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Introduction

A petition requesting formation of the Sypes Canyon Controlled Ground Water Area (CGWA)
was filed with the Montana Department of Natural Resources and Conservation (DNRC) on
March 15, 2001 by the Sypes Canyon Homeowner’s Coalition. The coalition petitioned for the
control area because of concerns over increased residential development and uncertainties about
aquifer conditions and recharge. They requested the department to control and prioritize water
use, and conduct studies to determine the level of development that can be sustained without
impacting existing water users. DNRC agreed that there had been a substantial increase in water
withdrawals within the proposed control area, but did not agree that there was evidence that
withdrawals had become excessive. Consequently, DNRC designated a temporary controlled
ground water area (Figure 1) on April 26, 2002 for the purpose of “gathering information on
aquifer characteristics, aquifer recharge, and aquifer withdrawals to determine if withdrawals
exceed recharge and if new wells will impair or substantially interfere with other ground water
wells”. The purpose of this report is to present the results of studies conducted pursuant to this
order.

The specific objectives of this report are to:

e describe the hydrogeology of the aquifer system in the control area

e describe and evaluate the causes of ground-water level changes

e estimate a budget of aquifer recharge and withdrawals

e cvaluate the effects of increased withdrawals for future developments
Methodology

The information presented in this report provides a basis for understanding how ground-water
levels in the CGWA are affected by fluctuating recharge and increasing withdrawals.
Information on streamflows, ground-water levels, precipitation and snowpack, geology and
water consumption form the basis of this investigation. These data come from studies published
by the U.S. Geological Survey and the Montana Bureau of Mines and Geology, masters theses,
investigations conducted for water-right applications, the National Weather Service, and
GLWQD.

Recharge components of the water budget calculated for the control area include direct
infiltration of precipitation, seepage losses from streams, and inflow from bedrock in the Bridger
Mountains. Discharge components include consumption of water withdrawn from wells,
transpiration by phreatophytes, and ground-water outflow to alluvium of Bridger Creek and the
East Gallatin River. Estimates of average monthly precipitation are based on data from the
weather station at Montana State University (MSU) in Bozeman and GIS spatial coverage of
annual and monthly precipitation obtained from the Natural Resource Information Service
(NRIS). Streamflow measurements by Hay (1997) and Hackett (1960) and supplemented by
DNRC are used to estimate seepage losses from streams and a ground-water flux calculation is
used to estimate ground-water inflow from bedrock. Consumption by withdrawals from wells is
estimated from standard guidelines and metered withdrawal records for a subdivision nearby the
control area, reference information on plant irrigation requirements and return flows through
septic waste disposal systems.



GLWQD measured water levels on roughly a quarterly basis in approximately 130 wells within
and nearby the control area during the period of the temporary CGWA. DNRC and GLWQD
surveyed locations and elevations of these wells using a survey-grade GPS system. Erickson
(1995) and Hay (1997) monitored water levels in 30 wells within and nearby the control area
monthly during 1995 and 1996 respectively, and the Montana Bureau of Mines and Geology
currently monitor four wells nearby the control area quarterly and post the data on the Ground-
Water Information Center Internet site. The Standard Precipitation Index (SPI) (McKee et al,
1993) calculated from a 40-year precipitation record at the MSU weather station in Bozeman and
snowpack measured at the SNOTEL station at Brackett Creek are compared with hydrographs of
ground-water levels measured in wells to help discern possible effects caused by withdrawals
from wells from fluctuations in recharge. SPI is a measure of the variation of precipitation from
the long-term mean for different time scales. For this discussion, SPI are calculated for 3 month
to 96 month time scales of wet and dry periods to evaluate how precipitation and relative
changes in recharge correlate to changes in ground water levels.

Steady-state and transient numerical models of an expanded area are used to investigate the
properties of the aquifer system in the vicinity of the control area and to predict effects of future
ground-water withdrawals. The steady-state model is constructed using estimates of recharge
from precipitation, stream losses and seepage from bedrock, existing withdrawals from wells,
and estimates of aquifer properties from aquifer testing and analysis of water-level fluctuations.
Water levels in wells measured by the GLWQD and estimates for other wells are calibration
targets for the steady-state model. The transient model is used to predict effects of increased
withdrawals from wells in undeveloped areas of the CGWA.

Geography and Climate

The CGWA encompasses 4.7 square miles approximately two miles north of Bozeman on the
west facing foothills of the Bridger Mountains (Figure 1). There are approximately 300
residences in established subdivisions within the control area on lots that are 2.5 acres on
average. The remainder of the control area is undeveloped with a few scattered individual
residences. Elevations in the vicinity of the CGWA range from approximately 4,500 feet along
the East Gallatin River to nearly 9,000 feet along the crest of the Bridger Range. The CGWA is
on an alluvial fan surface that slopes gently from the steeper slopes of the Bridgers to the alluvial
plain of the East Gallatin River; a distance of approximately three miles. Vegetation on
undeveloped land on the alluvial fan consists of grass, shrubs, and dry land grains. The
mountains west of the CGWA are evergreen forests and the East Gallatin alluvial plain has
irrigated hay and riparian vegetation mixed with residential development.

Annual precipitation at the weather station at MSU in Bozeman averaged 19.5 inches between
1967 and 2006 and is estimated to range from 15 to 28 inches within the study area (Daly and
Taylor, 1998). Precipitation is greatest in the spring and early fall (Figure 2) and varies
considerably from year to year and over longer period drought cycles (Figure 3). The period
from 1997 through 2004 during which precipitation was below the 40-year average is of
particular interest for the purpose of understanding patterns of water-level fluctuations in wells.
The amount of water that is stored as snow and the timing of spring snowmelt also may be
important for explaining water level fluctuations. Average annual snow water equivalent at the
Brackett Creek SNOTEL station on the east side of the Bridger Mountains ranged from 4.8 to



13.2 inches between 1992 and 2006 (Figure 4). The variation in timing of snowmelt is apparent
from flow records for the East Gallatin River. For example, peak flow occurred in June during
2004 and 2005, but occurred in April during 2006. Snowmelt when the ground is still frozen may
limit recharge.

Legend

D CGWA boundary
|i\ Study Area

Figure 1. Location of Sypes Canyon Controlled Ground Water Area.

Potential evapotranspiration exceeds precipitation during much of the growing season, generally
precluding recharge during those months except during periods of intense rain. In addition,
frozen ground limits the amount of water that infiltrates to the water table during the winter.
Therefore, most recharge from direct infiltration occurs in the months of April and May after the
ground has thawed and snowmelt and spring rains occur, and to a lesser extent during September
and October after evapotranspiration stops and autumn rains occur. Evapotranspiration from
phreatophytes along the East Gallatin River where ground-water levels are mostly less than 10
feet below ground surface (Hackett et al, 1960) and the hydraulic connection between ground
water and the East Gallatin may be important factors in determining the effects of new
withdrawals.
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Figure 2. Average monthly precipitation at MSU from 1967 to 2006.
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Figure 3. Deviations from average annual precipitation from 1992 to 2006 period of record.
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Figure 4. Deviations from average snow water equivalent at the Brackett Creek SNOTEL station
from 1992 to 2006 period of record.

Hydrogeology
The Bridger Mountains immediately east of the CGWA consist of folded and faulted steeply

dipping Paleozoic- to Mesozoic-age sedimentary rocks and Archean-age metamorphic rocks.
Bedrock is down-dropped and buried by an undetermined thickness of alluvial deposits to the
west of steep normal faults along the mountain front. The Mississippian age Madison Group is a
carbonate rock aquifer that forms the spine of the Bridgers. Solution openings in the Madison are
important conduits for water to infiltrate in higher-elevation portions of drainages along the
western front of the range. Abundant water discharges from the Madison aquifer where it
outcrops in the lower elevations of Lyman Creek, however Archean age rocks consisting
primarily of metamorphic rock with low porosity and limited ability to transmit water separate
the Madison Group rocks from the alluvial fan aquifer system along the CGWA. Fractures and
faults in the gneiss provide the only conduits for transmission of water from the Madison aquifer
in this area. Alan English of the GLWQD (personal communication, 2007) observed
considerable clay and weathering of the gneiss within the fault zone. English also opined that
water is dammed behind the fault zone based on observed water levels and spring flows.

The hydrogeology of the alluvial fan and fluvial sediments in the vicinity of the CGWA has been
investigated by various environmental consultants to satisfy regulatory requirements for
subdivisions and as part of two masters theses. Investigators have attempted to decipher the
geometry of water-producing sand and gravel layers, and estimate aquifer properties by



evaluating drillers’ logs and conducting aquifer tests. Breuninger (1992) hypothesized that there
are three separate confined aquifers in order to argue that proposed pumping for the Summer
Ridge Subdivision would not affect other wells. Gaston (1996) identified a fourth aquifer
beneath the adjacent Spirit Hills Subdivision. Erickson (1995) described the Sypes Canyon area
as an eroded surface of overlapping alluvial fans derived from the Bridger Range and the
sediments as interbedded sand, gravel, clay, and silt. Hay (1997) describes the aquifer system as
Quaternary alluvium overlying Tertiary/Quaternary age alluvium consisting of discontinuous
stringers of coarse and fine alluvial materials and very fine eolian deposits. According to Hay,
the eastern part of his study area consists of alluvial fans containing metamorphic and
sedimentary fragments with individual coarse units a few meters thick, tens of meters wide, and
hundreds of meters long. Hay states that fine-grained sediments consisting of loess deposits that
may be hundreds of square meters in extent and debris-flow deposits that may reach 10 meters
wide by one hundred meters long form discontinuous aquitards in the eastern part of his study
area. Hay states that alluvial materials are reworked by streams westward from the mountain
front and are better sorted and could be interfingered with alluvium along the East Gallatin
River. Hay calculated both a physical water balance and chloride mass-balance to obtain
estimates of recharge to the aquifer system of 5,100 acre-feet per year and 3,000 acre-feet per
year in the vicinity of the CGWA. Hay’s estimates include contributions to the CGWA as well as
the area to the north that receives recharge from Middle Cottonwood Creek.

Lonn and English (2002) mapped alluvial fan and fluvial sediment facies in the vicinity of the
Sypes Canyon CGWA that are similar to the facies model described by McCloskey and
Finnemore (1996) (Table 1) (Figure 5).They identify mostly poorly-sorted debris flow deposits
(QTdf, Qafd, and Qafdo) near the mountain front and better-sorted fluvial dominated deposits at
greater distances (Qafs, QTafs). In addition, Lonn and English (2002) classify a significant
portion of the CGWA as Tertiary-age Sixmile Creek Formation.

Table 1. Descriptions of lithologic units in the vicinity of the Sypes Canyon CGWA, (Lonn and
English, 2002).

Lithologic Units | Description

Qal Well-rounded, well sorted, bouldery gravel and sand with some thin beds of
clayey silt.

Tscg Light brown to light gray, poorly stratified, poorly sorted, tuffaceous
siltstone containing 10-50% fluvial channel conglomerate.

QTdf Mostly poorly stratified, poorly sorted, pebbly sand, but includes some sub-
angular bouldery gravel containing huge boulders up to 6 feet in diameter.

Qafs Poorly to well-sorted, rounded to sub-angular gravel, sand, silt, and clay.

QTafs Sub-rounded to rounded, moderately well-sorted, well stratified, bouldery
gravel with interbeds of silt as much as 5 feet thick.

QTaf Sub-angular to rounded, poorly to well-sorted, bouldery gravel with varying
amounts of silt and clay and some interbeds of silt.

Qafd Sub-rounded to sub-angular, poorly to moderately sorted, bouldery gravel,
sand, silt and clay.

Qafdo Sub-rounded to sub-angular, poorly to moderately sorted, bouldery gravel,
sand, silt, and clay.




Figure 5. Geologic map of vicinity of the Sypes Canyon CGWA
(modified from Lonn and English, 2002 and Berg and Lopez, 2000)
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According to McCloskey and Finnemore (1996), alluvial fans “show an increase in the degree of
sorting and large decreases in particle size and bedding thickness with distance from the fan
apex”. The same authors state that basin subsidence results in an upward increase in grain size
and bedding thickness. Using this facies model, hydraulic conductivity of poorly sorted coarse
sediments near their source and fine grained well sorted sediments at distance from their source
are expected to be low. Facies with intermediate particle size and better sorting are expected to
have the highest hydraulic conductivity.

Kaczmarek (2001) demonstrated through aquifer testing that water could be produced from
depths greater than 500 feet and that pumping from deeper wells causes water levels in shallower
wells to decline. Erickson (1995) and Hay (1997) also conclude that water-producing layers are
discontinuous and interconnected, although they believe deeper parts of the aquifer have little
development potential. Aquifer properties at different depths were estimated from constant-rate
aquifer test data by several investigators in conjunction with subdivision or water right
applications (Table 2). Breuninger and Mendes (1993) and Gaston (1996) based their evaluations
on a conceptual model of multiple separate confined aquifers. However, Hay and Kaczmarek
argue persuasively that the alluvial fan system is better described as a package of discontinuous
and interconnected water-bearing intervals. Hay stated the water-bearing intervals alternatively
could be considered as part of a single unconfined aquifer and applied the Neuman (1975)
delayed-yield analysis method. Kaczmarek argued that the depositional environment and the
nature of the hydraulic responses in the aquifer tests he conducted indicates individual water-
bearing intervals are best described as leaky-confined strip aquifers consisting of stream channel
deposits. Again, tests by Kaczmarek show that pumping from individual water-bearing intervals
cause drawdown in shallower intervals, indicating leakage and that the alluvial fan aquifer
system probably responds generally as an interconnected unconfined aquifer over seasonal or
multi-year pumping periods.

The relatively short-duration aquifer tests conducted nearby the CGWA yield estimates of
aquifer properties of discrete water-bearing intervals and not the entire interconnected aquifer
system. Properties of a greater thickness of the aquifer system immediately north of the CGWA
can be estimated from a seasonal ground-water level oscillation due to recharge from Middle
Cottonwood Creek that is dampened as it propagates through the aquifer system. The ratio of
water level oscillations in wells 01SO6E18AAAA, 01SO6E07DCBD, 01S06E07CDDC,
01S06E18BABB, and 01S06E07CCDD to the oscillation in well 01SO6ESCBAA (Figure 6)
located immediately adjacent to Middle Cottonwood Creek are plotted versus distance from well
01S06E9CBAA in Figure 7. These data, an estimate of specific yield (0.10) and a modification
of the method using cyclic water-level fluctuations by Ferris (1963) yield a transmissivity
estimate equal to 3,800 ft*/day. Oscillations are not evident in wells in other parts of the alluvial
fan system or more distant from the mountain front, probably because transmissivity in the
vicinity of Middle Cottonwood Creek and north of Sypes Canyon is higher than more poorly
sorted sediments south of Sypes Canyon.
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Table 2. Representative aquifer properties for wells near the Sypes Canyon CGWA.

Source Location Method Transmissivity | Storativity /
(ft*/day) Specific Yield

Breuninger and

Mendes (1993) 01SOSE13ACAB Cooper-Jacob 760 0.00017

Breuninger and

Mendes (1993) 01SOSE13AAAA | Cooper-Jacob 1,700 .00003

Breuninger and

Mendes (1993) 01SOSE13AAAA | Cooper-Jacob &80 | -

Gaston (1996) | 0ISOSE13BCAC Cooper-Jacob 255 .00023

Hay (1997) 01SOSE13AAAA Neuman 608 0.00066 /0.16

Kaczmarek Papadopulos-

(2001) 01S06E18DDDD Cooper 205 0.00025

Kaczmarek Papadopulos-

(2001) 01SO06E18CBCC Cooper 182 0.00005

o DCGWAboundary
01S06E17DCDA
2 01S05E09DCCC
3 01S06E30CDCD
4 SCND1

5 8sC2
6
7
8
9

HER

SC2A

SC1A

SC1B

SC1
10 01S06E17CBDA
11 01S06E17DCCA

01S06E20CD
01S06E18ADBA
01S06E17DCDA
01S06E18ADAA
01S06E08CBAA
01S05E12BCCC
01S06E07CCBA
01S06E30ADAD
01S06E07CDDC
01S06E07DCBD
01S06E18BABB

T 2N

Figure 6. Locations of wells with hydrographs used in this report.
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Ground-Water Level Hydrographs

A record of ground-water levels measured generally on a quarterly schedule is available for eight
wells in the vicinity of the CGWA for over 10 years spanning periods of above- and below-
average precipitation (Figure 8). Current water levels generally are 5 to 20 feet lower in all wells
over this period; however, they have fluctuated in response to changes in recharge and/or
discharge over different time scales within the period of record. Water levels in wells
01SO6ES8CBAA (Figure 9) and 01SO6E07CCBA (Figure 10) located near the mountain front
exhibit annual oscillations in response to significant seasonal losses from nearby Middle
Cottonwood Creek and probably discharge from the bedrock aquifer. Water levels in many other
wells near the mountain front have similar seasonal patterns of fluctuations with varying
magnitudes. As discussed in the previous section, water levels in wells west of well
01SO6E9CBAA including wells 01SO6E18AAAA, 01S06E07DCBD, 01S06E07CDDC,
01SO06E18BABB, and 01S06E07CCDD exhibit annual oscillations with decreasing magnitude
and time delay with distance from the source of recharge. Water levels in well 01SOSE12BCCC
(Figure 11) responded to seasonal recharge during wet years in the 1990s, but not after that. A
possible explanation of the different seasonal pattern of water-level fluctuations in well
01SOSE12BCCC in the last ten years is that Middle Cottonwood Creek may no longer be
diverted to the ditch that runs near this well.

In addition to seasonal fluctuations, water levels in wells near and within the CGWA exhibit
longer-period fluctuations that appear to correlate to precipitation patterns. For example, Figures
12 and 13 are plots of the 48-month SPI and iterated moving averages of water-level data
calculated over a five quarter window (three iterations) for wells 01SO6ESCBAA and
01S06E07CCBA respectively. A plot of water levels from wells 01S06E17DCDA and
01SO06E17DCCA also correlate to the long-term precipitation pattern (Figures 14 and 15). Water
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levels in well 01SOSE12BCCC have not recovered from dry years between 1998 and 2002 as
fully as wells near the mountain front (Figure 16), possibly because of changing surface-water
diversions and recharge evident in the changing seasonal pattern noted above. Well
01SO06E17CBDA also has not recovered from low recharge during dry years and does not exhibit
seasonal fluctuations observed in 1995 (Figure 17); although this well is located much closer to
the mountain front than 01SO5E12BCCC. The exact influences on water levels in well
01SO6E17CBDA are uncertain, but there appears to be a mechanism that dampens recharge to
the producing interval of this well.
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Figure 8. Water-level elevations in wells located within and near the Sypes Canyon CGWA.

Well 01S06E30DDAA located at the landfill southwest of the CGWA only exhibits a long-
period water-level fluctuation that correlates to the 96-month SPI (Figure 18); probably because
of distance and low hydraulic conductivity of the aquifer in this part of the fan system. Water
levels measured in well 01SO6E20CD located immediately up-gradient from well 01SO6E30-1
also correlate to the 96-month SPI (Figure 19). Water levels in well 01S06E30-2, another landfill
monitoring well, have remained essentially constant with small seasonal fluctuations because this
well is shallow and completed in alluvium of the East Gallatin River (Figure 20). Water levels in
a deeper well completed in the East Gallatin alluvium (01SO05E09DCCC) exhibit seasonal
fluctuations and dropped approximately 10 feet beginning in 1998 (Figures 21 and 22). Water
levels in this well have not recovered, possibly as a result of reduced recharge from flood
irrigation and residential development along the East Gallatin. Last, the graph in Figure 23 shows
how fluctuations in bedrock water levels affect water levels in a nearby well completed in
alluvial fan sediments. Water-level fluctuations in the bedrock are relatively large and precede
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water-level fluctuations in the alluvial fan indicating recharge to the alluvial fan from bedrock.
Water-level fluctuations in the alluvial fan are smaller because of the larger specific storage
relative to bedrock. Alan English (personal communication, 2007) identified relatively shallow
wells completed in bedrock in the northeast 4 of Section 20, Township 1 South, Range 6 East
that have relatively stable water levels. English also points out that springs and small streams in
this area start at about the same elevation as these wells and argues that clay within the fault zone
could be damming water in this area. Under this conceptual model, recharge to alluvial fan
sediments from bedrock discharge is expected to be concentrated at shallow depths. However,
Figure 23 shows significant fluctuations in ground water levels in bedrock and, also that water is
discharging from bedrock to alluvial fan sediments at greater depths either because of the
absence of clay in some areas or because of slow seepage through clay. The relatively immediate
response in water levels in the alluvial fan apparent from Figure 23 indicates the fault zone in
this area is not damming water. Recharge from bedrock to the alluvial fan is expected to be
concentrated at shallower depths regardless of whether water is dammed behind the fault zone,
because water transmission from fractures and faults in the gneiss decreases with depth and
increased weight of overlying rock.

Water levels in wells drilled for the Autumn Ridge development and completed at different
depths (Figures 24 and 25) indicate that the vertical hydraulic gradient at that location is similar
to the horizontal hydraulic gradient; these water-level data are evidence that low hydraulic
conductivity layers inhibit vertical ground-water flow. The difference between water levels in
wells 01SO6E18ADBA and 01SO6E18ADAA located 450 feet apart is additional evidence of the
variability of properties of the alluvial-fan aquifer over short distances. These wells are 280 ft
and 120 ft deep, respectively, with 135-foot difference in water levels and a vertical hydraulic
gradient of 0.84. Well 01SO6E18ADAA is either in a perched aquifer or the hydraulic
conductivity of the intervening materials is very low.

In summary, water levels in wells within or near the CGWA and completed in the alluvial fan
near the range-front fault generally fluctuate seasonally in response to recharge from streams and
discharge from bedrock aquifers. Seasonal fluctuations of water levels in wells more distant from
the primary sources of recharge are dampened and delayed or absent completely. Water levels in
wells generally correlate with longer-period wet-dry cycles as indicated by the 48-month SPI;
however, wells near the range-front fault appear to recover more quickly from periods of low
precipitation and recharge. Wells completed in poorly connected water-producing intervals or
more distant from sources of recharge follow even longer-period precipitation trends as indicated
by the 96-month SPI. Aquifer testing demonstrates that water-producing intervals at different
depths within the alluvial fan aquifer system are hydraulically connected; however water levels
indicate low hydraulic conductivity layers inhibit vertical communication. Approximately fifty
additional wells have been permitted within the CGWA since its inception in 2002; however,
effects of withdrawals from these wells on water levels in pre-existing wells, if any, cannot be
distinguished from water-level trends that correlate to precipitation trends.
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Figure 12. Moving average of water levels in well 01SO6EOSCBAA and 48-month SPI.
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Figure 13. Moving average of water levels in well 01SO6E07CCBA and 48-month SPI.
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Figure 14. Water levels in well 01SO6E17DCDA and 48-month SPI.
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Figure 15. Water levels in well 01SO6E17DCCA and 48-month SPI.
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Figure 16. Moving average of water levels in well 01S05E12BCCC and 48-month SPI.
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Figure 17. Water levels in well 01SO6E17CBDA and 48-month SPI.
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Figure 18. Water levels in well 01SO6E30DDAA and 96-month SPI.
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Figure 19. Water levels in well 01SO6E20CD and 96-month SPI.
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Figure 20. Water levels in well 01SO6E30CDCC and 48-month SPI.
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Figure 21. Water levels in well 01SOSE09DCCC and 48-month SPI.
4490 3
4480 - 12
:
3
§ 4470 1
©
>
Q am
m Lt
S 4460 . 0
- - " i :
..B.. Saaun Wug l.---.’-li
g : " "sganm - !
2 4450 - + -1
I
n
4440 -2
= M:133176 01S05E09DCCC ~ ----- 48-Month SPI
4430 T T T T T T T -3
Oct-92 Oct-94 Oct-96 Oct-98 Oct-00 Oct-02 Oct-04 Oct-06 Oct-08

Figure 22. Moving average of water levels in well 01S05SE09DCCC and 48-month SPI.
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Figure 23. Water levels in bedrock well 01SO6E17DCDB and alluvial fan well 01SO6E17DCCA.
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Figure 24. Water levels in wells SCND1, SC2A, and SC2 from Kaczmarek (2001).
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Figure 26. Water levels in wells 01SO6E18ADBA and 01SO6E18ADAA.
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Water Budget
A water budget for the study area shown in Figure 1 provides information for DNRC to evaluate

whether withdrawals exceed recharge within the CGWA and for input to the numerical model
presented later (Table 4). The recharge components of the water budget considered here include
direct infiltration of precipitation and snowmelt on the surface of the alluvial fan, seepage losses
from streams that drain the western front of the Bridgers, and inflow from bedrock aquifers in
the Bridgers. Discharge components include the consumptive portion of withdrawals from wells
and ground-water outflow to alluvium of the East Gallatin River.

Annual precipitation over the alluvial fan portion of the model area is estimated from a GIS
coverage derived from point data and a digital elevation model by Daly and Taylor (1998).
Precipitation data from this coverage are converted to a grid coverage and interpolated to a 984-
foot (300-meter) square grid used for the ground-water flow model to determine recharge from
direct infiltration. Total recharge is the sum of ten percent of precipitation for each grid cell
multiplied by cell area. Evapotranspiration is taken into account implicitly in estimates of
infiltration from precipitation and, therefore, with the exception of areas where phreatophytes
take water directly from ground water, it is not included explicitly in the water budget
calculation.

Recharge by seepage losses from streams that drain the Bridgers is derived from streamflow
measurements by previous investigators (Table 3) and estimates of mean annual flow based on
measurements of active channel width following methods described by Parrett et al (1983).
Streams that drain the Bridger Range lose virtually all of their flow as they cross alluvial fan
sediments (Hackett et al, 1960; Hay, 1997). Therefore, recharge is estimated to be equal to the
predicted average annual runoff from streams draining the Bridgers minus consumptive use by
evapotranspiration associated with irrigation diversions and phreatophytes along those streams.
Irrigated acreage on the fan surface is estimated to be 155 acres from the Water Resource Survey
(Montana State Engineers Office, 1953) and area of phreatophytes equal to 193 acres is based on
evaluation of color aerial photographs taken in 2005. Plant transpiration of 17 inches per year is
assumed in estimates of consumption by evapotranspiration by crops and by phreatophytes.

Estimates of consumption of ground water withdrawn from wells within the model area are
based on measurements at Summer Ridge Subdivision, guidelines for typical water use, and
information on typical water consumption during household use, lawn and garden irrigation, and
wastewater disposal. A technical memorandum to the Colorado State Engineer (Kimsey and
Flood, 1987) contains evidence that consumption resulting from indoor household uses is
typically 2 percent of the amount diverted. Further, another memorandum to the Colorado State
Engineer (Vanslyke and Simpson, 1974) contains evidence that consumption from septic
drainfields accounts for an additional 10 percent of the amount diverted for household use.
Therefore, total consumption for in-house and waste disposal is considered to be 12 percent of
total water diverted for household use. Consumption for lawn and garden irrigation is assumed to
be 15.52 inches per year based on net-irrigation demand for pasture grass calculated using the
Montana Irrigation Guide (U.S. Soil Conservation Service, 1987). Ground-water outflow from
the fan aquifer system is calculated using Darcy’s law and estimates of aquifer transmissivity,
aquifer width, and hydraulic gradient.

25



Table 3. Annual Runoff and estimates of annual recharge for streams within the Sypes Canyon
model area.

Active Predicted Observed Runoff (ac-ft/yr) Recharge
Stream Channel Runoff Hackett Estimate
Width () | (ac-fiiyr) | T8 199" 1960) Other | ac-fi/yr)
East
Gallatin 35 62,912 59,202 --
River
Bridger 22 25,946 26,493 -
Creek
Bostwick 6.2 2,899 3,360 3,226
Creek
Schafer
Creck 3.1 886 1,075 886
Watts
Creck 151 151
Middle
Cottonwood 7.7 4,199 4,780 3,365 4,199
Creek
Walton
Crock 1.7 317 278 228
Sypes
Creek 1.7 317 452 317
Deer
Creck 14 228 180 228
Churn
Creck 2.0 419 569 419
Lyman 3.8 1,255 3,760 1,255
Creek

The sum of stream loss and ground-water inflow within the study area equals 18,232 acre-feet
per year (25 cubic feet per second) (Table 4) compared to an estimate of 37,836 acre-feet per
year of precipitation in the contributing area of the Bridgers derived from the GIS coverage by
Daly and Taylor (1998). The difference of 19,604 acre-feet is equal to average consumption over
the 11,163 acre contributing area of 21.1 inches. This compares to published estimates of general
forest consumption of 14.5 to 21 inches (Leaf, 1975). Therefore, the estimate of surface and
ground water outflow from the Bridgers appears reasonable based on estimates of precipitation
and consumption in the contributing area, with any error likely on the low side.
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Table 4. Preliminary water balance for alluvial fan system within model area for Sypes Canyon

CGWA.
Recharge (ac-ft/yr) Discharge (ac-ft/yr)
. Small :
Precip. GW Inflow | Withdrawals | GW Outflow ET
Streams
1,827 10,909 7,323% 466 19,100 493

* calculated as remainder of other terms

Steady-State Numerical Model

A steady-state numerical model of the Sypes Canyon study area was constructed using
MODFLOW 2000 and Groundwater Vistas v4.25. The purpose of the steady-state model is to
improve estimates of aquifer properties, recharge, and boundary conditions for use in predicting
impacts of future widthdrawals using the transient model described in the subsequent section.
The steady-state model consists of 44 rows, 34 columns, and three layers with 2,248 active cells
(Figure 27) constructed as follows:

Cells are 984 feet by 984 feet (300 meters by 300 meters) throughout the model.

The top layer is 262 feet (80 meters) thick and is designated unconfined and the bottom two
layers are 175 feet (60 meters) thick and are designated confined. Layers are designated to
provide vertical discretization and are not based on lithologic changes.

Elevation of the top layer is interpolated to model cells from a digital elevation model using
ArcView GIS software and imported into Groundwater Vistas.

There are 306 cells with individual wells or public water supply wells. Withdrawals from
wells in the model equal net consumption of 0.68 acre-feet per-household and are represented
by single wells per model cell in layer 2. Net consumption per household is based on 2% of
250 gallons per day (gpd) for in house consumption, 10% of 250 gpd for wastewater
consumption, and 15.52 inches irrigation requirement for “2-acre lawn and garden. In-house
and wastewater consumption percentages are based on studies (Vanslyke and Simpson, 1974;
Kimsey and Flood, 1987) and irrigation requirement is based on the Montana Irrigation
Guide (U.S. Soil Conservation Service, 1987) using data from the weather station at Montana
State University in Bozeman. Lawn area was estimated by evaluating aerial photographs of a
random selection of residences within the study area.

Seepage from small streams draining the Bridger Range and direct infiltration of
precipitation are simulated using the MODFLOW Recharge Package. Recharge estimates
from Table 3 are used for recharge from small streams and 10 percent of values from the GIS
coverage by Daly and Taylor (1998) are used for precipitation recharge.

The East Gallatin River and Bridger Creek are simulated using the MODFLOW River
Package with channel length and width from the National Hydrography Data Dataset GIS
coverage (USGS, 2000).

Inflow from bedrock in the Bridgers is simulated using injection wells distributed uniformly
along the east boundary of the study area in each layer.

Ground-water inflow from the south and outflow to the north is simulated using general head
boundary cells.
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e [Initial distribution of hydraulic conductivity is designated for zones based on geologic units
mapped by Lonn and English (2002) (Figure 5).

e Evapotranspiration of phreatophytes along the East Gallatin River is simulated using the
MODFLOW ET Package.

e Water-level elevations measured by GLWQD in wells within and nearby the CGWA are the
primary calibration targets. Wellhead elevation was surveyed generally within 0.1 feet for
these wells.

e Water-level elevations estimated from static water levels listed on drillers’ logs and a digital
elevation model are secondary calibration targets outside the main area of interest
surrounding the CGWA.

e The model was initially calibrated using measured water-level data, by adjusting hydraulic
conductivities and ground-water inflow from the Bridgers. Estimates of hydraulic
conductivity from initial calibration are shown in Figure 28. Precipitation and recharge from
small streams were not adjusted during calibration.

e The final calibration was attained using pilot points (hydraulic conductivity targets) and the
automated calibration program PEST within Groundwater Vistas to adjust hydraulic
conductivities for individual cells. Ground-water inflow from bedrock was manually adjusted
to refine the calibration obtained using PEST.

Final calibration of the steady-state model resulted in a general match to observed heads. The
average and median difference between simulated and measured heads (residual) is near zero
(0.07 feet and -1.05 feet respectively); however, many of the residuals remain large with an
average absolute value of approximately 15 feet (Figure 29). The main reason for the large
residuals is the apparent large variability of hydraulic properties within short horizontal and
vertical distances and clustering of observation wells. Smaller residuals could be achieved by
using smaller model cells and adjusting hydraulic conductivity cell by cell. However, a more
detailed model would still not provide a unique solution or better estimates of water levels
throughout the study area even though a better fit to measured data would be achieved.
Therefore, the final calibration was deemed adequate for the purpose of conducting transient
simulations of future ground-water development and potential impacts on ground-water levels
and surface water flows.
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Figure 27. Residual differences between water levels in target wells and water levels calculated
by steady state model.

The water balance from the calibrated steady-state numerical model is presented in Table 5.
Total recharge to the model is 22,652 ac-ft/yr (31.3 cfs) and net withdrawal (consumption) from
wells is 938 ac-ft/yr (1.3 cfs). Over 50 percent of ground-water inflow from bedrock and
approximately 80 percent of total recharge to the alluvial fan aquifer system occurs in the upper
layer of the model. Note that this water balance is not limited to the CGWA boundary because
the area of impact of ground-water withdrawals within the CGWA will extend beyond its
boundaries and ground-water withdrawals outside the boundary will impact ground-water levels
within the CGWA. In addition, recharge outside the CGWA affects ground-water levels within
the CGWA.

Table 5. Water balance for entire model area from steady-state numerical model results.

Recharge (ac-ft/yr) Discharge (ac-ft/yr)
Small | Bridger E.
Layer | Precip. | Streams Ck. GWIn | Wells Gallatin ET GW Out
1 2,444 10,626 23 5,030 — -571 -1,274 -7,104
2 — — — 3,952 -938 — — -6,447
3 — — — 577 — — — -6,321
Total | 2,444 10,626 23 9,559 -938 -571 -1,274 | -19,872
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Transient Numerical Model

Additional pumping wells were added to the steady-state model to simulate transient drawdown
by increased withdrawals of 439 acre-feet per year (248 acre-feet per year consumption) from
approximately 450 additional households. The additional wells adjust the overall density to one
household per 2.5 acres for the full CGWA. Hydraulic conductivity, recharge, evapotranspiration
and aquifer boundaries are retained from the steady-state model. Specific storage and specific
yield are set to 0.000015 ft' (0.00005 m™) and 0.20, respectively, and initial heads are set to
heads calculated from the steady state model. The results of four separate models representing
different 50-year duration pumping scenarios, described below, are presented for the purpose of
investigating the potential effects of further development on ground water levels within the
CGWA.

Transient Model #1 - Withdrawals from additional wells within the Sypes Canyon CGWA are
simulated using wells in 41 cells located in layer two (Figure 30) that represent pumping for
approximately nine households within each of the 984-foot square cells. Recharge of water that
is not consumed and returned to the aquifer system is represented by composite recharge wells in
41 cells in layer one lying immediately above cells containing pumping wells. Both pumping and
recharge rates for monthly stress periods vary with seasonal demand and consumption.
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Figure 30. Location of wells simulated in transient models #1 through #3 with approximate
locations of existing wells.

Drawdown from pumping the additional wells simulated in transient model #1 emulates the
seasonal fluctuations of withdrawals (Figure 31). Drawdown plotted in Figure 31 reaches
approximately 80 percent of maximum during the first year and increases gradually year over
year as drawdown expands. With time, the rate of progressive increase in drawdown slows as
ground water is derived from storage in a greater volume of the aquifer system and flows in the
East Gallatin River and Bridger Creek, and evapotranspiration by phreatophytes along the East
Gallatin are reduced. Drawdown at the end of the irrigation season of the 50" year is
approximately 50 feet within the center of the array of new pumping wells and up to 20 feet in
the area of existing wells in Section 20, Township 01 South, Range 06 East (Figure 32).
Drawdown in wells monitored by GLWQD is predicted to decline between 0.10 feet in a well in
layer one to 45 feet in a well in the Autumn Ridge subdivision within the simulated well field.
Excluding the Autumn Ridge wells, drawdown is predicted to exceed five feet in 15 wells with a
maximum of 36 feet in well 01SO6E20BBBC, located approximately 500 feet from the nearest
simulated well.

Transient Model #2 - Simulated pumping wells are moved to layer three and recharge wells are
again placed in layer one in transient model #2. The purpose of this model run is to investigate
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whether drilling new wells to greater depths than most existing wells will significantly reduce
drawdown in the existing wells. Results shown in Figure 33 indicate that drawdown in layer two
within the simulated well field is about half as large as when the pumping wells are in layer two.
However, drawdowns still exceed five feet in 15 wells monitored by GLWQD with a maximum
of 22 feet in well 01SO6E20BBBC.

Transient Model #3 — Simulated pumping wells are placed in layer three as in transient model
#2; however, domestic return flows are eliminated. The purpose of this model run is to
investigate the effects of off-site wastewater disposal. Maximum drawdown in layer two within
the simulated well field is 36 feet (Figure 34). In addition, drawdown simulated in transient
model #3 again exceeds five feet in 15 wells with a maximum of 26 feet in well
01SO06E20BBBC.

Transient Model #4 — The uniformly distributed well field from the first three transient models
is replaced by five hypothetical public water supply wells in layer three along the west boundary
of the CGWA in transient model #4. Recharge from domestic and irrigation return flows are
simulated by recharge wells in layer one, also along the west boundary of the CGWA. The
purpose of transient model #4 is to investigate whether locating wells farther from existing wells
and nearer to the East Gallatin River will reduce drawdown in wells within the CGWA.
Maximum drawdown in layer two within the simulated well field is 17 feet (Figure 35) and
drawdown in all of the wells monitored by GLWQD is less than five feet.
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Drawdown (ft)

0

0 5 10 15 20 25 30 35 40 45 50
Pumping Time (years)

Figure 31. Drawdown in well 01SO6E20CCBA from transient model #1.
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Figure 32. Drawdown after 50 years of pumping from layer two with recharge to layer one
calculated from transient model #1.
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Figure 33. Drawdown after 50 years of pumping layer three with recharge to layer one calculated
from transient model #2.
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Figure 34. Drawdown after 50 years pumping from layer three without recharge calculated from
transient model #3.
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Figure 35. Drawdown after 50 years of pumping public water supply wells in layer three with
recharge to layer one calculated from transient model #4.

37



Surface Water Depletions

Drawdown caused by any new withdrawals within the CGWA will propagate in all directions
and will deplete flows in the East Gallatin River and Bridger Creek, and potentially other surface
waters in the Gallatin Valley that are hydraulically connected to ground water, by reducing
ground-water levels at those streams. Reduced ground-water levels at the East Gallatin River or
Bridger Creek will either cause surface water loss (induced infiltration) or reduced ground-water
discharge (pre-stream capture). The transient models presented here calculate total net depletion
regardless of whether induced infiltration or pre-stream capture occurs.

The rate of depletion simulated by transient models for this investigation fluctuates with the
seasonal variation of withdrawals and increases year over year as drawdown increases and
propagates away from the simulated pumping wells (Figure 36). Net depletion to the East
Gallatin River and Bridger Creek after 50 years of pumping simulated by transient model #2
equals 200.9 acre-feet. Reduced flux out of model #2 at general head boundaries and by
evapotranspiration equals 29.9 acre-feet and 4.2 acre-feet respectively. Net depletion of surface
water after 50 years for transient model #4, where withdrawals are concentrated closer to the
East Gallatin River, equals 237.3 acre-feet. Reduced flux out of model #4 at general head
boundaries equals 16.2 acre-feet and reduction of evapotranspiration equals 4.6 acre-feet. The
balance of the 248 acre-feet total consumption by well use in models #2 and #4 equal to
approximately 10 to 12 acre-feet comes from ground water storage released as drawdown
continues to expand. Net depletion to surface water will approach a constant year over year with
time as a balance between recharge and discharge is reestablished and the contribution from
storage reduces to zero (Theis, 1940) (Figure 37). Reduced flux at general head boundaries is
interpreted to represent depletion to surface water within the valley, but outside the model area.

An applicant for a beneficial use permit for greater than 10 acre-feet annually or a maximum rate
greater than 35 gallons per minute in the Sypes Canyon area would be required to mitigate
depletions to surface water that result in an adverse effect to an existing water user (§85-2-360
MCA). Mitigation generally involves changing the purpose of use of an existing surface-water
right to mitigation or aquifer recharge and retiring the historic use (e.g. drying up land previously
irrigated). Water from the historic right may have to be diverted and allowed to infiltrate ground
water in order to mitigate depletion that occurs outside the historic period of use (e.g. irrigation
season) (Bredehoeft and Kendy, 2007). Wells that use less than 10 acre-feet and 35 gallons per
minute are exempt from permitting requirements, including mitigation of adverse effects to
surface water, in the absence of a controlled ground water area.

Drought and Climate Change

Recharge in the Sypes Canyon area may be affected if temperature, precipitation, and/or timing
of runoff change in the future. Ground-water level declines resulting from precipitation
approximately 85 percent of the 40-year average are evident from hydrographs for the period
between 1998 and 2004 (Figures 9 through 23) and are predicted from the results of a transient
simulation for a 10-year drought (Figure 38). Further, a shift to increased summertime
precipitation relative to snowfall and higher average temperatures that some predict might occur
in the Gallatin Valley (Aber, 2007) could lead to reduced snowpack, early runoff, decreased
recharge from small streams draining the Bridger Mountains, and, ultimately, lower ground-
water levels.
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Figure 36. Rate of depletion of surface water calculated by transient model #4.
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Figure 37. Rate of depletion of surface water from transient model #4 (50" year).
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Figure 38. Simulated water-level decline resulting from 10 years of precipitation that is 15
percent less than average.

Summary and Conclusions

DNRC designated a temporary controlled ground water area for the purpose of “gathering
information on aquifer characteristics, aquifer recharge, and aquifer withdrawals to determine if
withdrawals exceed recharge and if new wells will impair or substantially interfere with other
ground water wells . The findings related to the objectives of this report are summarized as
follows:

Describe the hydrogeology of the aquifer system in the control area

The Bridger Mountains immediately east of the CGWA consist of folded and faulted steeply
dipping Paleozoic- to Mesozoic-age sedimentary rocks and Archean-age metamorphic rocks.
Bedrock is down-dropped beneath the CGWA and buried by an undetermined thickness of
alluvial fan deposits consisting of discontinuous coarse- and fine-grained sediments. Recharge
from bedrock to the alluvial fan is concentrated at shallower depths because water transmission
from fractures and faults in the gneiss decreases with depth and increased weight of overlying
rock, and because clay in the range-front fault may dam water in some areas.
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Describe and evaluate the causes of ground-water level changes

Current ground-water levels in wells completed in the alluvial fan within or near the CGWA
generally are 5 to 20 feet lower than approximately 10 years ago. Water levels in wells near the
range-front fault generally fluctuate seasonally in response to recharge from small streams and
discharge from bedrock aquifers. Seasonal fluctuations of water levels in wells more distant from
the primary sources of recharge are dampened and delayed or absent completely. Water levels in
wells located near the range-front correlate to 48-month and seasonal precipitation patterns
whereas wells located more distant from sources of recharge, or that are completed in poorly
connected water-producing intervals, correlate to longer-period precipitation trends. Water-
producing intervals at different depths within the alluvial fan aquifer system are hydraulically
connected. However, vertical water-level gradients indicate the presence of low hydraulic
conductivity layers that create semi-confined conditions. Water levels in alluvium of the East
Gallatin have remained relatively constant with small seasonal fluctuations.

Estimate a budget of aquifer recharge and withdrawals

The recharge components of the water budget considered here include direct infiltration of
precipitation and snowmelt on the surface of the alluvial fan, seepage losses from streams that
drain the western front of the Bridger Mountains, and inflow from bedrock aquifers in the
Bridgers. Discharge components include the consumptive portion of withdrawals from wells and
ground-water outflow to alluvium of the East Gallatin River. The sum of seepage from small
streams draining the Bridgers and ground-water inflow within the study area is estimated to be
between approximately 18,000 and 23,000 acre-feet per year (25 to 31 cubic feet per second)
from a contributing area of approximately 11,000 acres. Total withdrawal from wells within the

model area is estimated to be approximately 1,700 ac-ft/year and total consumption is estimated
to be 938 ac-ft/yr (1.3 cfs).

Evaluate the effects of increased withdrawals for future developments

Estimates of the effects of future withdrawals on ground-water levels within and nearby the
CGWA are based on simulations conducted using a numerical model. The numerical model is
calibrated by adjusting estimates of recharge and aquifer properties using the measured water-
level data. The resulting model is not a unique representation of the aquifer system and,
therefore, the results should be used carefully. General conclusions that can be made include:

e Continued development at the existing density and at depths similar to existing wells could
lower water levels up to 20 feet in some existing wells.

e Pumping from wells at depths greater than depths of existing wells could reduce the effects
relative to pumping from shallower depths because of the semi-confined nature of the aquifer
system.

e Pumping from individual wells at greater than existing densities would result in
proportionally greater drawdown.
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e Development of ground-water within the CGWA will deplete flows in the East Gallatin
River and Bridger Creek. This depletion ultimately will offset consumption by ground-water
use.

e Pumping from public water supply wells located near the East Gallatin River could minimize
drawdown within the CGWA.

e Extended drought can reduce ground-water levels in the CGWA up to 30 feet. Changes in
temperature and precipitation patterns caused by climate change also may reduce recharge
and affect ground-water levels.

References
Aber, J, 2007. Personal communication.

Berg, R.B. and Lopez, D.A., 2000. Geologic map of the Livingston 30' x 60' quadrangle, south-
central Montana, Montana Bureau of Mines and Geology: Open File Report 406, 1 sheet(s),
1:100,000.

Bredehoeft, J. and E. Kendy, 2007. Strategies for offsetting seasonal impacts of pumping on a
nearby stream, Ground Water, OnlineEarly Articles, 7 pp.

Breuninger, R.H., 1992. Report on groundwater availability for the proposed Summer Ridge
subdivision north of Bozeman, Gallatin County, prepared by Morrison-Maierle, Inc., 7 pp.

Breuninger, R.H. and T.M. Mendes, 1993. Summary report: groundwater availability in the
proposed Summer Ridge subdivision, Gallatin County, prepared by Morrison-Maierle, Inc.,

20 pp.

Daly, C. and G. Taylor, 1998. Montana average precipitation, 1961-1990, GIS coverage of
average monthly and annual precipitation derived from Parameter-elevation Regression on
Independent Slopes Model (PRISM), Oregon Climate Service at Oregon State University,
Corvallis, OR.

Edwards, D.C. and T.B. McKee, 1997. Characteristics of 20th century drought in the United
States at multiple time scales. Climo Report 97-2, Dept. of Atmos. Sci., Colorado State
University, Fort Collins, CO, May, 155 pp.

English, A., 2007. Personal communication.

Erickson, E.J., 1995. Water-resource evaluation and groundwater-flow model for Sypes Canyon,
Gallatin County, Montana, Master of Science Thesis, Montana Tech of the University of

Montana, Butte, MT, 69 pp.

Ferris, J.G., 1963. Cyclic water-level fluctuations as a basis for determining aquifer
transmissibility, in U.S. Geological Survey Water-Supply Paper 1536-1, p. 305-318.

Gaston Engineering, 1996. Engineer’s report for the aquifer testing at the Sprit Hills subdivision,
Bozeman, Montana, presented to Montana Department of Environmental Quality, 9pp.

42



Hackett, O.M., F.N. Visher, R.G. McMurtrey, and W.L. Steinhilber, 1960. Geology and ground-
water resources of the Gallatin Valley Gallatin County Montana, U.S. Geological Survey
Water-Supply Paper 1482, 282 pp. with 11 plates.

Hay, J.E., 1997. An investigation of groundwater recharge along the western flank of the
southern Bridger Range, southwestern Montana, Master of Science thesis, Montana State
University, Bozeman, MT, 161 pp.

Kaczmarek, M. B. 2001. Groundwater availability assessment Autumn Ridge Subdivision
Project, prepared by Morrison-Maierle, Inc. for the Autumn Ridge Group, Bozeman, MT,

115 pp.

Kimsey, D.W. and P.K. Flood, 1987. Domestic consumptive use, Technical Memorandum to the
Colorado State Engineer, 16 pp.

Leaf, C. F., 1975. Watershed Management in the Central and Southern Rocky Mountains: A
Summary of the Status of Our Knowledge by Vegetation Types,” U.S. Department of
Agriculture, Forest Service Research Paper RM-142, March, 1975, 28 pp.

Lonn, J. and English, A., 2002, Preliminary geologic map of the eastern part of the Gallatin
Valley, Montana, Montana Bureau of Mines and Geology: Open File Report 457, 17 p., 1
sheet(s), 1:50,000.

McCloskey, T.F. and E.J. Finnemore, 1996. Estimating hydraulic conductivities in an alluvial
basin from sediment facies models, Ground Water, vol. 34, no. 6, p. 1024-1032.

McKee, Thomas B., Nolan J. Doesken, and J. Kliest, 1993. The Relationship of Drought
Frequency and Duration of Time Scales, Eighth Conference on Applied Climatology, 17-22
January 1993, Anaheim, California

Montana State Engineers Office, 1953. Water resources survey: Gallatin County, Montana, Part
II: Maps showing irrigated areas in colors designating the sources of supply, 53 pp.

Neuman, S.P., 1975. Analysis of pumping test data from anisotropic unconfined aquifers
considering delayed gravity response: Water Resources Research, vol. 11, p. 66-72.

Parrett, C., R. Omang, and J. Hull, 1983. Mean annual runoff and peak flow estimates based on
channel geometry of streams in northeastern and western Montana: U.S. Geological Survey

Water-Resources Investigations Report 83-4046, Helena, MT, 26 pp.

Theis, C.V., 1940. The source of water derived from wells: essential factors controlling the
response of an aquifer to development, Civil Engineering, V. 10, p. 277-280.

USGS, 2000. National Hydrography Dataset Stream Route Reaches (Transport and Coastline
Reach Theme), Montana State Library, GIS coverage.

43



U.S. Soil Conservation Service, 1987. Montana irrigation guide: Bozeman, Montana,
Department of Agriculture report, 75 p.

Vanslyke, G. and Hal Simpson, 1974. Consumptive use of water by homes utilizing leach fields
for sewage disposal, Memorandum to the Colorado State Engineer, 5 pp.

44




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1500 1500]
  /PageSize [612.000 792.000]
>> setpagedevice


