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APPENDIX E

AQUIFER TESTS AT THE BIG
FORK FARM SITE
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OVERVIEW

Location

The Bigfork Farm site is located approximately 1.5
mi north of Flathead Lake in the central Flathead Val-
ley. This site is located on Farm Road (fig. El).

Hydrogeologic Setting

The hydrostratigraphic units in the area of the BFF
site have been the subject of several studies (Smith,
2004a,b,c; LaFave and others, 2004; Konizeski and
others, 1968; Rose, 2018; Rose and others, 2022),
including the current study documented in this report.
The Flathead Valley is underlain by the Precambrian
metasedimentary siltite, metacarbonates, and quartz-
ite of the Belt Supergroup. Based on gravity data this
bedrock is about 2,000 ft below ground surface at the
BFF site (Smith, 2004a). The bedrock is overlain by
the semi-lithified Tertiary sediments of the Kishenehn
Formation (see main text). The Kishenehn Formation
is composed of clayey gravel, mudstone, carbonaceous
shale, sandstone, and conglomerate (Smith, 2004b).
Glaciofluvial sands and gravels of the deep aquifer oc-
cur above the Kishenehn Formation. These materials
were primarily deposited as outwash from the advanc-
ing Cordilleran ice sheet [~20 thousand years ago (ka);
Smith, 2004c]. The deep aquifer is overlain by progla-
cial lacustrine sediments that were deposited as the ice
sheet retreated. Lake levels dropped as the outlet near
Polson downcut, which caused a shift from deep water
sediments (silt and clay) to deltaic sediments (fine to
medium sand) at the BFF site. These deltaic sand units
form the shallow aquifer.

Well Completions

Five wells were installed at the BFF site (table E1,
fig. E1). Wells BFF#1 to BFF#4 were installed in
April 2011. Wells BFF#1 and BFF#2 were completed
in the deep aquifer, well BFF#3 was completed in the
confininglayer,andwellBFF#4wascompletedinthe
shallow aquifer. Well BFF#5 was completed in the
Tertiary aquifer in October 2021. An MBMG hydro-
geologist observed well installation and described
cuttings.

Aquifer Test Summary
Three aquifer tests were conducted at the BFF site:

1. An aquifer test pumping from the deep aquifer
for 7 days.

2. Arecovery test of the confining layer well
following purging.

3. An analysis of drawdown and recovery data
collected during sampling from the well in the
Tertiary sediments.

The deep aquifer and confining unit tests were
performed in 2011 after wells BFF#1 to BFF#4 were
installed. The test of BFF#5 occurred in April 2022.
Detailed aquifer test data (633 forms) are available by
clicking on the “View scanned aquifer test” link on
each well’s GWIC page.

1. DEEP AQUIFER TEST

1.1 Background
1.1.1 Purpose of Test

The purpose of this aquifer test was to estimate
the transmissivity (T) and storativity (S) of the deep
aquifer, and to evaluate the data for recharge or no-
flow boundaries. The deep aquifer is a primary source
of groundwater in the Flathead Valley.

1.1.2 Test Type

A constant-rate aquifer test was conducted for
approximately 7 d by pumping from the deep aquifer
(well BFF#1; table E1) from June 7 to June 14, 2011.

1.2 Field Procedures

The total pumping period was 168 h 40 min (~7 d).
The well was pumped continuously with an average
rate of 485 gpm.

Three onsite wells were installed at the site
(BFF#2-4; table E1) and one shallow aquifer well was
already present at the site. The three installed obser-
vation wells were in the deep aquifer (BFF#2), the
overlying confining layer (BFF#3), and in the shallow
aquifer (BFF#4). Eight off-sitewellswerealsomoni-
tored, with five in the deep aquifer and three in the
shallow aquifer (fig. El, table E1). The existing deep
aquifer wells were between 1,381- and 11,400-feet
from the pumping well (fig. E1). The existing shal-
low wells were between 278- and 8,467-feet from the
pumping well. The stage of Flathead Lake was also
monitored during the test period (table E1).

1.2.1 Data Collection

Water-level transducers recording hourly water-
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Figure E1. Five wells were installed at the BFF site (BFF#1-BFF#5, and one domestic wells was preexisting. Offsite
locations were monitored during the 7-day test. Site details, including GWIC ID numbers, are included in table E1.
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level measurements were set in wells BFF#1-4 for For the pumping test, transducers recorded wa-ter
several months prior to the aquifer test for long-term levels at 1-min intervals in wells BFF#1—4 (figs. E2,

monitoring. The data from these wells was used to E3), in the preexisting domestic well at the BFF site,

evaluate pretest water-level trends (figs. E2, E3). and the figs. E3—EO0).
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Figure E2. For on-site deep aquifer wells BFF#1 and BFF#2 drawdown was calculated as the diff erence between
the observed and the baseline depth to water. Intermediate on-site well BFF#3 is completed in the aquitard and

showed no response to the aquifer test. BFF#3 was recovering from previous well development through the test
period.



Bobst and others, 2022

A -BFF#4 -Shallow Aquifer Observation Well

w ~0
20

6/1/11 6/6/11 6/11/11 6/16/11 6/21/11 6/26/11

15

—
(e}

—
~

- N
o o

depth to water (ft)

transducer DTW @ manual DTW

B -Boon -Deep Aquifer Observation Well

depth to water (ft)

5
6
7
8 S
9
10

6/1/11 6/6/11 6/11/11 6/16/11 6/21/11 6/26/11

transducer DTW @ manual DTW - baseline

C -North Shore Deep -Deep Aquifer Observation Well

-3

1
N

1
—_

e

- O

depth to water (ft)
)

—_—

6/1/11 6/6/11 6/11/11 6/16/11 6/21/11 6/26/11

transducer DTW @ manual DTW - -baseline

Figure E3. BFF#4 is completed in the shallow aquifer at the test site, and showed no response to pump-
ing. The nearest offsite deep aquifer wells are Boon and North Shore (B and C). Drawdown in these wells
was calculated as the difference between the observed and the baseline depth to water.
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Figure E4. For monitored deep aquifer wells Brosten (A), Foster deep (B), and Brevik (C), drawdown
was calculated as the difference between the observed and the baseline depth to water. Drawdown in
Foster deep (B), was not quantified due to excessive pumping interference.
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Figure E5. Shallow monitoring wells BFF Domestic (A), MW84-05 (B), and North Shore B8 (C)
showed no response to pumping.
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Figure E6. Foster shallow (A) is completed in the shallow aquifer and showed no response
to pumping. The stage in Flathead Lake (B) rose throughout the test period.

Manual readings of water levels were made for all
wells using an e-tape prior to placing transducers, and
were made periodically during the test and recovery
periods. These manual measurements were used to
calibrate transducer response.

The pumping rate was monitored throughout the
test using a totalizing flow meter. The objective for the
constant-rate pumping test was to pump at 500 gpm;
the discharge rate varied from 430 to 510 gpm (fig.
E7). Average discharge for the test was 487 gpm. The
pumped water was discharged through a perforated
pipe approximately 100 ft to 600 ft downhill (south)
from the pumping well.

1.3 Results

Discernible drawdown was observed in six wells
in the deep aquifer (figs. E2—E4, table E2). Draw-
down could not be quantified in the Foster deep well
due to interference from pumping of that well (fig.
E4B). None of the shallow or confininglayerwells
showed a response to pumping.

1.3.1 Antecedent Trends

Water-level data collected before and after the
aquifer test show a consistent rising trend. This trend
was calculated based on background and recovered
water levels at each well that showed a response to
pumping (figs. E2-E4). Drawdown was calculated
as the
water levels.
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Figure E7. The aquifer test was conducted by pumping from BFF#1 from 6/7/11 at 15:00 to
6/14/11 at 15:40, for a total pumping time of 168 hr and 40 min (~7 d). The time-weighted-
average flow rate was 485 gpm; however, a sharp decrease to 430 gpm average occurred

on 6/13/11 at 10:12.

Table E2. Deep aquifer test well designations for responding wells, locations, completion information, and

drawdown at 1,000 min.

. N . N Radial Distance  Drawdown
GYI\:I)lc Name Izgte;[u_dr\ej) L(oggl’fu\;j\/(; Total(flgepth a(t:;?\(:l from Pumped at _1 ,000
Well (ft) min (ft)
640-670
260892 BFF#1 48.103515 114.182153 717 & 713- - 21.94
717

260888 BFF#2 48.103515 114.182153 672 642-672 106 4.95
141562 Boon 48.100425 114.180335 400 400 1,381 1.08
236497 North Shore  48.092561 114.185965 760 721-739 4,235 0.26
261263 Brosten 48.123998 114.170640 ~600 unknown 7,690 0.18
80745 Brevik 48.094702 114.136812 400 400 11,400 0.04

1.3.2 Properties of the Deep Aquifer

Drawdown data for the deep aquifer wells were
evaluated using Aqtesolv software (figs. E8, E9). We
used the Theis (1935) method for confined aquifers.
This method provided a good match with observa-
tions, which indicates that leakage through the confin-
ing layer is minimal, and boundaries were not encoun-
tered. Aquifer boundaries were evaluated based on
drawdown observations and derivative plots (Renard
and others, 2009). The pumping test showed a con-
fined response from the deep aquifer that corresponds
with the conceptual model for the site.

A good match can be obtained for all off-site deep
aquifer observation wells using a transmissivity of
35,000 ft*/d and a storativity of 5.2 x 10 (fig. ES).
Drawdown data from the on-site deep aquifer observa-

tion well (BFF#2) fits best with the same transmissiv-
ity, but a storativity of 2.9 x 10-. This difference likely
results from the fact that transmissivity is determined
by the aquifer properties of the entire volume of the
drawdown cone, while storativity is determined by the
properties along the flowpath between the observa-
tion well and the pumping well. Since BFF#2 is much
closer to the pumping well than the other observation
wells, there is less aquifer heterogeneity encountered
along the flowpath, resulting in a different value. A
storativity of 2.9 x 10 is appropriate at the aquifer
test site, but the bulk storativity of the aquifer is best
represented by 5.2 x 10-*. Pumping well BFF#1 is
screened over 34 ft. When we apply an estimated 1.5
times the screened interval as the thickness of aquifer
providing water to the well (Weight, 2008), the result-
ing hydraulic conductivity (K) is about 700 ft/day.
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BIG FORK FARM AQUIFER TEST

Data Set:. M:\...\MOWs_Theis.aqt
Date: 10/26/22 Time: 11:38:03

PROJECT INFORMATION

Company: MBMG
Client: BFF CR Test
Project. BWIPKL
Location: Flathead Valley
Test Well: BFF-01

Test Date: 6/7/2011

WELL DATA
Pumping Wells Observation Wells
Well Name X (ft) Y (ft) Well Name X (ft) Y (ft)
BFF#1 0 0 Broston -3197 -7281
BFF#2 106 0
Boon -322 1156
1188 3923
o Brevick -10808 3870
SOLUTION
Aquifer Model: Confined Solution Method: Theis
T = 3.5E+4 ft2/day S = 0.00052
Kz/Kr = 1. b =2125. ft

Figure E8. Agtesolv plot of the Theis solution with a T of 35,000 ft?/d and a S of 5.2 x 10*.
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Company: MBMG

Project: BWIPKL

Client: BFF CR Test

PROJECT INFORMATION

Location: Flathead Valley

Figure E9. Agtesolv plot of the Theis solution with a T of 35,000 ft2/d and a S of 2.9 x 103,

Test Well: BFF-01
Test Date: 6/7/2011
WELL DATA
Pumping Wells Observation Wells
Well Name X (ft) Y (ft) Well Name X (ft) Y (ft)
BFF#1 0 0 Broston -3197 -7281
BFF#2 106 0
Boon -322 1156
North She 1188 3923
Brevick -10808 3870
SOLUTION
Aquifer Model: Confined Solution Method: Theis
T = 3.5E+4 ft2/day S =0.0029
Kz/Kr=1. b =2125. ft
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This value is consistent with a sand and gravel aquifer
(Heath, 1983).

1.4 Summary

The results of this aquifer test are replicated using
the Theis method for confined aquifers, indicating that
the aquifer is confined beneath an aquitard. The shal-
low wells did not respond to pumping, and no bound-
aries were encountered. The deep aquifer is produc-
tive, with a specific capacity of about 23 gpm/ft.

2. CONFINING LAYER TEST

2.1 Background
2.1.1 Purpose of Test

The tested well is completed in lacustrine sedi-
ments that compose the confining layer. This well was
slow to recover from development. Analysis of the
water levels recorded during recovery allowed estima-
tion of the hydraulic conductivity (K) of the confining

A -BFF#3 -June 2011

N
o
1

(o2}
o
1

depth to water (ft)
S

80 1 1

layer, and evaluation of whether there was a measur-
able connection to the deep or shallow aquifers.

2.1.2 Test Type

Water was pumped from well BFF#3 to aid in well
development. The water level recovered slowly over
several months. The recovery data were analyzed as a
slug test.

2.2 Field Procedures

The well was pumped on May 17, 2011 to aid in
well development. Pumping over 21 min withdrew 185
gal of water from the well before the water level was
drawn down to the pump inlet. We installed a
transducer and data logger in the well on May 27, 2011
and collected hourly water-level measurements. Water
levels recorded between June 1 and June 26, 2011 were
used for this analysis (fig. EI0A). Water levels
recovered by about 50 ft during this period and
continued to recover after June 26 (fig. E10B). Manual
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Figure E10. The recovery curve for well BFF#3 from June 1 to June 26, 2011 (A) was used to
estimate hydraulic properties of the aquitard. Longer term monitoring (B) shows that several
years were needed for water levels to fully stabilize.
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water-level readings were made using an e-tape prior
to installing the transducer and periodically during the
recovery period. These manual measurements were
used to correct for transducer drift.

2.3 Results

The 21 min of pumping can be treated as the in-
stantaneous removal of a slug of water. The recovery
data were analyzed using the Hvorslev (1951) method
for a point piezometer, since the well is completed
over a 10 ft interval within the 320-ft-thick confining
layer. Since the actual screened interval is not a point,
the calculated K value may overestimate high. The
analysis yields a hydraulic conductivity (K) of approx
imately 0.0007 ft/d (fig. E11). This is in the expected
range of K values for silt and clay (Heath, 1983).

No response to the pumping or slug recovery was
detected in the nearby shallow aquifer well (260891)
or deep aquifer well (260888). Pumping from the deep
aquifer for the deep aquifer test (June 7 to June 14,
2011; see section 1 of this appendix) had no discern-
ible effect on the recovery of BFF#3. Long-term moni-
toring shows the water level continued to recover and
eventually to stabilize. The static water level measured
on April 26, 2019 was 11.2 ft, a similar depth to the
water level recorded during drilling.

2.4 Summary

The aquitard has a K value of about 0.0007 ft/d. As
expected, the aquitard is a poor conductor of ground-
water. This confining unit is a barrier to the exchange
of groundwater between the deep and shallow aqui-
fers. The confining unit is about 6 orders of magnitude
lower in K than the deep aquifer, creating a confining
cover over the deep aquifer in this area.

3. TERTIARY AQUIFER TEST

3.1 Background
3.1.1 Purpose of Test

This aquifer test was designed to estimate the
transmissivity (T) of the Tertiary sediments in the Flat-
head Valley. This is the only well that we are aware
of completed in the Tertiary sediments in the Flathead
Valley, which we interpret as the Kishenehn Forma-
tion.

3.1.2 Test Type

BFF#5 was purged for water sampling in March—
April 2022. During purging the water-level drawdown
and pumping rates were measured to allow estimation
of hydrologic parameters. This test was evaluated as
a variable rate pumping test because the pumping rate
was not steady nor continuous. This was a single well
test since this is the only well completed in the silt-
sand Tertiary sediments underlying the deep aquifer.

3.2 Field Procedures

We determined an appropriate pumping rate at the
well on February 17, 2022. With the pump set at 100
ft-bgs and an average pumping rate of 3 gpm, manual
depth to water measurements using an e-tape showed
that the water level declined from a static level of
13.64 ft below measuring point to 90.47 ft in 45 min.
This drawdown response suggested that a lower rate
would be necessary to maintain a water level above
the pump for the required purging time. A target rate
of 0.5 gpm was selected for the longer test.

The well was pumped for a total of 125 h (5.2 d)
over a 10-d period, March 29, 2022 through April 7,
2022. The time-weighted average pumping rate was
0.58 gpm during the pumping periods and purged
about 1.6 well volumes. Pumping rates varied from 0.4
to 1.1 gpm, and there were intervals with no pumping
(fig. E12). The pumped water was discharged through
a hose onto the ground 50 ft west of the well.

3.2.1 Data Collection

A water-level transducer was set in BFF#5 for
several months prior to the aquifer test to record
hourly water levels and define antecedent trends.
Water levels were recorded at 1-min intervals during
purging. Manual measurements were taken to confirm
transducer data. Transducers were also installed in
BFF#1, BFF#3, and BFF#4. Recovery water levels
were recorded by transducer hourly. Pumping rates
were monitored throughout the test using a bucket and
stopwatch.

3.3 Results

Due to variability in the well pumping rates,
aquifer transmissivity was primarily estimated using
data from BFF#5 during the first pumping interval
from 0—500 min, and from the first 31 d of recovery.
The other wells at the site showed no response to
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RECOVERY FROM PUMPING CONFINING LAYER

Data Set: M:\..\BFF-03_recovery - y0=121pt45.aqt
Date: 10/26/22

Time: 12:32:10

PROJECT INFORMATION

Company: MBMG
Client: BWIPKL
Location: Big Fork Farm
Test Well: BFF-03
Test Date: 5/17/2011

Saturated Thickness: 300. ft

AQUIFER DATA
Anisotropy Ratio (Kz/Kr): 1.

Initial Displacement: 121.5 ft
Total Well Penetration Depth: 290. ft
Casing Radius: 0.25 ft

WELL DATA (BFF#3)

Static Water Column Height: 359.4 ft
Screen Length: 10. ft
Well Radius: 0.25 ft

Aquifer Model: Confined
K =0.0007 ft/day

SOLUTION
Solution Method: Hvorslev
y0=121.51t

Figure E11. Agtesolv plot of the Hvorslev slug test solution for the confining layer well.
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Figure E12. Pumping rates from BFF#5.

the pumping. The drawdown and recovery data from
BFF#5 were analyzed using Aqtesolv software and the
Dougherty—Babu (1984) method. This method was se-
lected due to the variability in the pumping rates dur-
ing this test and the importance of well bore storage.
Analysis of data from the first 500 min of pumping
results in a transmissivity estimate of about 15 ft*/day
(fig. E13). An analysis of the recovery data showed an
estimated transmissivity of about 14 ft*/day. These
results also show that a non-leaky confined aquifer
model matches observations reasonably well.

Using 1.5 times the well’s screened interval to
represent the thickness of aquifer supplying water to
the well (Weight, 2008), hydraulic conductivity (K) is
about 0.5 ft/d. This value is expected for fine-grained
or silty sand (Heath, 1983).

3.4 Summary

Estimated T and K of the Tertiary sediments are
about 15 ft*/d and 0.5 ft/day, respectively. The Ter-
tiary sediments showed a confined aquifer response to

pumping.

14,000
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WELL TEST ANALYSIS

Data Set: M:\...\All data Dougherty 2ALB.aqt
Date: 10/26/22 Time: 11:29:53

PROJECT INFORMATION

Company: MBMG
Project. BWIPDW
Location: Kalispell
Test Well: 317644
Test Date: 4/4/22

AQUIFER DATA

Saturated Thickness: 360. ft Anisotropy Ratio (Kz/Kr): 0.1
WELL DATA
Pumping Wells Observation Wells
Well Name X (ft) Y (ft) Well Name X (ft) Y (ft)
BFF#5 0 0 o BFF#5 0 0
SOLUTION
Aquifer Model: Confined Solution Method: Dougherty-Babu
T =15.12 ft2lday S = 1.081E-6
Kz/Kr=0.1 Sw =0.
rcy =0.25ft

Figure E13. Agtesolv plot of the Dougherty—Babu solution for pumping from BFF#5 completed in the Tertiary
sediments.



Montana Bureau of Mines and Geology Open-File Report 752

REFERENCES

Dougherty, D.E., and Babu, D.K., 1984, Flow to a
partially penetrating well in a double-porosity
reservoir: Water Resources Research, v. 20, no. 8,
p. 1116-1122.

Heath, R.C., 1983, Basic ground-water hydrology:
USGS Water-Supply Paper 2220, 86 p.

Hvorslev, M.J., 1951, Time lag and soil permeability
in ground-water observations: Bulletin 36, Water-
ways Experimental Station Corps of Engineers,
U.S. Army, Vicksburg, Miss., p. 1-50.

Konizeski, R.L., Brietkrietz, A., and McMurtrey, R.G.,
1968, Geology and groundwater resources of the
Kalispell valley, northwestern Montana: Montana
Bureau of Mines and Geology Bulletin 68, 42 p.,
scale 1:63,360.

LaFave, J.I., Smith, L.N., and Patton, T.W., 2004,
Ground-water resources of the Flathead Lake
Area: Flathead, Lake, and parts of Missoula and
Sanders counties. Part A—Descriptive overview:
Montana Bureau of Mines and Geology Montana
Ground-Water Assessment Atlas 2-A, 144 p.

Renard, P., Glenz, D., and Mejias, M., 2009, Under-
standing diagnostic plots for well-test interpreta-
tion: Hydrogeology Journal, v. 17, p. 589—-600.

Rose, J., 2018, Three-dimensional hydrostratigraphic
model of the subsurface geology, Flathead Valley,
Kalispell, Montana: Montana Bureau of Mines
and Geology Open-File Report 703, 44 p., 1
sheet.

Rose, J., Gebril, A., and Bobst, A., 2022, Hydrogeo-
logic investigation of the deep alluvial aquifer,
Flathead Valley, Montana: Montana Bureau of
Mines and Geology Report of Investigation 32,
44 p.

Smith, L.N., 2004a, Altitude of and depth to the
bedrock surface: Flathead Lake Area, Flathead
and Lake Counties, Montana: Montana Bureau of
Mines and Geology Montana Ground-Water As-
sessment Atlas 2-B-07, 1 sheet, scale 1:150,000.

Smith, L.N., 2004b, Surfi cial geologic map of the
upper Flathead River valley (Kalispell valley)
area, Flathead County, northwestern Montana:
Montana Bureau of Mines and Geology Montana
Ground-Water Assessment Atlas 2-B-06, 1 sheet,
scale 1:70,000.

Smith, L.N., 2004c, Late Pleistocene stratigraphy and
implications for deglaciation and subglacial pro-
cesses of the Flathead Lobe of the Cordilleran Ice
Sheet, Flathead Valley, Montana, USA: Sedimen-
tary Geology, v. 165, p. 295-332.

Theis, C.V., 1935, The relation between the lowering
of the piezometric surface and the rate and dura-
tion of discharge of a well using groundwater
storage: American Geophysics Union Transac-
tions, v. 16, p. 519-524.

Weight, W.D., 2008, Manual of applied field hydroge-
ology: New York, McGraw-Hill.

17





