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ABSTRACT

The West Crane aquifer, located in Richland County, Montana, occupies a buried valley west of the
modern Yellowstone River Valley. This productive aquifer extends for 22 mi from Fox Creek in the north to
Burns Creek in the south. Fourteen high-yield irrigation wells capable of pumping 500 to 1,500 gpm were
permitted in the aquifer between 2011 and 2020. As part of the permitting process, aquifer tests were conducted
on each irrigation well. We analyzed the test data using the Cooper—Jacob method and leaky confined models
in AQTESOLYV 4.5. The aquifer transmissivity (T) estimates ranged from 4,310 {t2/d to 34,240 ft2/d. Aquifer
storage (S) coefficient estimates ranged from 0.0001 to 0.03, in the confined to leaky confined aquifer range.
Hydraulic conductivity (K) estimates ranged from 360 to 1,300 ft/d.

INTRODUCTION

We evaluated 14 aquifer tests conducted on ir-
rigation wells completed in the West Crane aquifer
in Richland County, Montana as part of a Ground
Water Investigation Program (GWIP) project. The
purposes of these tests were to estimate specific
aquifer properties (such as transmissivity, hydraulic
conductivity, aquifer storage, anisotropy, etc.), es-
timate the degree to which this aquifer is confined,
estimate aquifer boundaries (recharge and/or barrier),
and evaluate groundwater/surface-water connection.
Aquifer properties will be used in development of a
numerical groundwater model and to evaluate hetero-
geneity within the aquifer. The aquifer tests fulfilled
the Montana Department of Natural Resources and
Conservation (DNRC) requirements for water-rights
applications. DNRC requires a 72-hr aquifer test on
all water-rights applications for over 35 gpm from
groundwater sources.

BACKGROUND HYDROGEOLOGY

The West Crane aquifer is part of the Lower
Yellowstone Buried Valley (LYBV) aquifer system
underlying the Yellowstone River Valley and valley
slopes in Richland County, Montana (fig. 1). Test drill-
ing south of Fox Creek confirmed that the West Crane
aquifer continues 22 mi southward to Burns Creek and
roughly parallels the Yellowstone River (fig. 1). The
sand and gravel filling the base of the buried valley
supports well yields from 500 to 1,500 gpm. Sedi-
ments overlying the aquifer include interbedded clay,
silt, silty clay, silty sand, and glacial till (fig. 2). These
overlying sediments form confining and leaky confin-
ing layers that can slowly release water to the aquifer
(Fetter, 2001). Borehole lithology varies greatly over
short distances, and locating the most productive
zones in the aquifer usually requires test drilling.

High-yield irrigation wells completed in the West
Crane aquifer allow farmers to grow a variety of crops
in areas that were previously dryland farmed. Rapid
development of the West Crane aquifer has prompted
the demand for hydrologic data for proactive aquifer
management. This aquifer is currently a Ground Water
Investigation Program (GWIP) project that aims to
define the aquifer size and its properties, water quality,
and development potential.

METHODS

MBMG staff conducted or supervised seven of the
aquifer tests and consultants conducted the other seven
tests. These tests followed guidelines established by
DNRC in the 633 Aquifer Test Data Form (http://dnrc.
mt.gov/divisions/water/water-rights/docs/forms/633.
xls/view, A comprehensive data collection form for
reporting aquifer test information). A DNRC-approved
aquifer test requires pumping the production well for
72 hr at a constant rate. Scheduled drawdown mea-
surements outlined in the form are collected from the
production well and at least one observation well. The
information section of the 633 form includes site and
scheduling details needed to evaluate the aquifer test.

Prior to each test, background water levels were
collected to determine if the test data needed water-
level trend corrections before analysis. /n situ data
loggers recorded depth-to-water level measurements
every minute. Vented data loggers were used in some
of the wells measured. In the cases where non-vented
loggers were used, data were corrected for baromet-
ric fluctuations using data from a nearby baro-logger.
Baro-logger data were also used to correct for baro-
metric efficiency of the wells if needed.
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Figure 1. Location of the irrigation wells tested in the West Crane aquifer. Ground Water Information Center iden-

tification (GWIC ID) numbers are used to identify the test wells. Information on the well completion, lithology, and
aquifer water levels are available online at http://mbmggwic.mtech.edu/.
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Figure 2. The lithology of the West Crane aquifer varies substantially by location, but in general the
most productive gravel deposits are found directly above the Fort Union Formation bedrock and below
layers of silty sand and gravel, often interbedded with clay (leaky confining layers). The leaky confining
layers provide additional aquifer storage that is released when pumping from the aquifer gravel. The
monitoring wells here are due west of irrigation well 284325 (273794 at 0.27 mi, 296819 at 0.57 mi).
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Diesel generators powered submersible test pumps
installed in the production wells. McCrometer flow
meters plumbed in the center of an 8-ft straight sec-
tion of the discharge line measured pumping rates.
The flow meters were located in the middle of the pipe
sections to reduce turbulence from fittings and control
valves in the discharge line. Piping discharge water to
areas sloping away from the test wells prevented the
potential of infiltrating water influencing drawdown
measurements.

Well locations were either surveyed using a Leica
GPS System RX1250 or altitude and location esti-
mated using Google Earth maps. Water-level data
collected during the test were initially analyzed using
Excel plots and the Cooper—Jacob method (Cooper,
1946). Cooper—Jacob method results provide an initial
estimate of aquifer parameters. The data were then
input into AQTESOLYV 4.5 software for analyses with
different models (Duffield, 2007). Several methods
were initially applied, but our understanding of the hy-
drogeologic conditions allowed us to focus on AQTE-
SOLYV solutions for leaky confined conditions.

Of the leaky confined solutions available in
AQTESOLY, Cooley and Case (1973), Moench, case
3 (1985), and Neuman and Witherspoon (1969) were
the most appropriate considering the buried valley
lithology and the potential for vertical leakage from
silty sand, clay-bound gravel, and sand layers above
the aquifer (fig. 2). Only one test site (Bradley, 253450
and 302856) has paired shallow and deep observation
wells showing a water-table aquifer above the leaky
confining layers, but this condition is likely at the
other test sites. All test sites have Fort Union Bed-
rock for the aquifer base; therefore solutions allowing
aquifer leakage from below were excluded. Solutions
allowing for boundaries or wedge-shaped aquifers
were used for sites thought to be near the edges of the
buried valley. Assumptions and description of each
solution can be found at http://www.aqtesolv.com/
summary_of solutions.htm.

AQUIFER TEST CONDITIONS

Aquifer tests are field experiments subject to
equipment problems and weather conditions that can
alter interpretation of the test results. Issues that result-
ed in variations from the ideal conditions prescribed
in the 633 form are noted in table 1. In several of the
tests, constant pumping rates were reported, but the

4

water levels in the wells showed recovery or increased
drawdown when the generators failed or when valves
were changed to increase the pumping rate. When
curve matching, we ignored drawdown data affected
by fluctuations in the pumping rate.

TEST RESULTS

The aquifer results displayed in table 2 were
selected from various leaky confined solutions using
AQTESLOV 4.5. Selection was based on the model
fit, aquifer conditions at the test site, and our hydro-
geologic understanding of the aquifer. Box and whis-
ker plots of the results show the variability observed
in the 14 tests (fig. 3). The aquifer tests results agree
with our geologic interpretation, indicating confined
to leaky confined aquifer conditions. Barometric ef-
ficiencies determined from pre-test water-level data
also indicate confining conditions (table 1). Leaky
confined storage values typically range from 0.001
to 0.03 (Weight and Sonderegger, 2001). Test storage
coefficients (S) ranged from 0.0001 to 0.03, with a me-
dian value of 0.0007. Transmissivities (T) ranged from
4,310 ft2/day to 34,240 ft*/day. Nearby barrier bound-
aries appear to have affected the T values estimated
at the Basta 1(296537) and D. Jorgenson (290760)
aquifer test sites. Our lithologic mapping places these
sites near the aquifer edge (fig. 1). The median aqui-
fer transmissivity is about 24,000 ft*>/day. Hydraulic
conductivities (K) ranged from 360 ft/day to 1,300 ft/
day. Most K values ranged from 700 ft/day to 1,000 ft/
day. Appendix A includes hydrographs showing back-
ground water-level trends and levels during the pump-
ing and recovery periods. Appendix A also includes
plots constructed using the Cooper—Jacob method and
various leaky confined AQTESOLYV solutions.
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Table 2. Aquifer test results.

Test Site Well Type Pumping Rate/ Analysis Method Transmissivity Storage Saturated Hydraulic Appendix A
GWIC ID (ft3/d) Coefficient Thickness  Conductivity Fig. No.
(ft) (ftrd)
Basta 1
296537 Production 250 gpm 12
295197 QObservation Cooley—Case Leaky, no flow barrier at 100 ft 4,310 0.00010 360 Ad
Basta 2
305427 Production 750 gpm 33
305422 Observation Neuman-Witherspoon Leaky 24,080 0.0008 730 A10
Lange 2
300586 Production 804 gpm 20
300256 Observation Neman-Witherspoon Leaky 19,480 0.003 970 A13
Lange 1
296426 Production 900 gpm 27
273807 Observation Moench (Case 3) Leaky 24,590 0.03 910 A16
DJorgensen1
290760 Production 750 gpm 18
290816 Observation Cooley—Case Leaky, no-flow boundary 100 ft S 7,580 0.0006 420 A22
Ler 1
295397 Production 862 gpm 27
295396 Observation Cooley—Case Leaky 18,780 0.014 700 A26
JJorgensen 1
303552 Production 1,420 gpm 24
303550 Observation Cooley—Case Leaky 25,010 0.0002 1,040 A32
KJonsson 2
284325 Production 715 gpm 29
283134 Observation Cooley—Case Leaky 32,620 0.0002 1,130 A37
KJonsson 1
249506 Production 900 gpm 20
234024 Observation Cooley—Case Leaky 22,450 0.021 1,120 A40
Wyman 1
250211 Production 1020 gpm 35
263799 Observation 1 Cooley—Case Leaky 12,860 0.0002 370 A45
234036 Observation 2 Neuman-Witherspoon Leaky 23,370 0.0018 670
Bradley 1
253448 Production 800 gpm 22
253450 Observation Neuman-Witherspoon Leaky 28,540 0.0001 1,300 A53
CJohnson 1
285659 Production 630 gpm 26
279891 Observation Cooley—Case Leaky 23,760 0.026 910 A57
CJohnson 3
291010 Production 1,010 gpm 28
291009 Observation Moench (Case 3) Leaky 30,610 0.0002 1,090 AB3
CJohnson 2
285476 Production 900 gpm 28
285476 Production Cooley—Case Leaky recovery 34,240 NA 1,220 ABB
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Figure 3. Box plots of the aquifer test results show the ranges of aquifer properties from the 14 aquifer tests.
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APPENDIX A:
WEST CRANE AQUIFER TEST CHARTS
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Figure A1. Basta 1 aquifer test background through recovery water levels. No background measurements were
collected on the production well. Pump off for about 12 hr.

10. T TTTTI T TTTITh T TTTTI T T TTITIT T T TTTI T TTTTTIT T T TTIT Obs. Wells
0 Basta 295197
Aquifer Model
Confined
Solution
8 Cooper-Jacob
Parameters
T = 17,860 ft%/day
S =2765E-18
6.
g i
g L o |
£
[ — —
(&}
®©
Q. — —
L o
0 4 —
2. — —
0. I IIIIIII| I IIIIIII| I Illlllﬁl| I IIIIIII| I IIIIIII| I IIIIIII| L L
0.001 0.01 0.1 1. 10. 100. 1000. 1.0E+4
Adjusted Time (min)
Figure A2. Basta 1 aquifer test showing Cooper—Jacob solution. Storage coefficient values are unrealistic.
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Figure A3. Basta 1 aquifer test showing Cooley—Case leaky confined solution.
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Figure A4. Basta 1 aquifer test showing Cooley—Case leaky confined solution with a barrier
boundary located 100 ft west.
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Figure A5. Basta 1 aquifer test showing Neuman—-Witherspoon leaky confined solution.
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Figure A6. Basta 1 aquifer test showing Neuman—Witherspoon leaky confined solution with
a barrier boundary located 100 ft west.
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Figure A7. Basta 2 aquifer test background through recovery water levels.
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Figure A8. Basta 2 aquifer test showing Cooper—Jacob solution.
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Figure A9. Basta 2 aquifer test showing Neuman—-Witherspoon leaky confined solution.
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Figure A10. Basta 2 aquifer test showing Cooley—Case leaky confined solution
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Figure A11. Lange 2 aquifer test background through recovery water levels. Pumping rate

appears to have fluctuated in the last part of the test.
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Figure A12. Lange 2 aquifer test showing Cooper—Jacob solution.
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Figure A13. Lange 2 aquifer test showing Neuman—Witherspoon solution.
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S2 = 0.0003
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Figure A14. Lange 2 aquifer test background through recovery water levels. Pumping rate appears

to have fluctuated in the last part of the test.
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Figure A15. Lange 1 aquifer test showing Cooper—Jacob solution.
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Figure A16. Lange 1 aquifer test showing Moench (Case 3) leaky confined aquifer solution.
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Figure A17. Lange 1 aquifer test showing Neuman—Witherspoon leaky confined aquifer solution.
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Figure A18. Lange 1 aquifer test showing Cooley—Case leaky confined aquifer solution.
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Figure A19. D. Jorgenson 1 aquifer test background through recovery water levels.
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Figure A20. D. Jorgenson 1 aquifer test showing Cooper—Jacob confined aquifer solution.

Storage coefficient is unrealistic.



Montana Bureau of Mines and Geology Open-File Report 737

100-_ T T TTTT T T TTTT T T TTTT T T TTTT T T TTTT T T T TTI]
)
k=
[
£10. —
8 -
o
3 -
i)
a -
4 b NIV 171 R S N RETT] B N A TR T] B N AN N T 11| R N AR RTIT| R R AR RTIT
0.01 0.1 1. 10. 100. 1000.
Time (min)

1.0E+4

Obs. Wells
0 290815

Aquifer Model
Leaky

Solution
Cooley-Case

Parameters
T  =3,350ft%day
S  =0.00003
B =0.257
R =0479
S'/Sy=0.
b~ =0.

Figure A21. D. Jorgenson 1 aquifer test showing Cooley—Case leaky confined aquifer

solution.
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Figure A22. D. Jorgenson 1 aquifer test showing Cooley—Case leaky confined aquifer
solution, with barrier boundary 100 ft to the south.
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Figure A23. D. Jorgenson 1 aquifer test showing Neuman—Witherspoon leaky confined
aquifer solution, with barrier boundary 100 ft to the south.
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Figure A24. Ler 1 aquifer test background through recovery water levels. Pumping rate fluctuated
during last part of the test.
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Figure A25. Ler 1 aquifer test showing Cooper—Jacob confined aquifer solution.
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Figure A26. Ler 1 aquifer test showing Cooley—Case leaky confined aquifer solution.
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Figure A27. Ler 1 aquifer test showing Moench (Case 3) leaky confined aquifer solution.
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Figure A28. J. Jorgenson 1 aquifer test background through recovery water levels.
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Figure A29. J. Jorgenson 1 aquifer test showing Cooper—Jacob confined aquifer solution.
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Figure A30. J. Jorgenson 1 aquifer test showing Neuman—Witherspoon leaky confined aquifer
solution.
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Figure A31. J. Jorgenson 1 aquifer test showing Moench (Case 3) leaky confined aquifer

solution.
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Figure A32. J. Jorgenson 1 aquifer test showing Cooley—Case leaky confined aquifer
solution.

Obs. Wells
O obs 303550

Aquifer Model
Leaky

Solution
Cooley-Case

Parameters
T  =25010ft%day
S 0.0002
r'B
B =0022
S'/Sy = 0.42
b =0.



Montana Bureau of Mines and Geology Open-File Report 737

Displacement (ft)

Production Well 284325
Depth to Water (ft)

Observation Well 283134
Depth to Water (ft)

K. JONSSON 2 (284325)

120 ~

140 A

160 -

100

7 7 7 7 7 7 7 7
ETRCT U T Y T
) S S ) ) ) ) S
1 e ————
109 4
110 4
111 A
e ; ; ; ; ; ; ;
ETRCT U T Y T
) S S ) S ) ) S

Figure A33. K. Jonsson 2 aquifer test background through recovery water levels. Pump shut down
and was restarted after 28 hr of recovery. Test evaluation based on second pumping period.
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Figure A34. K. Jonsson 2 aquifer test showing Cooper—Jacob confined aquifer solution.
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Figure A35. K. Jonsson 2 aquifer test showing Moench (Case 3) leaky confined aquifer solution.
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Figure A36. K. Jonsson 2 aquifer test showing Neuman—Witherspoon leaky confined aquifer solution.
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Figure A37. K. Jonsson 2 aquifer test showing Cooley—Case leaky confined aquifer
solution.
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Figure A38. K. Jonsson 1 aquifer test background through recovery water levels. Pump was off
for a short time after the first day of pumping. This did not affect interpretations.
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Figure A39. K. Jonsson 1 aquifer test showing Cooper—Jacob confined aquifer solution.
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Figure A40. K. Jonsson 1aquifer test showing Cooley—Case leaky confined aquifer solution.
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Figure A41. K. Jonsson 1 aquifer test showing Moench (Case 3) leaky confined aquifer solution.
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Figure A42. K. Jonsson 1 aquifer test showing Neuman—-Witherspoon leaky confined aquifer solution.
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Figure A43. Wyman 1 aquifer test background through recovery water levels.
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Figure A44. Wyman 1 aquifer test showing Cooper—Jacob confined aquifer solution.
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Figure A45. Wyman 1 aquifer test showing Cooley—Case leaky confined aquifer solution.
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Figure A46. Wyman 1 aquifer test showing Moench (Case 3) leaky confined aquifer solution.
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Figure A47. Wyman 1 aquifer test observation well 2 showing Cooper—Jacob confined aquifer solution.
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Figure A48. Wyman 1 aquifer test observation well 2 showing Neuman—-Witherspoon leaky confined aquifer

solution.
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Figure A49. Wyman 1 aquifer test observation well 2 showing Moench (Case 3) leaky confined aquifer

solution.
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Figure A50. Wyman 1 aquifer test observation well 2 showing Cooley—Case leaky confined aquifer
solution.
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Figure A51. Bradley 1 aquifer test background through recovery water levels.
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Figure A52. Bradley 1 aquifer test showing Cooper—Jacob confined aquifer solution.
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Figure A53. Bradley 1 aquifer test showing Neuman—Witherspoon leaky confined aquifer solution.

51



Reiten and Chandler, 2021

Displacement (ft)

52

10. T

Bradley Aquifer Test

0.1 11 IIIIII|

0.1 1.

10.

Time (min)

100.

1000.

1.0E+4

Figure A54. Bradley 1 aquifer test showing Cooley—Case leaky confined aquifer solution.
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Figure A55. C. Johnson 1 aquifer test background through recovery water levels.
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Figure A56. C. Johnson 1 aquifer test showing Cooper—Jacob confined aquifer solution.
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Figure A57. C. Johnson 1 aquifer test showing Cooley—Case leaky confined aquifer solution.
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Figure A58. C. Johnson 1 aquifer test showing Neuman—Witherspoon leaky confined aquifer solution.
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Figure A59. C. Johnson 1 aquifer test showing Moench (Case 3) leaky confined aquifer solution.
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Figure A60. C. Johnson 3 aquifer test background through recovery water levels.

4. T T T T T L B T T T T T 17171 Obs. Wells
B 7] 0 Johnson Monitor 291009
Agquifer Model

Confined
Solution

Cooper-Jacob
Parameters

T = 30,810 ft? /day
S =0.003

Displacement (ft)

0. 1 IIIIIII| 1 IIIIIII| 1 I I I |

1. 10. 100. 1000.
Adjusted Time (min)
Figure A61. C. Johnson 3 aquifer test showing Cooper—Jacob confined aquifer solution.
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Figure A62. C. Johnson 3 aquifer test showing Neuman—Witherspoon leaky confined aquifer
solution.
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Figure A63. C. Johnson 3 aquifer test showing Moench (Case 3) leaky confined aquifer
solution.
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Figure A64. C. Johnson 2 aquifer test background through recovery water levels.
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Figure AB5. C. Johnson 2 aquifer test showing Cooper—Jacob confined aquifer recovery solution.
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Figure A66. C. Johnson 2 aquifer test showing Cooley—Case leaky confined aquifer recovery solution.

61



Reiten and Chandler, 2021

62

10. T

Recovery (ft)

0.1 !
0.1

1.

10.

Agarwal Equivalent Time (min)

100.

1000.

Obs. Wells
0 CJ2 production
Aquifer Model
Leaky
Solution
Moench (Case 3)

Parameters
T =34,490 ft?day

COOO-

r(w) = 0.73 ft
r(c) =0.5ft

Figure A67. C. Johnson 2 aquifer test showing Moench Case 3 leaky confined aquifer recovery solution.



