15B). The 10-yr numerical model
indicates well BE4 captures almost five times as much
water that would otherwise discharge to the river than
well CP1 when both pumping well scenarios reach
equilibrium. Pumping from Well CP1 also causes a
greater change in storage from the baseline numerical
model as pumping increases and decreases throughout
the year (fig. 15C).

As pumping increases throughout the summer
months (table 4), the proportion of pumped groundwa-
ter intercepted prior to discharge to the river decreases
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Figure 14. Well BE1 (A) is pumping from a high-conductivity zone (400—450 ft/d) and well BE2 (B) is pumping from a
low-conductivity zone (20-50 ft/d). Well BE1 has a narrow cone of depression and a steeper drawdown, while well BE2
has a wider, shallower drawdown. Both wells are pumping 5,000 acre-ft/yr at a depth of 80 ft.
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Figure 15. Graphs A and B illustrate the changes in stream (A) and river (B) loss from pumping north (CP1) or
south (BE4) of the Central Park fault as compared to the baseline model with no pumping. Stream capture (A) is
greater north of the fault, while river capture (B) is greater south of the fault. Storage changes are highly variable
and reflect withdrawal and recharge as pumping demands increase and decrease seasonally (C). Positive values
indicate a gain; negative indicate a loss.
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and additional water is drawn from storage. This is
likely due to the rapid availability of storage water
and the slower recharge of storage from the river dur-
ing months of decreased pumping (figs. 15B, 15C).
Proximity of the pumping well to surface water causes
immediate decrease in surface-water flows. Over time,
however, the overall pumping-induced volume of
losses will be the same; only the surface-water source
changes.

Scenario 3: Pumping Offset

The transient 10-yr numerical model was used to
determine the effects of mitigation using spring runoff
located near the Yellowstone International Airport.
This scenario used well BE3 pumping at a 5,000 acre-
ft/yr (table 5, fig. 11) in layer 1, as for the other sce-
narios. The mitigation area is an array of 16 injection
wells that simulate an infiltration pond equally apply-
ing a total of 5,000 acre-ft/yr to approximately 5 ft
below the ground surface to simulate surficial recharge
from a pond (location BES). Two injection schedules
were simulated. The first schedule applied the entire
5,000 acre-ft/yr in April, May, and June; the second
schedule evenly distributed 5,000 acre-ft/yr through-
out the year. High flows from spring runoff generally
occur during these months and excess water is typi-
cally available during this time. Figure 16 shows the
changes to the rivers, streams, and storage compared
to the baseline model.

The first simulation involves mitigation only dur-
ing spring runoff. This simulation showed a highly
variable interaction with the rivers (fig. 16A). When
water infiltration occurs over 3 mo in the spring, both
groundwater storage and groundwater discharge to
surface water increase. This indicates infiltration over
a limited time increases aquifer storage by raising the
water table (fig. 16C), but the elevated water table also
increases the gradient and resulting flux to surface-
water capture (i.e., streamflow increases; figs. 16A,
16B). The streams indicate a similar pattern to that of
spring runoff infiltration, with surface-water capture
increasing over time (fig. 16B). While the system
would eventually reach equilibrium, with streamflow
increasing as nearly all the injected water discharges
to surface water, equilibrium was not reached during
the 10-yr transient model run.

The second simulation involved offsetting pump-
ing with a constant infiltration rate throughout the
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year. Storage changes closely followed the current
annual pattern (fig. 16C), and smaller, steadier changes
were simulated in surface-water capture (figs. 16A,
16B).

The location of the infiltration, placed near the
spring creeks, affected the streams by increasing
groundwater discharge to them. The volume of base-
flow decreased slowly, indicating a new equilibrium
would be reached at some point in the future with less
loss to surface water than is modeled in the first 10 yr
of infiltration.

The result of this scenario suggests steady, annual
recharge to the aquifer is more likely to be retained in
aquifer storage to offset pumping than a time-limited,
high-volume influx, causing the overall change in
storage to be near zero. The rapid spring infiltration
site created a groundwater mound that did not dissi-
pate quickly enough to avoid impacts to streams from
subsequent groundwater pumping. The high-volume
influx to the aquifer during spring runoff did not
surcharge storage but discharged relatively quickly to
surface water. The proximity of the infiltration area to
surface water increased the likelihood of rapid dis-
charge to surface water from the elevated water table.
A distal location further from rivers or streams would
increase storage of injected water rather than discharg-
ing to surface water.

Scenario 4: Timing and Location of Decreased Stream
Flow

The transient 10-yr numerical model was used to
determine stream and river reaches most influenced
by pumping based on location. The pumping wells
are north (CP1) and south (BE3) of the Central Park
fault (fig. 11), where there are thin sediments north of
the fault and thick sediments south of the fault. This
scenario is designed to identify differences between
the two sediment packages’ influence on surface water.
The volume of surface water in each stream segment
was calculated over 10 yr of pumping without mitiga-
tion.

Figures 17 and 18 show the timing and location
of surface-water reduction from individually mod-
eled stream and river reaches over the 10-yr transient
period. The model compares two 80 ft pumping wells
that draw 5,000 acre-ft/yr; well CP1, located in shal-
low alluvial sediments north of the Central Park fault,
and well BE3, south of the fault, in a zone of deeper
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Figure 16. Graphs A and B illustrate the changes in river (A) and stream (B) loss from mitigation water injection as com-
pared to the baseline model with no pumping. Mitigation is applied either annually as a constant inflow to the aquifer, or
as seasonal runoff for 3 mo in the spring. River capture (A) and stream capture (B) offset much of the aquifer inflow in
the runoff mitigation simulation, while changes to the river (A) and storage (C) are minimal using annual inflow. Positive
values indicate a gain; negative indicate a loss.
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Figure 17. In Scenario 4, individual river reaches (A, B, and D) and stream reaches (C) are affected by a pumping well
north of the Central Park fault. The direct connection between surface water and groundwater north of the fault caused
most surface-water loss to come from the streams located near this well (C), while the adjacent reaches of the East
Gallatin (A) and Gallatin Rivers (B) were responsible for part of the leakage.
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Figure 18. In Scenario 4, individual river reaches (A, B, and D) and stream reaches (C) are affected by a pumping well
south of the Central Park fault. Hyalite Creek (D) and the East Gallatin (A) reaches directly adjacent to the pumping
well were responsible for most of the induced stream loss, while the Gallatin River (B) and the smaller streams (C) lost
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alluvium. River reaches are numbered from the south
end of the model domain and increase with the flow
direction [example, East Gallatin 1 (EG1) begins at
the south model boundary and East Gallatin 7 (EG7)
ends at the confluence with the Gallatin River; fig. 11].

Pumping from well CP1 primarily affected reach
7 of the East Gallatin River (fig. 17A), reach 1 of the
Gallatin River located directly west (fig. 17B), and
from the smaller streams (Story, Cowan, and Gibson
Creeks; fig. 17C). Well CP1 is closer to the springs
that form the headwaters of the small streams, and
pumping decreased flows in several of these streams.
Hyalite Creek, which meets the East Gallatin upgradi-
ent from well CP1, showed the least effect (fig. 17D).
The direct connection between surface water and
groundwater north of the fault led to immediate and
lasting decrease in surface-water flows near this well.

Streamflow decreases were more evenly spread
across upstream reaches of the rivers (East Gallatin
reaches 1 and 2 (fig. 18A); Gallatin River reaches 1, 2,
and 3 (fig. 18B), with smaller changes induced in the
creeks. Pumping of well BE3, located in the deeper
alluvial sediments south of the fault, had a smaller
(<3,500 ft}/d) effect on the streams when compared to
pumping from well CP1 (fig. 18D). Additionally, the
flow rates in many reaches attained equilibrium more
quickly compared to pumping from well CP1 (figs.
17, CP1 and 18, BE3), though Hyalite Creek reach 3
showed the greatest changes.

The results of this scenario suggest the distance
between the pumping well and the surface-water body
is the most important factor in determining induced
changes to surface-water flows, as the cone of depres-
sion extends outward in all directions. While the depth
of the pumping well may also be important, it was not
examined in this scenario. The results of Scenario 1
suggest shallow wells may have a greater influence on
surface water. Over time the reduction in groundwater
discharge to surface water will become similar, but
the surface-water reaches closest to the pumping well
will be affected the most. Well BE3 had a more diffuse
capture profile that leveled out to a constant rate more
quickly, likely due to the availability of storage to off-
set immediate withdrawals and distance from surface-
water bodies. Smaller streams with relatively low flow
are more likely to cease flowing over time, especially
in drier years, if a pumping well located nearby is
completed in shallow sediments.
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Sensitivity/Uncertainty

A sensitivity analysis that varied key numerical
model parameters was conducted using the steady-
state numerical model. Parameters altered included
horizontal hydraulic conductivity in each layer and
subarea. As multipliers were applied to the calibrated
range, hydraulic conductivity was altered to exceed
reasonable parameters based on the geology of the
sediments. The wide variability of the river heads al-
lowed for some hydraulic conductivities to fall within
expected flows; however, the calibration was deemed
geologically unreasonable.

A later version of the sensitivity analysis was per-
formed on the transient 10-yr numerical model; how-
ever, altering variables within the transient numerical
model caused destabilization and prevented MOD-
FLOW convergence. This indicates the numerical
model is stable within the expected range of hydrau-
lic conductivities, particularly in the first layer. The
transient numerical model seemed most sensitive to
hydraulic conductivity and storage parameters, which
prevented convergence.

Numerical Model Limitations

The Belgrade-Manhattan groundwater flow model
is useful for determining the expected response of
ground and surface water to new stresses; however,
it has limitations. The superposition model was not
calibrated to measured groundwater heads, and the
surface-water flows and stages that were used as cali-
bration targets have wide ranges throughout the study
period. For these reasons, the model is best suited
to assess the expected magnitude and/or location of
influence. The model should be used in superposition
mode, to determine changes that may occur within the
model domain compared to the base case.

The subareas that fall within the valley floor were the
primary focus of the modeling, with distal areas at the
boundaries reaching into the surrounding benches and
foothills. Simulation of applied stresses outside of the
floodplain may be subject to boundary influences and,
therefore, not accurately represent changes to the sys-
tem. The model is well suited to simulate new stresses
within the Manhattan, Central Park, and Belgrade sub-
areas, which was the focus area of model calibration.
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Analytical Model

Hypothetical pumping wells installed in the tran-
sient 1-yr numerical model compared well to the
analytical model, despite heterogeneity in the hydrau-
lic conductivity of the numerical model. At the same
location as the River Rock subdivision aquifer test, a
pumping well discharging 50,000 and 500,000 ft*/d
displayed similar drawdown to the analytical model.
Similar pumping tests performed in multiple locations
indicated similar results. Details are provided in
appendix A.

DISCUSSION

The MODFLOW models suggest water is physi-
cally available for pumping in most of the simulation
(or scenario) locations; however, the proximity of
pumping to surface-water bodies dictates the tim-
ing and magnitude of pumping-induced reductions
in discharge to surface water. These models indicate
that effects to groundwater at a distance are compa-
rable whether pumped as a single well or a well field.
Surface-water effects will be greatest in the reaches
nearest pumping. The overall volume of surface-water

Table 8. Summary table of predictive scenarios.

changes is nearly equivalent in the different pumping
approaches (table 8); however, the timing of those
effects varies.

Deeper alluvial sediments, particularly the coarser
Quaternary sediments, have a higher relative stor-
age capacity and transmissivity than the thin, shallow
sediments, which allows for greater well yields. For
this reason alone, the preferred location for any large-
scale municipal water supply is south of the Central
Park fault. The aquifer’s ability to capture and store
groundwater is greater in the deep sediments, allowing
for any mitigation efforts to be more successful in the
Belgrade subarea.

The aquifer displays a direct connection to surface
water; consequently, both mitigation and pumping
will directly influence surface-water flows. Pump-
ing at locations more distant from surface water will
decrease surface-water flows over time; however, the
more immediate depletion is from groundwater stor-
age. Similarly, mitigation applied to the aquifer in-
creases groundwater discharge to surface water. When
a large pulse of water is applied, a large groundwater

Scenario Model Simulation Design Simulation Results
Cones of depression indistinguishable at 1 mi from center of
Steady-state  Compares a single well pumping array vs. pumping well
. 5,000 AF/y to an 81-well array - . .
Scenario 1 pumping 5,000 AF/y (located at Stream capture volume is virtually identical
. site BE4) Volume of water removed determines surface-water capture, not
Transient 10 yr .
the number pumping wells
Compares a single pumping well in High HK aquifer zones create a steeper cone of depression than
low HK sediments (BE1) to a low HK zones
Steady-state inal . Ilin hiah HK
single pumping well in hig High HK aquifer zones create a narrower cone of depression than
sediments (BE2) low HK zones
Scenario 2
Compares a single pumping well in Purrpping wells located nearer surface water induce greater
Transient 10 yr shallow sediments (CP1)to a surface-water capture than distant wells
single pumping well in deeper Pumping wells in shallow sediment packages induce greater
sediments (BE4) with similar HK surface-water capture over time
More mitigation water is captured by groundwater storage when
Compares mitigation of pumping applied uniformly throughout the year than when applied over a
well (BE3) through an infiltration 3-mo period
Scenario 3 Transient 10 yr pond (BE5); mitigation occurs
uniformly throughout the year vs. A cone of injection causes surface-water capture and prevents
during spring months water from entering groundwater storage when mitigation water is
applied over 3 mo
- . Proximity to surface water determines the amount of surface-
Compares the timing and location \ .
water capture induced by pumping
of surface-water capture from
Scenario4 Transient 10 yr pumping well CP1 in shallow

alluvium and well BE3 in a deeper
sediment package

Deeper sediment packages create a more diffuse surface-water
capture profile and reach equilibrium more rapidly when pumped
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mound increases the hydraulic gradient and subse-
quent discharge of groundwater to surface water. A
slower, more gradual influx increases retention time
in the aquifer, retaining groundwater in storage that
discharges to surface water over a longer period.

Distance from surface water and depth of the al-
luvial sediments are the two key factors in determining
the influence pumping will have on streams and that
infiltration will have on the aquifer. For this reason,
the Belgrade subarea appears most conducive for suc-
cessful municipal water development, with the Central
Park, Manhattan, Camp Creek Hills, and Bozeman
subareas being considered feasible for lower volume

pumping.

Conclusions and Recommendations

The groundwater model developed for this proj-
ect provides a useful tool for estimating the changes
to surface water and groundwater from pumping and
infiltration. Model results can inform decisions about
placement of new PWS wells and can help predict the
timing and magnitude of impact to groundwater levels
and surface-water capture.

The design of this MODFLOW model makes it
possible for a user to understand the effects of individ-
ual reaches of river or stream and estimate the impacts
of new stresses. The model could be used to simulate
effects within individual zones in each of the scenari-
os, to further investigate the influence of the geology
on water capture.

Additional aquifer tests, particularly in the deeper
Tertiary units that are rarely tapped for groundwater
pumping, would improve the calibration of the numer-
ical model. Monthly monitoring of head and stage near
the spring creeks south of the Central Park fault would
improve the numerical model’s ability to predict the
impacts to surface water and improve the numerical
model’s predictive capability.

The numerical model is a useful tool for planning
water development or movement. These models can
be used to estimate the cone of influence from a hypo-
thetical pumping well using the hydraulic properties
near the well.
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APPENDIX A. NUMERICAL
GROUNDWATER MODEL DETAILS

A superposition model was developed to un-
derstand the potential changes to surface water and
groundwater based on hypothetical pumping scenarios
in different locations within the study area (main text,
fig. 1). Public water supply is in increasing demand
as the population increases, and the location of new
groundwater supplies depends on the ability to offset
that demand in the closed basin. The superposition
model allows for the model to remove any unknown
stresses from the equation and look only at the effects
of new stresses (i.e., pumping) to surface water and
groundwater.

Analytical Model

The analytical model uses Microsoft Excel 2016,
to solve the Theis distance-drawdown equation pre-
sented by Lohman (1979; eq. 45, 48). This analytical
model allows the user to define storage, transmissivity,
time, and discharge to solve the mathematical equation
for drawdown at a given distance from the pumping
source.

The analytical model is limited in function to
determining the cone of depression at some distance
from a pumping well. The model solves the Theis
nonequilibrium method (Theis, 1935) with the Lohm-
an (1979) well function modification. The analytical
model also acts as a verification tool for the numerical
groundwater model.

The analytical model was developed based on
observed and published hydrogeologic properties of
the aquifer in the study area. It uses the Theis (1935)
distance-drawdown equation to calculate water lev-
els at differing distances from the pumping well. The
discharge rates can also be varied to determine draw-
down at different distances from the pumping well.
The model assumes a constant rate of flow through a
homogeneous, uniform thickness aquifer of infinite
extent. Further assumptions include instant release of
water from storage in a non-leaking confined aqui-
fer. The Lohman (1979) modification includes well
function to allow for vertical water flow and partially
penetrating wells in the aquifer.
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Groundwater Modeling Software

Groundwater Modeling System (GMS) software
(Aquaveo, 2014; all references in main text) provided
a graphical user interface for developing a MOD-
FLOW 2000 numerical groundwater flow model.
MODFLOW 2000 is a widely accepted numerical
groundwater flow model developed by the U.S. Geo-
logical Survey (Harbaugh and others, 2000). MOD-
FLOW is a modular finite-difference flow model, used
to simulate the flow of groundwater through porous
media. This numerical model used GMS version
10.0.2, built August 20, 2014, in conjunction with
MODFLOW 2000 version 1.19.01, compiled March
25, 2010. The Strongly Implicit Procedure (SIP1)
solver (Stone, 1968) and automated parameter estima-
tion (PEST v. 13.0; Doherty, 2010, 2013) were used in
conjunction with MODFLOW software.

Numerical Model Construction

The numerical model grid was created in GMS
using the North American Datum (NAD) 1983 State
Plane coordinates (table A1). The numerical model
dimensions are in international feet. The grid is cell-
centered with an x origin of 88,255 ft, a y origin of
521,936, and a z origin of 3,996. A rotation angle of 75

Table A1. Details of the numerical model grid.

X origin: 1,497,726 ft
Y origin: 521,936 ft
Z origin: 3,996 ft
Lengthin X: 88,255 ft
LengthinY: 85,307 ft
Length in Z: 500 ft
Rotation angle: 15
AHGW X origin: 1,475,646 ft
AHGW Y origin: 604,336 ft
AHGW Z origin: 4,496 ft
AHGW Rotation angle: 75
Minimum scalar: 4,092
Maximum scalar: 4,626
Num cellsi: 285
Num cells j: 295
Num cellsk: 5
Number of nodes: 507,936
Number of cells: 420,375
No. Active cells: 275,400
No. Inactive cells: 144,975
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degrees was specified to orient the grid in the approxi-
mate north—northwest direction of groundwater flow in
the valley. Selected potentiometric contours surround-
ing the valley determined the active cell coverage
within the grid (fig. A1).

Grid cells are square in plan view, approximately
299 ft in each horizontal direction. The surface of the
numerical model was kriged from all surveyed eleva-
tions available in the GWIC database. This surface
was created due to large discrepancies between the

-111°25' -111°20' —111°15'

National Elevation Dataset (NED; USGS, 1999) and
project-surveyed elevations. The active numerical
model grid covers an area of approximately 177 mi2.
The focus of this numerical model is the valley floor,
primarily adjacent to and between the two forks of
the Gallatin River. Any use of this numerical model
should be limited to that area.

The numerical model includes five layers. Layer
one is approximately 100 ft thick below the surface at
the valley floor. The areas to the east and west of the
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Figure A1. The potentiometric map developed from measured April 2015 water levels was used to define the numerical
model boundaries. No flow boundaries run perpendicular to potentiometric contours, while constant head boundaries were

matched to the 4,100 and 4,600 ft contours.
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valley are steeply sloping. Due to these elevations, the
bottom of layer one was flattened outside of the val-
ley floor. This flattening accommodated groundwater
properties assigned in MODFLOW that replicate the
groundwater surface. Within the valley floor, layer one
maintains a consistent thickness of 100 ft. These con-
ditions are represented in the east—west cross-section
of the numerical model grid (main text, fig. 9).

The thickness of layer one ranges from 96 ft to 513
ft beyond the valley floor area. The areas outside of
the valley floor are not germane to the numerical mod-
eling scenarios and act only as boundary conditions.
Layers two, three, four, and five are all 100 ft thick
with elevations derived from the bottom of layer one.
These layers are not intended to represent the vertical
depth of the units; rather the applied hydraulic conduc-
tivity is averaged with depth to represent the geologic
matrix governing groundwater flow. The layering of
the numerical model is necessary to distinguish verti-
cal conductivity zones; they are reflective of decreas-
ing HK with depth.

Numerical Model Boundaries

The numerical model boundaries are distant bound-
aries, which means that the boundaries are placed at
such a distance as to prevent boundaries from inter-
fering with calculations performed in the valley. A
constant head boundary at the 4,600 ft potentiometric
contour bounds the numerical model to the east and
south. This contour extends into the Eastern Benches
to represent the recharge from flow out of the Bridger
Mountains to the east. The contour continues south
along Hulbert Road, where recharge derived from the
Gallatin Range and the Spanish Peaks flows northwest
through the valley. Monthly potentiometric surfaces
show very little seasonal fluctuation in this contour, so
it was kept constant in the transient models.

The numerical model slopes northwest toward the
confluence of the Gallatin River and the East Gallatin
River, where the basin drains near Logan. A constant
head at 4,100 ft also represents this outflow boundary
to the northwest. The north and west boundaries both
run parallel to flow paths, creating no-flow boundaries
to enclose the numerical model area. Although some
flow may be moving through fractures in the Horse-
shoe Hills bedrock, it is negligible to the results of
this numerical model. All boundaries are located far
enough away to eliminate influence on drawdown and
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surface-water changes from applied stresses. Addition-
ally, constant head boundaries act as zero-potential
boundaries in that when superimposed upon one
another, the constant heads will affect zero drawdown
(Bear, 1979).

Surface water, considered as an interior source or
sink rather than a boundary, nonetheless crosses the
boundaries of the numerical model in four locations.
Inflow from Hyalite Creek, the East Gallatin River,
and the Gallatin River enters the numerical model
through the southern boundary. Outflow crosses the
western constant head boundary after the East Gallatin
and Gallatin Rivers merge. More detail on the rivers
and other surface-water bodies are provided in the
“Sources and Sinks” section.

Hydraulic Properties

This numerical model uses the hydraulic conduc-
tivity (K) of the aquifer and streambed conductance
(C) of surface water to control flow through the aqui-
fer and groundwater—surface water exchange, respec-
tively. Hydraulic conductivity describes the ease of
water flow though the aquifer. Low K indicates high
resistance to flow and is generally associated with
slow-moving water, while high K relates to low resis-
tance to flow and generally faster moving water (main
report, table 1). In unconsolidated sediments, low K
generally suggests finer-grained materials such as fine
sand or silt, whereas high K indicates coarser-grained
materials such as coarse sand and gravel. River or
streambed conductance is similar to K in controlling
water movement, but accounts for the geometry of the
streambed in addition to the K of the streambed sedi-
ments.

The hydraulic characteristics of each layer are
representative of the geology and hydraulic conductiv-
ity of those areas. In the valley floor, coarse-grained
Quaternary and Tertiary alluvium are representative of
the floodplain between the Gallatin and East Gallatin
Rivers (Vuke and others, 2014). Well logs describe
these sediments as a mix of coarse cobbles to clay-rich
sands and silts. The valley fill is divided into zones
of alluvial or fluvial sediments (English, 2018). Ter-
tiary sediments are commonly, but not always, weakly
cemented.

Fine Tertiary sediments are present at greater
depths, although the Quaternary/Tertiary boundary
varies by location. North of the Central Park fault,
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finer and more compacted Tertiary sediments appear
at less than 100 ft, while south of the fault fine Ter-
tiary sediments occur at greater depths (main text, fig.
8). Layering of the numerical model reflects shallow,
fine Tertiary sediments north of the fault and thicker,
coarse sediments south of the fault. The numerical
model uses staggered zones of horizontal conductivity
(HK) at varying depths to reflect the hydraulic charac-
teristics of the fill.

Sources and Sinks

Surface-water data from stations at the Gallatin
River at Logan (USGS station 06052500) and the
East Gallatin River near Bozeman (USGS station
06048650) were used, as well as streamflow data,
hydraulic conductivity, and transmissivity information
collected for this study. Gains to groundwater (sourc-

es) and losses from the aquifer (sinks) occurred along
various surface-water reaches.

Hyalite Creek, the East Gallatin River, and the
Gallatin River were simulated using the MODFLOW
river package (RIV). This package incorporates ob-
served head values for each reach of the rivers over
the period of record. The river package calculates the
gains and losses to the river reach based on streambed
conductance, aquifer properties, and the relationship
between stream stage and groundwater head. Each
measurement location is entered in GMS as a node
with an elevation for stage and river bottom based
on surveyed project monitoring locations (table A2).
GMS populates the intermediate MODFLOW river
geometry based on the elevations assigned to these
nodes. In GMS, these river segments are termed arcs.

The river arcs follow the approximate course of the

Table A2. River (RIV) elevations and steady-state stage.
GWIC Stage () Bottom Top
ID® Site Low®  High®  avg Change FEjevation Elevation
257400 ° Hyalite Creek—Hulbert Road N/A N/A 4,605.6 N/A 4,602.6 4,601.6
257394 =@ Hyalite Creek—Valley Center 4,561.8 4,565.7 4,563.8 3.9 4,560.8 4,559.8
257396 @ Hyalite Creek—Frontage Rd 44955 4,499.2 4,497.4 3.7 4,494.5 4,493.5
6048650 ¢ E Gallatin—Water Reclamation 4,627.8 4,631.2 4,629.5 3.4 4,626.8 4,625.8
264841 =@ E. Gallatin—Dry Creek Rd 4,323.8 4,327.0 4,3254 3.2 4,322.8 4,321.8
265047 °© E. Gallatin—-Swamp Rd 4,269.1 4,270.2 4,269.7 1.1 4,268.1 4,267 1
262900 @ E. Gallatin—Dry Creek School Rd  4,249.3 4,252.2 4,250.8 2.9 4,248.3 4,247.3
265053 =@ E. Gallatin—-W. Dry Creek Rd 4,239.6 4,2424 4,241.0 2.8 4,238.6 4,237.6
265035 ° E. Gallatin—Spaulding Bridge 42229 42241 4,223.5 1.2 4,221.9 4,220.9
258311 ° E. Gallatin—Penwell Bridge 4,385.9 4,390.7 4,388.3 4.8 4,384.9 4,383.9
257433 @ E. Gallatin—Gallatin River Ranch  4,157.5 4,163.0 4,160.3 5.5 4,156.5 4,155.5
6052500 ¢ Galllatin River—Logan MT 4,090.2 4,095.1 4,092.7 4.9 4,089.2 4,088.2
N/A ¢ Gallatin River—inflow N/A N/A  4,595.8 N/A 4,591.4 4,590.4
257457 @ Gallatin River—Cameron Bridge 4,499.4 4,506.2 4,502.8 6.8 4,498.4 4,497 4
257355 @ Gallatin River—Amsterdam Rd 44277 4,433.2 4,430.5 5.5 4,426.7 4,425.7
257356 @ Gallatin River—Frontage Rd 42944 4,300.6 4,297.5 6.2 4,293.4 4,292.4
257458 =@ Gallatin River-Dry Creek Rd 4,226.1 4,233.1 4,229.6 7.0 4,225.1 4,224 1
257431 @ Gallatin River—Nixon Guich 4,154.0 4,159.1 4,156.6 5.1 4,153.0 4,152.0

aData taken from SWAMP website.

bData taken from GWIC website and corrected for MP.

°Estimated from nearest measured location elevation.

dUSGS gaging station.
€1/1/2010-5/1/2017 or period of record.
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river as visible in the 2015 National Agricultural Im-
agery Program (NAIP) aerial imagery.

The river arcs may act as both a source and a sink
to the aquifer. The gain or loss from an arc is depen-
dent on the adjacent water table elevation and con-
ductivity of the streambed. Streambed conductance
is calculated from the width of the stream and the
thickness of the sediments underlying the stream. The
calculation for streambed conductance (C) is:

C = (HK/b)w,

where C is streambed conductance; HK is streambed
permeability; b is streambed thickness; and w is width.

Where the thickness of the streambed is unknown,
b is set to a thickness of 1 ft. Stream widths are de-
fined at the node where field measurements were
taken. The range of streambed permeability for similar
streams was taken from Calver (2005). Flow measure-
ments from 18 locations along these reaches deter-
mined the expected range of gains and losses along
these river cells.

The MODFLOW drain package (DRN) simulated
groundwater losses from spring creeks emerging near
the Central Park fault, which acted exclusively as
sinks. Spaulding Brook, Gibson, Cowan, Story, Ben
Hart, Bull Run, lower Smith, and Thompson Creeks
discharge entirely within the study area. The drain
package acts similarly to the river package in design;
however, the drain package models only water lost
from the aquifer (i.e., negative flow). GMS numeri-
cally models the nodes and arcs in the drain package
similar to the river package, basing gains and losses
on the elevation of the cell. Stage data are not consid-
ered in the drain package since only water loss from
the aquifer is calculated. Elevations at the drain nodes
were calculated from surface elevations mapped in the
numerical model where they were not surveyed for the
project (table A3).

Limited flow information on the creeks has dem-
onstrated a hydraulic connection to the aquifer. As
coarse hydraulic media thins north of the fault, these
spring-fed creeks emerge to discharge water from the
aquifer to the rivers. Flow measurements taken near
the point where they discharge into the East Gallatin
River were used as calibration targets to calibrate the
numerical model. Since these streams begin within the
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numerical model domain, the overall flow is exclu-
sively a loss from the aquifer.

Another groundwater sink in the numerical model
is groundwater extraction for potential public water
supply during pumping scenarios.

Numerical Model Calibration

The steady-state numerical model considered
surface-water interactions with the aquifer and the
hydraulic conductivity of the sediments governing
groundwater flow. Calibration criteria focused on the
geologic understanding of the aquifer and surface-
water gains and losses. Water table elevations in select
locations pertinent to predictive simulations were used
qualitatively to assess the closeness of the simulated
water table; however, heads were not quantitatively
used in the PEST objective function.

The numerical model was considered calibrated
when the hydraulic conductivities of each layer and
subarea were reflective of the geologic understanding
and the surface-water segments were within the mea-
sured flows. A combination of zonal and pilot point
PEST was used to determine the optimal K array for
each subarea and layer. The conductivities were con-
strained by the aquifer properties where available, and
where unavailable, K was constrained by the author’s
geologic understanding of the system.

Table A4 shows the constraints placed on each
subarea in each layer to define the calibrated hydrau-
lic conductivity. The steady-state numerical model is
calibrated to acceptable ranges of horizontal and verti-
cal hydraulic conductivity and surface-water gains/
losses (main text, tables 1 and 2). Streamflow gains
and losses to the aquifer from the East Gallatin and
Gallatin Rivers, Hyalite Creek, and five spring creeks
over the course of the 2015 water year also served to
calibrate the numerical model.

Assuming a thickness of 100 ft within the focus
area, the calibrated conductivity values fall within the
reported transmissivities of each zone (English, 2018;
Hackett and others, 1960; Breuninger and Mendes,
1993; Kaczmarek, 2003; Gaston, 1996; Hay, 1997;
Carstarphen, 2008; Kendy and Bredenhoeft, 2006).

Numerical Model Verification

The results from three aquifer tests were used to
verify the numerical model (main text, fig. 5). The
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Table A3. Streambed conductance for surface-water reaches (RIV and DRN model arcs).

Reach I:’fv h'?; b Ciow (ft/d) Crign (ft/d) (?tjée) Computed (ft/d)
Rivers (RIV package)
East Gallatin River
EGH1 003 2835 40 1 1 11340 5671 11,340
EG2 003 2835 40 1 1 11340 5,671 11,124
EG4 003 2835 41 1 1 11624 5812 11,624
EG5 003 2835 48 1 1 13,608 6,805 9,179
EG6 003 2835 50 1 2 14175 7,088 11,391
EG7 003 2835 53 1 2 15026 7,514 4532
EG8 003 2835 47 1 1 13325 6,663 13,027
EG9 003 2835 78 1 2 22113 11,058 206
Gallatin River
GR1 003 2835 73 1 2 20,696 10,349 20,696
GR2 0.03 2835 60 1 2 17010 8,506 12,073
GR3 003 2835 68 1 2 19278 9,640 2,834
GR5 0.03 2835 48 1 1 13,608 6,805 1477
GR6 0.03 2835 110 1 3 28,634 14,318 18,314
GR 0.03 2835 102 1 4 34,020 17,012 3,957
Hyalite Creek
HY1 003 2835 20 1 06 5670 2,835 2,858
HY2 003 2835 60 1 18 17010 8,506 4153
HY3 003 2835 20 1 06 5670 2,835 3,771
Drains (DRN package)

Spaulding Brook  0.03 2835 10 1 0.3 2835 1418 2,835
Gibson Creek 003 2835 10 1 03 2835 1418 1,556
Cowan Creek 003 2835 10 1 03 2835 1418 596

Story Creek 003 2835 10 1 03 2835 1418 1,911

Ben Hart Creek 003 2835 10 1 03 2835 1418 2,397

Bull Run Creek  0.03 2835 10 1 0.3 2835 1418 1,874
Smith Creek (lower) 003 2835 10 1 03 2835 1418 660
Thompson Creek ~ 0.03 2835 10 1 0.3 2835 1418 2,835

aquifer test in water-right application 41H 30029944
pumped at 103,950 ft*/d for 72 h. A drawdown of 28
was measured in the pumped well and 4.5 ft was mea-
sured at the observation well during the aquifer test.
The numerical model simulated a 3-ft drawdown at the
pumping well, with a 2-ft drawdown at the adjacent
observation well. The River Rock aquifer test (water-
right 41H 102031 00) simulated pumping for 1 yr at

a rate of 235,813 ft*/d. Drawdown from this well was
simulated at 8 ft, which is compared to the 36-ft draw-
down measured during the test. At test site 255476, the
simulated well pumped for 1 yr at a rate of 231,000
ft*/d. The numerical model estimated approximately

6 ft of drawdown at the pumping well as compared to
the 12 ft from the pumping test. Table A5 describes
the aquifer test information and computed drawdowns
from the numerical model.

These results are a reasonable calibration and
representative of the aquifer at each location. The
numerical model cell size causes the drawdown to
appear muted as the calculated drawdown is dispersed
over a 90,000 ft? area rather than at a point source (i.e.,
the well). The short-term testing (72 h) and the wide
distribution of simulated pumping due to the cell size
makes comparisons imperfect. The assumption that the
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Table A4. Stream (DRN) elevations top and bottom of model
nodes.

Node GWIC Top
D2 Elev. Bot Elev.

262933 4,210.1 4,205.1
— 4,324.8 4,319.8
— 4,290.0 4,285.0
— 4,220.4 4,215.4

Drain Reach #
1
2
3
4
5 262881 4,242.1 4,237.1
6
7
8
9

Bull Run Creek

Spaulding Brook

Gibson Creek
— 4,348.8 4,343.8

— 4,325.5 4,320.5
262901 4,247.6 4,242.6
— 4,255.7 4,250.7

Cowan Creek

Story Creek
10 — 4,345.2 4,340.2
11 — 4,329.1 4,324 1

Ben Hart Creek
12 — 4,297 1 4,2921
Smith Creek 16 — 4,272.9 4,267.9
Smith/Reese Creek 21 264839 4,346.7 4,341.7
Reese Creek 20 — 4,390.1 4,385.1
22 264840 4,323.6 4,318.6
Thompson Creek

28 — 4,441.3 4,436.3

@l ocations correspond to nearest GWIC ID on stream
locations are not exact to nodes.

Table A5. Superposition model simulated aquifer test conditions vs. actual site conditions.

Discharge  Aquifer Test Distance to
Rate Drawdown  Simulated 1ft
Aquifer Test Lat Lon depth (ft3/d) (ft) Drawdown drawdown
STRD (GWIC ID 255476) 45.788 111.2592 63 231,000 12 6 900-2,000
River Rock subdivision 45.7748 280 235,813 36 8 3,390~
' 111.2197 ’ 7,700
Water Right 41H30029944 45.8067 111.2183 135 103,950 28 3 1,700
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72-h test reached drawdown equilibrium is necessary

for comparison to the model; however, the time frames

are incompatible. The model represents monthly time
steps that would not accurately show drawdown after
only 3 days. Results that fall within the same order
of magnitude and represent a reasonable distribution
of the cone of depression are adequate for simulated
results. The aquifer tests represent conditions at point
sources in the aquifer, whereas the numerical model
represents conditions throughout a much larger area.
Two of the simulated tests (255476 and River Rock
Subdivision) may have underestimated drawdown due
to the proximity to the Gallatin River as the cone of
depression extended out and pumping-induced river
leakage.

An analytical model verified drawdown from
pumping the transient 1-yr numerical model. The
analytical model assumes a homogeneous aquifer
with defined storage, transmissivity (based on aquifer
thickness and hydraulic conductivity), and 365 days.
The analytical model solves the Theis nonequilibrium
method (Theis, 1935) with the Lohman (1979) well
function modification.

The equation is as follows:

s(rt) = (%) W (u)

where s is aquifer storativity; (7 ¢) is drawdown at
distance () at time (7) after the start of pumping; Q is

discharge or pumping rate; 7 is aquifer transmissivity;
and W(u) is well function.

Table A6 shows the calculations in the analytical
model and results of the 500,000 ft*/d -pumping sce-
nario. This table compares to figure A2 displaying the
pumping-induced drawdown in the transient numerical
model for the 500,000 ft*/d pumping well at the River
Rock subdivision (water-right 41H 102031 00). The
numerical model cells are 299 ft and cell centered;
therefore, the contour intervals should correspond to
the analytical model at 299-ft distances. The numerical
modeled contours indicate 9 ft of drawdown two cells
from the pumping well, and 1-ft contours should occur
near 12,750 ft from the well. In this case, induced river
flow to the pumping well changes the cone of depres-
sion; however, the contours display within 1 to 2 ft of
the predicted analytical model drawdown.

Table A6. Distance-drawdown tables estimated from the analytical model and results of the 500,000 ft3/d -pumping scenario.

Aquifer storativity (s) 0.1
Time (t) 365 day
Discharge (Q) 500,000
ft3/day
Transmissivity (T) 28,000 ft?/day
r (ft) r? u
300 90,000 0.00022
600 360,000 0.00088
900 810,000 0.00200
1,200 1,440,000 0.00350
1,500 2,250,000 0.00550
1,800 3,240,000 0.00790
12,600 159,000,000 0.39000
12,900 166,000,000 0.41000

s(r,t) = (%) W (u)

where s(r,t) represents the drawdown at
distance (r) at time (t)

and W(u) represents the well function.

W(u) Drawdown (ft) Distance (ft)
7.8442 11.1468 300
6.4585 9.1778 600
5.6487 8.027 900
5.0749 7.2115 1,200
4.6306 6.5802 1,500
4.2683 6.0654 1,800
0.7223 1.0264 12,600
0.6907 0.9815 12,900
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Figure A2. The pumping-induced cone of depression simulated in the numerical model for the River Rock subdivi-
sion (water-right 41H 102031 00). The model indicates the 1-ft drawdown contours should be reached at approxi-

mately 12,750 ft from the pumping well.
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