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Executive Summary

This report is the final product of a detailed review and
quantitative evaluation of existing data for the Boise Front
Geothermal Aquifer. Upon review of the many publications, and
raw data for the Boise geothermal aquifer, it became clear that
adequate data only exists for analysis of cﬁrrent and proposed
development within a limited area. This region‘extends
approximately 1.5 miles southéast of the State Capitol to 0.5
mile northwest. Though there are geothermal wells located along
the Boise Front outside of this area, the lack of production and
water level data preclude any detailed discussions and analysis
of their relationship to the central resource. As a result,
discussion will concentrate on major uéers such as the Capitol
Mall (CM) Boise Geothermal Ltd. (BGL), Veterans Administration
(VA) and Boise Warm Springs Water District (BWSWD).

The objectives of this study and a2 summary of the

conclusions are as follows:

1. Define the inter-relationship of the existing
wells and/or portions of the geothermal aquifer.

Well test interference data and long-term water level
monitoring of inactive wells indicates that wells drilled
along the Boise Front Fault communicate readily. This

includes BLM, BGL-2, 3, 4, BWSWD 1, 2, 3, Kanta and VA-1.




Testing indicates less direct communication between the
Capitol Mall wells and wells along the fault. This implies
a limited degree of communication between CM wells and
BWSWD wells.

Due to the apparent masking effect of injection (CM-2
production into CM-1) and the position of the CM wells
(down gradient from other'major wells), there appears to be
little impact of Capitol Mall operations on BGL or BWSWD
production and vice versa. The lack of monitoring dats
from wells located between CM wells and the Boise Front
Fault prevents more precise analysis.

It is evident from production and observation well data
that interference occurs between BGL and BWSWD production
wells, which affects not énly thdse wells, but water levels
along the fault zone in general. There is little that can
be determined, regarding the impact of VA wells on ‘the
aquifer due to the lack of well test data and because of
the short-term operating history of the VA system. There
are no measureable effects on record which coincide with VA
system startup. Therefore, it appears that the impact of

VA operations (up to 7/89) is minor.



2. Evaluate the effects of current and proposed
development on the geothermal aquifer.

The static water level of the Boise Geothermal
Aquifer has been declining in the area along the Boise
Front Fault since 1983. However, less severe declines
appear to occur off the fault, to the west. The nature of
use, erratic demand and widely varying precipitation in the
1980's, has hindered attempts at correlating production to
geothermal aquifer level declines along the Boise Front
Fault. Furthermore, effect of simultaneous production/
injection operations, such as Capitol Mall, are poorly
understood due to the lack of data.

The Boise Front Geothermal’Aquifer, like any other
aquifer, is responding to net production, which has
increased since 1983. The water level decline should
establish 2 new equilibrium level. The new equilibrium
water level will be lower than that which occurred between
1890 and 1982 with BWSWD operating alone.

Future water levels in observation wells along the
fault are estimated to be between 2730 ft. and 2710 ft.
(elevation) for the next 10 years, assuming production does
not increase from present amounts. If production is
increased by 50%, the water levels along the fault are
predicted to be between 2710 ft. and 2680 ft. elevation.

These estimates are based on the assumption that recharge




remains constant, production is relatively stable from year
to year and no additional injection wells ére utilized.
There is significant unéertainty in estimating
temperature effects resulting from injection, due to the
lack of injection monitoring data. Minor temperature
effects are predicted using an isotropic temperature
response model. However, the potential for cooler
injectate breakthrough (from VA-2 and/or CM-~1 into CM-2)
exists if the orientation of large fractures and/or
pressure gradients allows selective cross-flow between

those wells.

3. Estimate longevity of the geothermal resource.

~The original scope of thié study included a very
long-term wéter level prediction calculation of 30 or more
years to estimate the longevity of the resource. It became
apparent, after a detailed review and analysis of the data,
that predictions of that extent could not be performed with
sufficient'accuracy. This is due to the quality of the
data, the erratic production totals in recent years, and
possible fluctuations in recharge. Instead, this study
attempt to define factors that control recharge, and
investigate various boundary effects which may lead to a

better undertanding of what additional data is required



before long-term calculations can be perfomed with

reasonable certainty.

h, Make recommendations for an on-going monitoring
program.

Prior to commencement of this study, measures were
underway to improve the frequency and accuracy of data
collection and to unify the data base. Most of these
measures have not been active long enough to evaluate their
reliability or effectiveness. The results of this study
have focused on the need for additional monitoring wells
and mofe accurate flowrate and temperature measurements.
The need for longer term, constant rate testing of existihg
and new wells is discussed. Such data will allowed better
definition of aquifer parameters, inter-relationships
between wells and water level predictions for flowing
wells, rather than just observation wells.

Recommendations regarding geophysical methods,
geochemicai sampling, and changes to the present monitoring

network, are also described.




I) OVERVIEW OF THE HYDROTHERMAL SYSTEM

In the last ten years, there have been a number of studies
concerning the gedlogy, geochemistry and hydrology of the Boise
Front Geothermal System. There now exists considerable
understanding of the nature of the resource such that a
conceptual model has been developed which is recognized by most
iﬁvestigators. The following is a summary of significant data'

céntributing to the construction of the model.

1) Geology/Hydrology

Detailed geologic investigations in the region of interest
have been carried out (Waag and Wood 1985, 1987; Wood and
Burnham 1983) through geologic mapping and study of well logs.
Figure 1 shows the location of the study area and Figure 2 show;
the location of geothermal wells. Table 1 lists the depths and
completions of wells with sufficient data to be included in this
study.

The geology of the region is characterized by layered
sediments and volcanics overlying a granitic basement, at the
margin of the Idaho batholith. The layered units dip gently to
the southwest due to uplift of the Idaho batholith.

The local structure is dominated by a major NW-SE trending
normal fault dipping steeply to the southwest. This range front
fault has caused offsets of approximately 800 ft. in the Boise



Table 1.

Well

BWSWD-1 (East)
BWSWD-2 (West)

BWSWD=-3
Kanta

Botanical

Garden (01ld Pen.)

Behrman

Quarry View

VA-1 (Prod.)

Va-2 (Inj.)

VA-Test

CM-1 (Inj.)

BGL-1

BGL-2
BGL-3

BGL-4
BLM

Béard

Harris

Summary of Selected Well Completions

Elevation

2765 ft.
2765
2790
2782

2780
2740
2728
2763

2720
2718

2716
2709

2749

2749
2770

2749
2743
2787

2890

Depth
400 ft.

400
600
1015

872
unknown

865
1666

2312
1839

2152
3030

2008

880
1897

1103
1222
1282

890

Completion

160-400
160-400
210-600
635-1015

220-862

open
open
open

open

perf.

unknown

468-865

630-1500
1500-1666

1300-2300
1272-1472

1472-1839

1750-2152

1260-2550
2550-3030

857-1657
1657-2008

642-880

680-1050
1050-1897

720-1040
610-1222

823-925
- 964-1279

open

slots
open hole

slots

slots
open

open

perf.
open

perf.
open

open

perf.
open

perf.
slots

screen
perf.

548-890 open




area. This offset displaces layered volcanics sediments and the
underlying granitic basement of the Idaho batholith. Figure 3
shows a;xwtion‘of the geologic map from Wood and Burnham
(1983).

Minor faults are significant in the Boise area in that they
contribute tov the structural complexity of the region. The
extensive fracturing allows the thermal fluid to flow up and
into the more permeable layered units. The complex structure
along the fault zone causes highly variable aquifer properties
to be exhibited by wells in close proximity. In general, the
hottest and most productive wells, such as those of the Boise
Geothermal Ltd. (BGL) and Boise Warm Springs Water District
(BWSWD), are drilled into the fault zone at the base of the
foothills. |

Successful wells, such as CM-2, can also be drilled west of
the”fault into the main geothermal aquifer, a fractured
porphyritic rhyolite of the Upper Miocene, Idavada Group. Wells
west of the fault are drilled deeper than geothermal wells in
the Boise Front Fault zone to reach the rhyolite unit. This is
due to a combination of down-faulting and tilting (approx. 6
degrees) to the southwest.

Figures 4 and 5 show generalized cross-sections of the two
main geothefmal well producing areas, the BWSWD area and the

CM-VA~BGL area. The stratigraphy is roughly the same in both



aress with some variation in the depth and thickness of beds.

The stratigraphic section consists of Cretaceous granitic
rocks of the Idaho batholith, which have been encountered in
BGL-1 and at least one of the Harris wells. The latter has the
highest flowing temperature of any well in the Boise (180 F)
area. The granite is not usually targeted for drilling as a
geothermal water source since it is believed to have fewer
fractures than the overlying rhyolites and requires drilling
deeper than necessary to produce hot water. Along the fault
zone however, the granite can be relatively shallow and may
exhibit a high degree of fracture permeability.

The granite is overlain by the silicic volcanic rocks and
sediments of the Idavada Group. This group consists primarily
of two thick rhyolite layers (the primary geothermal aquifer
units) separated by sediments. The upper portion of the
shallower rhyolite is believed to have the greatest fracture
permeability, as evidenced by the productivity of wells completed
into that zone. Secondary minerals have been found to fill
fractures within this unit which is likely to reduce local
permeability. This may offer a partial explanation for the
lower productivity/injectiviﬁy of wells such as; CM-1, VA-Test
and VA-2(Inj.) wells. |

Overlying the upper rhyolite is up to 600 ft. of

volcani=clastic sediments and basaltic tuffs which are also




included in the Idavada Group. These tuffs generally have low
permeability and contain abundant clay alteration zones. This
unit is believed to act as a confining layer over the more
permeable rhyolites, though some upward leakage into this unit
from fluid at greater depth is likely, particularly in the
vicinity of the main fault zone. -

An unconformity separates the Idavada Group from the
overlying sediments and basalts of the Idaho Group. The Idaho
Group has been defined as two units (Wood and Burnham, 1983), an
upper unit of deltaic sand and lower unit of silts and clays
with occasional sand and gravel layers. Wells completed into
the lower unit, which is up to 800 ft. thick, provide domestic
water for Boise area residents. Temperatures and fluid
chemistries of wells completed near -the bottom of the Lower
Idaho unit indicate leakage from the geothermal aquifer 1is
occurring.

A shallow groundwater system also exists in the area at
depths of 100-300 ft. (Waag and Wood, 1987a). This aquifer is
essentially isolated from the geothermal system, responding
seasonally to recharge from precipitation, the Boise River and

imported irrigation water.

2) Geophysical Data

The Boise area has been included in regional geophysical

10



surveys conducted by the USGS, resulting in aeromagnetic and
gravity maps and interpretation (Mayo, et. al., 1984). The
Idaho Department of Water Resources (IDWR), published heat flow
results on the region (Brott, et. al., 1978). Though of
interest on a regional scale regarding geology and structure,
these surveys did not significantly affect the approach taken to
development of the geothermal system at Boise. Since geothermal
development there has progressed beyond exploration, the
regional surveys do not offer detailed enough information for
the purposes of this study.

A local seismic reflection survey described by Wood and
Burnham (1983), is of interest since it shows the magnitude of
the regional dip of the layered sediments and volcanics to the .
southwest. The survey alsoc shows thé depth to the top of the
shallowest volcanic unit and confirms the general trend of
geology and structure. Knowledge of the structure assists in
the siting and design of wells farther west of the fault zone
than CM=2. Siting of wells in those areas is probably 6f
interest for injection purposes only.

Other data of interest includes borehole geophysical logs of
geothermal wélls. Full suites of logs are available for a few
of the wells of interest to this study. Only temperature logs
were available for wells in the BWSWD area. Table 2 gives a

summary of existing logs, not all of which were available for

11




review. The most important features of the logs is the contrast
between the tighter, more dense, basalts relative to the
fractured and more productive (for geothermal fluid) silicic
volcanics. Lngener@h both the basaltic tuffs and silicic
volcanics have low (sonic log) velocities, correspondingly high
porosity and lower density (density log) than the basalt flows.
The silicic volcanics show higher resistivity and higher natural
gamma counts than the tuffs and basalt flows. The rhyolite also
displays a roughly isothermal temperature profile indicative of
high fracture permeability and convection in the geothermal
aquifer.

The electric logs from wells drilled into less disturbed
layered rocks (such as CM-1 and CM-=2), aﬁay from the fault zone,
seem to be more conducive to correlation with lithologic logs
than those wells completed into the fault zone (such as the BGL
wells). Temperature logs can be more helpful than the E-logs
for identifying major fracture zones in the geothermal
reserviors, are more cost effective and easier to obtain.

Of the logs listed in Table 2, the temperature logs are the
most common to wells in the Boise area. These are presented in
Appendix A. No other geophysical logs were reproduced for this
report. They were not of assistance for this study other than

their highlights mentioned above, which confirm the lithologies.

12



Table 2

Summary of Borehole Geophysical Logs

Well Date
CM=1 10-3=80

" 10-4-80

1" 11

n "

n 10-5-80

n "

" n

" 10-3-80

17" 1"

)] n
CM=2 7/28/81

" n

1] 7"

11 1"

" "
BGL-1 4/9/81

" 1"

" n

" 4/10/81

BGL=-2 L4/727/81
" "

" "
n 1]

VA-1 (Prod.)
n

9/9/83
" 10/11/83
VA-2 (Inj.)
"o 12/4/86
1t 11
BLM 8/23/717
Beard n
Harris "

BWSWD-1 8/20/87
BWSWD-2 8/24/87
BWSWD-3 "

Log

Natural Gamma
Resistivity
Neutron-Gamma
Natural Gamma
Gamma~-Gamma
Temperature
Acoustic Velocity
Temperature
Neutron

Caliper

Caliper

Sonic

Neutron Density
Dual Induction
Temperature
Neutron Density
Sonic .
Dual Induction
Temperature
Sonic

Neutron Density
Dual Induction
Temperature

Caliper
Density
Temperature

Cement Bond
Natural Gamma
Temperature

"

"
n
"
n

13

By

INEL
USGS
n

Schlumberger
"

it
1"
n

Schlumberger
n

"
L1}

Schlumberger
”

n
"

Goodwell, Inc.
"
Anderson & Kelley
Petro-Log, Inc.
"
EG&G
"
IDWR
n

"
1]




Several of the logs in Appendix A were taken during
non-stabilized conditions. They were either performed with
other logs during a break in drilling, or in between periods of
pumping. These logs are presented for completeness and will
continue to be of value for comparison when repeat (preferably
static) surveys can be plotted with them, as they become
available. IDWR has been conducting temperature surveys as
.opportunities (pumps removed for repairs, etc.) arise. Repeat
surveys of selected wells (e.g. VA-Test) may be useful for
monitoring the effects of injection on the geothermal aquifer.
Recommendations are discussed further in Section VI of this

report.

3) Geochemistry

The geochemistry of the Boise Geothermal Aquifer fluid is
well documented, both on a regional scale (Young, 1985 and
Mitchell, 1980) and locally (Mayo, 1984 and Waag & Wood, 1987b,
and Young; 1988). These studies include analyses of ionic and
isotopic composition of spring and well waters. Of particular
interest to this study, is whether the major producing wells in
the Boise area share a common source.

Other aspects of geochemistry, such as the results of
geothermometer calculations or isotopic age dating, although of

interest on a2 regional scale will not be discussed at length
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here. Only a limited amount of that type of data is available
and the range of results does not provide sufficient evidence of
any distinction between wells; which would be of use for this
study. Age dating analyses and geothermometer calculations, are
discﬁssed fully in recent publications (Mayo, 1984; Waag and
Wood 1987b).

Boise geothermal wells have not been sampled extensively or
repeatedly such that a definitive comparison of ionic
concentrations of wells or identification of progressive changes
over time. Several of the principal wells have published
geochemical analyses (Table 3). Few have been sampled
repeatedly, but there are sufficient analyses to group the Boise
geothermal fluids in comparison to fldids of the Idaho batholith
and other Southern Idaho geothermal systems (Waag and Wood,
1987b).

The Boise Geothermal waters are of the sodium bicarbonate
type, with a TDS of 200-300 mgllband moderate alkalinity (pH
7.5-9.0). Wood (Waag and Wood, 1987b) suggests that the ionic
content (particularly fluoride) distinguishes Bbise geothermal
fluids from those of nearby geothermal systems (Figures 6,7,8).
The plots show the wide scatter in the data of single wells
(such as CM=2), which prevents analysis of any tell-tale trends
which would distinguish specific geothermal fluids within the

Boise area.
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Well or Spiing

emmomcw FEwOWAnN SnSAmIy EmEmEEED

Teriehing (2)
Teneiing (2)
Milistead (6)

Edwards (7)

VA-1(16)
Koch (17)

CM-2(18)

CM-1(19)

BGL-2 (20)

BGL—4 (23)
BGL-3 (24)
Beard (22)

BWSWOD-1 (29)

B. Gard (32)
Q. View (33)

W.S. Mesa (34)

Springs
4N-3E-108DCB1S
4AN-3E-11DDAAYS

4AN-3E-35CCDD1S

Date

2-2-48
8-18-81
1-28-88
1-25-88
12-3-81
5-31-72
i-26-88
1-26-88
1-26-88
9-21-81
10-19-81
1-27-88
8-12-81
1-27-88
1-27-88
10-21-77
1-26-88
8-10-81
6-31-72
11-6-76
4-5-88

1-28-88

4-29-88
4-5-88

3-11-88

Temp.

[

435
4256
425
475
472
47

72.0
30.0
67.6
70.6
65.6
76.0
74.0

76

76
7.8
7.5

75

50.5

28.6

3.5
75

10.0

Nugombhase 14 ae 2 .

Table 3.
pH Alkal. Sullate Flionde S0, Boton Lithium T0S Nitroygor
Catyy SO, ¥ \ppin) B L N

2.0 9h 1y 72 41 60 o4 b 100
a7 <= 216 8.3¢ a1.7

9.2 10 26 9K 3n 70 2 oo 100
8.9 T30 25 W 9 70 2 ) 100
8.36 202 10 64 -

7 T PP 46 - - 216 -
88 130 ‘! 23 12 64 50 35 - 100
9.0 97 33 16 38 30 19 zad 100
8.4 130 4l 12 55 80 34 60 100

755 o - 19.2 15.96 556 . -
847 . 16.3 18.24 565 - - -

90 - 130 28 19 74 90 a3 ;s(;e 100

8.35 25.9 16.91 1.7
a8 . 130 23 19 59 90 50 - 100
8.9 w2 18 63 80 33 273 .100
8.6 130 21 17 80.0 -- - 295 -
8.5 140 22 12 78 20 a7 W3 100
8.15 - 21.6 19.19 735 - -
73 122 P2 24 78 - - 286 -
8.7 115 - i1 42 5 - 27 -
8.9 76 28 12 28 80 3y 191 10U
1.6 77 12 12 a2 10 y 146 550
58 18 5.2 20 22 10 4 [ 110
8.2 26 3.8 .20 28 10 20 61 210
72 74 25 20 27 10 19 160 980

B > PRSP i SN . — =

Geochemical Data (in mg/l except S$i0,)

Phosp tlardness  Calcium Magynes, Sodium  Polas Chloride
P Cal Q) Ga Mg Na K [el]
- [ 2.3 0.04 58.00 1.10 2.60
3.2 0.10 60.00 0.90 2.20
410 a 1.7 0.02 66.00 0.70 3.90
[ i 1.6 0.01 65.00 v.70 4.30
4.0 610 68.50 Q.70 4.03
[ - - , .45 030, 65.00 . 240 4.40
.010 - 1.6 0.01 £0.00 1.10 8.60
ot 16 6.0 0.22 69.00 0.70 6.60
- 5 1.6 0.13 81.00 0.80 7.20
13 0.10 79 30 0 59 10.64
~ - 0.1 0.10 89.00 0.70 0.89
010 4 1.7 0.04 . 84.00 1.40 8.70
- 0.1 0.10 86.70 1.29 8.10
010 - 14 0.10 84.00 1.50 8.20
016 4 1.6 0.08 82.00 1.00 8.10
- 14 8.5 0.12 89.00 1.40 3.10
-- b 1.8 0.02 86.00 1.60 8.60
- 3.z 0.10 82.80 1.41 6.03
- - 20 0.00 75.00 1.30 9.30
-- 4 1.6 0.01 77.60 0.78 8.90
- 5 2.1 0.02 66.00 0.60 6.90
g0 o6 13.0 0.78 24.00 2.30 2.30
040 8 53 1.20 3.50 0.30 0.90
— 17 56 0.66 5.20 0.50 0.80
010 83 30.0 2.00 8.50 4.80 3.80
I A S, oo WP RN ST, T O - YIY ST, Sy 0 SO ST DO U P

Isolope Isolope Isotope
HeiH 018/018 Cr3iCre
-128.00 ~-16.70 -10.80
~131.06 -17.40 ~9.90
-126.00 -17.20 -10.00
-133.00 -17.00 -10.50
~133.00 -16.90 -12.00
-133.00 -17.20 -10.40
-134.00 -17.20 -8.40
-133.00 -17.20 -9.80
-132.00 -17.10 -8.50
-133.00 -17.00 -10.70
-130.00 -17.00 -10.00
-127.00 -16.80 -14.10
-123.00 -18.70 ~20.00
~119.00 -16.00 -16.10
-122.00 -16.10 -14.30




Repeated sampling could reduce the amount of scatter such
that geochemical analyses from particular zones or locations
could be distinguished from other zones or areas.

In general, the Boise waters share common characteristics
due to chemical interaction with rock types encountered as it
flows through the main rhyolite aquifer, after deep circulation
in the granite batholith. Samples from wells located southwest
of the main fault zone indicate a greater degree of mixing with
cooi fresh groundwater. One major obstacle in defining specific
geothermal well water characteristics, is that many geothermal
wells in the Boise area are completed through more than one
stratigraphic unit, preventing fluid samples from representing,
exclusively, thg geothermal fluid from a specific zone.

In spite of the scatter in the data, those wells
intercepting the main fracture zone at the base of the Boise
foothills generally show the highest fluoride concentration and
temperature, and the oldest radiocarbon dates. This indicates
as expected, a less dilute composition (Wood, 1987b).

The BWSWD well samples show the least mixing and greatest
age, while the BGL wells give more dilute and younger sémples.
This is not indicative of the complex geology which allows fresh
water leakage and mixing in localized areas. However, this
evidence sheds little light on the hydraulic communication

between these areas. The fact that fluids from the two areas
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are geochemically similar does not prove the wells are in
communication. But, it does discount the possibility of
‘separate source areas, which could imply lack of communication.
The potential benefits of greater and more systematic
sam_pling frequency as a monitoring tool are apparent. More
_data, and continued analysis such as that by Wood (Waag and Wood
1987b) could be valuable in defining differences between
individual wells. It could also allow detection of progressive
changes in the system which may result from cold water influx or
ipjectimabreakthough, prior to temperature changes being

detected in producing wells.

8) Conceptual Model

The conceptual model of the Boise Front Géothermal Aquifer
.is not unlike other range front fault systems in the Western
U.S. The fluid path is generally believed to be as shown in
Figure 9. Meteoric waters from the Idaho Batholith circulate
deep into the granite basement and are heated by contact with
rock warmed by radiogenic decay. The thermal fluid rises upward
~through the fault zone driven by convection and hydrostatic
head, and flows outward into the more permeable silicious
volcanics. There are structural complexities which affect flow
paths locally in the region of the main fault. Leakage into the

shallower, less permeable volcanics and sediments is also
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believed to occur both within the fault zone and upward from the
confined rhyolite geothermal aquifer, away from the main fault
zone.

The fluid theh flows laterally west to southwest toward the
Boise river while remaining confined in the rhyolite.
Conductive heat loss and mixing with cooler fresh water causes
the geothermal fluid to cool as it travels away from the Boise
Front Fault. Subsurface flow is likely to progress generally
westward to the center of the valley. The lack of geothermal
well data to the west limits analysis of the ultimate

destination of the geothermal fluid.
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II. REVIEW OF PRODUCTION AND WATER LEVEL DATA

Data available from the wells shown in Figure 2 were
reviewed for this study. Specifications and drillers logs for a
majority of the wells were compiled by Young et. al (1988) (see
Appendix B). Table 4 gives the distances between wells. A
search was made for other geothermal wells within and beyond
this area through IDWR files, but none were found on record. Of
those shown, a selecﬁ group from the CM-VA-BGL area and BWSWD
area have sufficient water level, production and testing data to
beinchMedin this analysis. There were insufficient
production and water level data in the southern-most area (in
the vicinity of the Harris wells) andrnorthern-most area (near
the Edwards and Terteling wells) for analysis of geothermal
aquifer behavior or trends. As a result, these outlying areas

will be included in the analysis primarily by extrapolation.

1) BLM Well

The BLM well is the primary monitoring well for the
CM-BGL~-VA area because of its location and long~-term water level
record. The test results (discussed in Section III) indicate
this well is in communication with the geothermal aquifer.
Though it is not completed into the rhyolite unit, it probably

interrupts the main fault zone. The BLM well water level record

20



Table 4

Distances Between Wells (in feet)

CM-1 CM-2 VA-1 VA-2 VA-Test BLM BGL~1 BGL-2 BGL-3 BGL-4 Beard BWSWD-3 BWSWD-1 BWSWD-2 Behrman Q. View Kanta B.Gard.

CM-2 1237
VA-1(Pro) 2290 2330

VA-2(Inj) 2420 2050 1900

VA-Test 2440 2060 1940 40

BLM 2240 3158 690 2550 2590

BGL-1 3280 4197 1680 3600 3640 1000

BGL-2 2896 3818 1100 3040 3080 673 462

BGL-3 2800 3466 840 2770 2810 600 850 524

BGL-4 3104 4043 1430 3350 3390 978 151 318 836

Beard 3134 4118 1450 3390 3430 1008 130 346 866 29.5

BWSWD-3 8490 9650 7540 9430 9470 6910 5820 6370 6700 6050 6025

BWSWD-1 9135 10295 8180 10075 10115 7580 6470 7015 7370 6695 6670 645

BWSWD-2 9105 1026§ 8160 10045 10085 7560 6450 7015 7370 6695 6670 645 30

Behrman 8550 9720 7680 9710 9750 7050 6020 6580 6880 6360 6340 440 750 720

Q.View 8700 9880 7920 9830 8870 7270 6240 6840 7128 6500 6480 800 910 890 350
Kanta 10460 11670 9700 11620 11660 9060 8000 8615 8900 8295 8275 2200 1675 1675 1990 1800

B.Gard. 10950 12170 10330 12250 . 12290 3670 8670 9250 9520 8920 8900 3000 2370 2350 2700 2420 675 -




is shown in Figure 10 as a composite of BLM and VA-~1(Prod)
records. The two were combined by Waag (Waag and Wood 1987b)
because of their parallel behavior. The only apparent
difference being that the VA-1 record was consistantly 0.8 ft.
below that of the BLM well. The VA-1 record accounts for the
period from September 1983 to January 1986. Not shown on the
hydrograph is older data from the BLM well for the period,
September 1976 to October 1978 (from Nelson, 1980). The water
levél elevation during that period was within the same range as
for 1981-1982 (i.e. 2754-2764 ft. elevation) prior to production
by major users in the area (BLM, VA or CM systems). Data prior
to 1982, though not continuous, help to establish a background
trend with only the BWSWD wells producing in large volumes from
the geothermal aquifer. This background trend had apparently
stabilized, except for the annual 10 ft. fluctuation, prior to

the start-up of other major geothermal water users.

2) Capitol Mall Wells
The Capitol Mall system consists of two wells CM-=1

(Injection) and CM=2 (Production). Daily flowrate, pressure and
temperature records have been kept on these wells since October
1983 with periodic records kept during the period from syStem

‘start-up in November 1982 to October 1983.
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a) Water Level/Pressure

There is suffiéient uncertainty in the quality of the data
such that reconstructing static or pumping water levels from the
records is error prone. The data was not recorded with the
intent that it be used for aquifer studies. Improved
measurement equipment is to be installed sometime in 1989.
Since start-up, a éomputer logging system has been used to track
selected operations data. Periodically, the computer prints
this data for a permanent record.

Due to the shear volume of paper and occasional lack of
record because of system malfunction, the most useful data for
this study are the daily handwritﬁen log sheets. This data is
usually taken at a time when the system is near its peak flow
for the day (i.e. 5-8 am.). It is difficult to extract an
average daily or monthly rate from the record or plot a
representative or average wellhead pressure with confidence. 1In
addition, pressure readings of thermal wells that have been
recently pumped or injected into, show higher than static well
head pressures until cooled. Cooling to a static condition can
take hours to days depending upon the circumstances. Thus, the
records cannot be used directly for plotting and analysis.

The well head pressure of CM-2 is positive even when
pumping, except when flowing at a maximum rate (approximately

700-800gpm) during the peak heating season. This (high

22




flowrate) condition can last more than one month depending on
-the severity of the winter. During at least one year (since
1983), the well head pressure (or "casing pressure" as it is
referred to in the lég) at CM-2 remained positive year round.

Given occasional periods of down-time and seasonal
fluctuations, it is difficult to determine whether the average
CM-2 well head pressure is declining. Even analysis of the
number of days with wa@er levels below ground elevation during
peak season (at the highest pumping rate), failed to establish a
trend. The longest continuous below well head water levels on
record occur during the period from 12/86 to 4/87. None occured
during the 87-88 season. The greatest number of, less than zero
wellhead pressure (water level below well head), days for CM-2
occurred during the 86-87 heating séason. A large number of
days of downtime (and no records) in winter 1988-1989 prevents
data from that period from being used for comparision.

Unfortunately, the equipment in place at CM-2 does not allow
the water level to be recorded in the well head pressure drops
below zero (water level below well head) which contributes to
the difficulty in determining a trend. A new measurement method
is planned which should solve this problem;

From data during drilling and testing, it appears that the
pre-production, shut-in (cold) pressure of CM-2 was equal to

approximately 24 ft. above ground level (on 4/7/82). This does
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not compare well to a recent stabilize measurement of
approximately 15 psi (or 34 ft.) taken after a down-time period
of 20 days in September/October 1988. An actual pressure
increase over the 4 1/2 year period is not likely in light of
the records from other wells. Rather, this example serves to
illustrate the problems in using data that have been taken since
start-up, even allowing for a possible (1-2 ft.) error caused by
differences in reference point elevatién.

A comparison of the maximum pressure recorded in the log
sheets each year was also reviewed for possible trends. No
significant change in the yearly maximum pressure at CM-2 has
been recorded since the daily records were established, upon
start-up, in 1982. This is suprising}given the declines seen in
other Boise area wells.

Pressure data from the injection well (CM-1) is subject to
more variation during normal operations than CM-2. No trend or
correlation with pre-production data could be detected. In
general, during periods of downtime, the (static) water level in
CM-1 is above ground elevation only during August and early
September. A summer rebound, above ground level, occurred in
1988, but did not occur in 1987.

It is unclear whether the data for CM-1 indicates a well
head pressure decline trend. This "trend" could be due to error

inherent in the measurement method rather than actual aquifer
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response. Future data will assist in establishing a trend. It
may be that injection of cooled geothermal water (at
approximately 20-30 F below CM-1 original pumping temperature)
has caused cooling in the vicinity.of CM-1 and a localized

reduction in aquifer pressure.

b) Production Data

The flowrate history for CM=2 canno; easily be reconstructed
from the data sheets. Yearly production totals have been
published by others (Waag and Wood, 1987) and (Higginson and
Barnett, 1987). Table 5 shows the annual production/injection
totals for the CM system along with a calculated average
flowrate based on best estimates of system down-time and shut-in
days during summer. |

The calculated average flowrate is probably more useful for
analysis purposes than flowrate from the daily log. The daily
log generally shows a higher than average flowrate (for a given
day) due to the time of day chosen for recording the data.

Currently, the CM flow méasurement system does not record
artesian flow. During summer shut-in days or down-time, an
unrecorded artesian flowrate of 20-150 gpm, occurs when} the
pumps are off, depending upon the season and recent pumping
history. This rate is much lower than during an artesian flow

test in 1981 of 800+ gpm (Anderson and Kelly, 1981). The
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Table 5

Capitol Mall Production/Injection

Operating Average
Year Total Days Rate (1
1982 N/A N/A N/A
1983 79.1 x 106gal. 3007 183
1984 204.8 " 279 © 510
1985 196.4 " 252 540
1986 188.6 " 276 74
1987 N/A " 294 N/A
1988 212.6 " (2) 25M N/A
1989 106.3 " (2) N/A N/A

(1) Assumes pumping 24 hours/day on operating days.

(2) Estimated from Totalized value of 3.10 x 10 gal. for
the period of January 1988 through June 1989, provided
by the state. '

difference may be due to inherent back pressure of the CM
system. In any case, this unrecorded flow could add up to at
least 864,000 gallons/month (or 10 million gal./yr.) to total

production figures. Of course, all of the water is reinjected,

though at a2 lower temperature.
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¢) Temperature Data

The daily production and injection temperatures for CM-1 and
CM-2 were reviewed. Both were observed to vary with flowrate.
Meésurements of produced water temperature as low as 115 F were
recorded for CM-2 with the pumps off. But, as with the flowrate
and pressure measurements, it is difficult to distinguish, from
the records, if the well is shut-in or is flowing artesian when
the pumps are off.

With the production well pump on, the production temperature
at CM-2 has varied from 150-160 F. Higginson and Barnett (1987)
plotted peak flow temperature for the month of January for the
years 1984-1987 and showed that production temperatures were
declining at a2 rate of approximately 1 F per year from a
pre-production value of 158.5-159 F. This was suggested to be
due'to injection breakthrough from CM-1. Though this data
suggests a trend, £he accuracy and calibration of the
measurement may allow an error of +2 F. Also, recent
temperature data does not show a continuing decline through
January 1988 or 1989. The January flowing temperature has
essentially been constant at roughly 155 F since 1987.

Measurements in February 1989, at peak flow, shows a
recorded value of 158 F. This measurement may have been taken
with an instrument other than fhe one previously used, due to

recent maintenance. These recent measurements shed some doubt
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on the accuracy of past measurements. Whether such declines
occurred or are continuing is uncertain, pending verification of
measurement locations and accuracy.

The majority of the data indicates the production
temperatures are highest during peak flow. It follows that cold
water influx from cooler aquifers is not a likely cause of
temperature declines. If declines have occurred, the data tends
to indicate that injection would be the most likely cause.

The possibility of cold water breakthrough to CM-2 from CM-1
was explored through simulation by Papadopulos and Associates
(in Anderson and Kelly, 1981). The conclusions in that report
were that the potential for a production temperature decline as
a result of injection in CM-1 was low, based on their
assumptions of aquifer properties.

The previous discussion involved the production well
temperature. The injected fluid temperature varies from
approximately 115 F to 140 F with an average of approximately
125 F. The data may be skewed by the time of day (early morning

hours) when the data is recorded.

3) Boise Geothermal Ltd. (BGL) Wells
The City of Boise owns the four (BGL) production wells which
are used to supply a heating system serving central Boise. The

production wells are aligned with the Boise Front Fault in the
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Military Reserve Park area (Figure 2). Each is completed
somewhat differently (Table 1) and all except BGL-1 are good

producers. Continuous production began in October 1983.

a) Production Data

BGL-4 is used as the primary production well. It produces
approximately 750 gpm at 174-175 F. This continuous pumping
rate exceeds the current needs of the BGL's customers for most
of the year. The excess is automatically injected into BGL-2,
and is not run through the heating system. During periods of
peak demand (winter), the primary producer has been BGL-2 which
can produce up to approximately 1500 gpm at 172 F. BGL=-3 has
rarely been used except for brief pgriods, primarily, as a
backup during BGL-2 down~time or maintenance. It can produce up
to 2000 gpm at 161 F.

At times, both BGL-2 and BGL-4 have been pumped
simultaneously. During these and other periods when production
exceeds demand, excess water is injected down the annulus of
BGL-2 (between casing and pump riser pipe). This is the only
geothermal water injected by BGL. Once water enters the heating
system piping, it is not re-injected. Disposal of this water is
by discharge to the Boise River.

Flowrate data is recorded on a (7-day) circular chart for

the heating system delivery line but not for individual wells.
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Cummulative discharge to the heating system is recorded by a
flow totalizer.

Data on specific flowrates and times of discharge of the
pumping wells cannot be obtained. Total well flow versus flow
to the system is automatically controlled and not recorded. An
operations log contains data on which pump is running, rate of
discharge to the heating system (not well pumping rate), total
flow to-date into the heating system, flow line pressure and
occasionally flowline temperature. It is updated about once a
day (similar to the Capitol Mall system record). This data is
not necessarily recorded for the purpose of aquifer monitoring.

A new monitoring system was being brought on line as of

April-May 1989. It will log the total flow into the heating

system and the pressure (converted to water level elevation) in
the nearby Beard well.

Though there is no recent data from the BGL wells, the
static water levels are likely to fluctuate with both flowrate
and seasonal changes, as they do for other Boise area geothermal
wells.

The BGL heating system average flowrate has varied yearly.
Table 6 shows the yearly system consumption (not actual well
flowrate which is not recorded) and calculated average system
rate. The rate of injection of excess water can be determined

roughly from the rated pump capacity, less the heating system
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discharge rate. There is no record of the injection flowrate,

when production exceeds demand.

Table 6
City of Boise Heating System Production

; (BGL Wells)

, Average
Year Total Days System
Flowrate
11983 53.76 x 100gal. 92 405 gpm
1984 153.27 365 292
1985 129.15 365 246
1986 199.00 - 320 h32
1987 172.08 365 327
1988 . 122.41 365 233
1989 68.79 (1) 90 530

(1) Through March 1989

BGL has recorded monthiy (consumption) totals since startup
and, more recently, average monthly flow rates. The average
monthly rate varies from a maximum of 773 gpm in February 1988

to 47 gpm in July 1988.
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b) Water Levels

There are no water level data for the BGL wells since
production began. However, the BLM monitoring well is nearby
(see Figure 10 and Table 4). Early data gathered during
drilling and testing of BGL and VA wells indicates the BGL wells
were capable of flowing artesian (except BGL-3 which is at a
higher elevation). There is no record of artesian flow since
start-up. However, few instances of down-time have occurred
since start-up to allow measurements of static water levels.
Thus, only estimates can be made of BGL well static levels from
recent measurements at the BLM well.

Measurements recently begun in the Beard well indicate a
water level elevation of 2705 to 2707 ft. (mid-May 1989). This
is approximately 40 ft. below ground.level at the Beard well.
These measurements were recorded with BGL-4 (30 ft. away)
pumping at approximately 750 gpm. Meanwhile, the BLM water
level was at approximately 2720 ft. (elevation). Figure 11
shows a brief record of pre-production levels at BGL-3 during
1981-1982. The water level response during various well tests
suggests BGL-3 is in communication with other BGL and the CM
wells. The erratic trace is due to nearby well testing during
the period. Also, note the exaggerated depth scale compared to

the other water level plots.
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¢) Temperature

No fluid temperature changes have been recorded for any of
the BGL wells since system start-up (October 1983). These

pumping temperatures are reported as:

BGL-2 172 F
BGL-3 175
BGL-4 161

No declines wouia be expected since the BGL wells are up
gradient of all other production/injection wells in the area and
intersect the main feeder fault. Re-injection of excess fluid
into BGL-2 does not appear to result in any localized
temperature decline, since little temberature loss is believed
to occur. However, no static or flowing temperature profiles

have been conducted to confirm this.

3) VA Hospital Wells

The VA wells include a production well (VA-1), an injection
well (VA-2) and an intitial test injection well (VA-Test). The
.VA heatiﬁg system operates 24 hours a day with all fluid
produced at VA-1»and injected into VA-2. VA-Test is not used.
System start-up was November 11, 1988. Written daily
records of total flow, production and injection temperature,
production well water level (via bubble tube), and injection

pressure (guage on flow line) were begun in March 1989.
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a) Production Data

The production well pump has two rates, approximately 150
gpm and over 1000 gpm. The injection well capacity had limited
production to approximately 400 gpm. That has been increased to
600 gpm as a result of a recent hydro=-fracturing project. From
the record to-date, it seems that a rate of 150 gpm is
sufficient to satisfy VA system demand from March through
October. A rate of 400 gpm has been sufficient for other
periods except during the severest weather of the year.

As of April 21, 1989, 11.422 million gallons of geothermal
water were produced from VA-1 and injected into VA-2. Assuming
purpage 24 hours a day since November 11, 1988 (161 days), the
average rate is calculated to be 49 gpm. This is not consistant
with the 150 gpm (low speed) pumping rate, indicating some

down-time occurred which is not on record.

b) Water Level Data

The VA-1 well was monitored for pressure/water level from
November 1, 1983 to January 20, 1986. This record has been
combined with the BLM record in Figure 10. Prior to production
at VA-1, the two wells showed similar responses, though the BLM
well water level is approximately 0.8 ft. higher in elevation
than the VA-1 level. Both BLM and VA-1 wells are believed to be

completed in the main Boise Front Fault zone but the BLM well is
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completed in the shallower basalts and basaltic tuffs, whereas
the VA-1 well was completed in rhyolite at a greater depth. The
production well water level data for the same period, shows a
rising pumping level from mid-March to mid-April 1989, while at
a relatively constant rate. The water level while pumping, rose
from approximately 52 ft. depth (2711 ft. elevation) to 40 ft.
(2723 ft. elevation) over the one month period of record.

Injection pressure is recorded d;ce daily. The pressure
appears to rise in conjunction with the aquifer level rebound in
the spring. The injection pressure rose approximately 4 psi
from 36 to 40 psi over the one month period (March-April, 1989)
of record, while the flowrate averaged approximately 110 gpm.
During normal operations the drawdown -in VA-1 is reported to be
within 1-2 ft. of static water level at the low pump speed
(100-150 gpm). No continuous monitoring of VA-2 or the test
injection well is proposed.

Continuous computerized logging of VA-1 water level (via

bubble tube and pressure transducer) was to begin in late 1989.

¢) Temperature Data

The production temperature has remained constant at 163 F.
Injection temperatures vary from 134F-149F. The static
‘temperature of VA-1 is presented in Appendix A. It displays an

isothermal section, characteristic of a well intercepting a
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fracture zone (starting at 800 ft. in this case).

5) Boise Warm Springs Water District (BWSWD) Wells

This group consists of three wells. Two production wells,
BWSWD-1 (East) and BWSWD-2 (West), both 400 ft. deep, and a
monitoring well (BWSWD-3), 600 ft. deep. The two production
wells are located on the Boise Fault trace and are separated by
a distance of 30 ft. BWSWD-3 is located 645 ft. northwest along
the fault zone from the production wells. There is no injection
of the water BWSWD produces. It is disposed of, via the city

sewer system, by individual users.

a) Production Data

Production began in the early 1896'3 and, for approximately
90 years, it was the only major producer from the Boise
gecthermal aquifer. The existing production wells were drilled
in the early 1900's. Recent records (since 1977) show they are
pumped at rates up td 1600 gpm. However, since 1983, production
has been curtailed due to seasonal lowering of the pumping level
to the pump intake elevation. The pumps in BWSWD-1 and 2 were
lowered from 160 to 200 ft., into the uncased portion of the
well in 1987. However, this action did not extend the period of
high rate pumping adequately during periods of peak demand. The

pumps'cannot be lowered further since the main
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fracture/producing interval is at approximately 200 ft. and the
pump bowls are already in the uncased portion of the well.

BWSWD-2 is warmer and used as the primary producer. Pumping
levels are obtained by bubble tube in BWSWD=1. Figure 12 is a
plot of water levels and flowrates from BWSWD-1 and 2 since 1977
(Waag, 1989). No records of production prior to 1977 are
available.

The yearly production totals are given in Tabig 7. The
data available (BWSWD, 1989) is reported in terms of total
production over a heating season year. Though some down-time is
likely to have occurred, it was not reported.

The production data in Table 7 includes summer artesian
flows which occurred through 1983. Flowrates vary from less

than 100 gpm to over 1600 gpm over the 12 year period of record.
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Table 7

BWSWD Production

Yesr (1) Total "t
77-78 273308 x 10° gal. 520 gpm
78-79 304720  n 580
79-80 305493  m 581
80-81 241053 = 459
81-82 275020 . 523
82-83 280922 v 534
83-814 299043 569
84-85 276773 526
85-86 260100  n 495
86-87 191279  =n 364
87-88 190529 " 362
88-89 (2) 220893 n 723

(1) Sept. to August heating season
(2) Through March 1989
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b) Water Level

Warm water had also issued from springs in the Boise
foothills prior to geothermal aquifer production. It is not
clear when these springs ceased to flow. In addition, original
static water levels in early wells on the fault in the BWSWD
area, may have had static water levels 60-70 ft. higher than at
present.

The récent water level record (hydrograph) aof BWSWD-1 and 2
is shown in Figure 12. The most significant feature of Figure
12 is that, since 1983, there has been a decline in water level
while production has also been declining. BWSWD-1 and 2 have
been reaching a maximum drawdown (to the pump bowls) for a
longer period each year, automatically curtailing production.
Table 8 shows another indication of the steadily declining water.
levels in the BWSWD area.

These phenomena indicate that recent production by BGL is
causing the geothermal aquifer to seek a new (deeper)
equilibrium level to balance total production. Just as a level
was achieved for long-term BWSWD-1 and 2 production alone, which
is lower than historic accounts of original static levels, so é
new level will be reached for the system.

On top of the effect of well production, seasonal
precipitation and longer term climatic influences are likely to

affect the geothermal aquifer recharge and pressure. These
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influences would be difficult to distinguish without long-term
water level records prior to the start of production by major
users.,

JTable 8

Maximum Water Level Recovery in BWSWD-1 and 2

1978 : Artesian flow - 6 days
1979 : 38 n
1980 o 36 "
1981 " 50
1982 " 7 n
1983 " 14 n»
1984 W.L. 10 ft. below ground level
1985 L CT n "
1986 "n25 " " "
1987 NA

1988 NA

(from Waag and Wood, 1987b)

Note: BWSWD-1 and 2 cannot be shut-in. The discharge line
for both wells is approximately 3 ft. below ground
level (G.L.= 2764.9 ft. elevétion).

Water level data for BWSWD-3 has been recorded since 1982

(Waag, 1989), and is shown in Figure 13. This well is used for

observation only. The water level shows obvious parallels with
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those of BWSWD-1 and 2, 645 ft. away. A decline in peak
recovery is evident as is a shorter recharge period as shown by
the area under the curve for each yearly cycle. The decline in
recovery averages 4.5 ft. per year since 1983, and the decline
in maximum drawdown averages 1.7 ft. per year. This trend does
not show signs of leveling off even though total BWSWD
production has decreased in the period from the 1983 to 1984
seascon to the 1987-1988 season . Production was up somewhat-

during 1988-1989 season.

¢) Temperature Data

No changes in flowing temperature have been observed since
production began. No static temperathre logs have been done on
BWSWD=1 or 2. Until recently, they have flowed artesian in late
summer and fall, and have essentially been in constant use year
round with the pumps in place.

The temperatures profiles for BWSWD-1 and 2 (Appendix 4)
were taken just after the pumps were removed for servicing in
1987. At that time, the water column was disturbed in both

wells.
6) Kanta Well

The Kanta well is located 1675 ft. southeast of BWSWD-1 and

2. It has been monitored for several years by Boise State
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University (BSU). It is deeper than the BWSWD wells, and is
completed in the rhyolite geothermal aquifer (Table 1). The
location and lithology indicate this well is west of the main
fault zone (Figure 3). The water level data indicates a decline
in water level similar to the BWSWD-3 well (Figure 14) and it is
appears the Kanta well is in communication with BWSWD-1 and 2.
The Kanta well has an annual decline (averaging 4.6 ft/yr during
1984-1989) in peak recovery and maximum drawdown decline of 6.4
ft/yr. The Kanta well is likely to be influenced by pumping at
the Botanical Gardens well (0l1ld Pen. Well) which is used
intermittently for irrigation (Waag>and Wood, 1987). No

flowrate data is available for the Botanical Gardens well.

7) Behrman Well

This is an old well, located west of BWSWD-3 (Figure 2). No
lithology, depth, or completion data are available. It is not
in use, but has been monitored for water level by BSU since 1985
(Figure 15). It appears, from the water level data, to be
completed into the fault zone or rhyolite aquifer, such that it
responds to BWSWD production. The water level has been
declining much 1like the Kanta and BWSWD-3 wells.

There is a significant difference in water level elevation

between the Behrman well and BWSWD-3 which are only 320 ft.
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apart. This difference (approximately 62 ft. in Feb. 1989) has
been attributed by Waag (1987b) to a semi-permeable boundary
between the two wells.

This well behaves somewhat anomalously in other ways. In
1987, the water level recovery was comparatively lower than
other wells such as BLM, BWSWD and Kanta, and the 1988 recovery
was comparatively higher. These differences may be due to
production at the Quarry View well (see below), and possibly to
the Behrman well completion, which is unknown. Production at
- Quarry View would likely suppress the water level rebound in the
Behrman well during the summer months. The completion or
corrosion of casing may allow communication with shallower
aquifers. Unfortunately, the well could not be accessed through

the well head for a temperature survey.

8) Quarry View Park Well
The Quarry View Park well is located Southwest of the

Behrman and BWSWD wells (Figure 2). 1It's depth and completion

are given in Table 1. This well had been used for irrigation of

the park during the summer months, thereforé, it has a water

level record (Figure 16) with highs and lows opposite to that of

geothermal wells used for heating. It produces water up to 132
F.

In summer, the well was pumped intermittently, as needed.

43



Figure 16 shows the drawdown resulting from greater broduction
during the drought year of 1987-88. The well was taken out of
service for irrigation at the end of the 1988 season. There are
no flowrate records for this well but estimates were calculated
by Waag (1987a) based upon power consumption.

Given the temperature, relatively shallow depth and
lithology of the well (Appendix B), it appears to be completed
above the main geothermal aquifer rhyolite. The fluid is
apparently a mixture of thermal water and fluid from the deep
fresh water aquifer (Table 3). As a result, pumping of the
Quarry View well may héve had a relatively low impact on the
geothermal aquifer and a lesser drawdown effect in nearby

monitoring wells.
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III. REVIEW OF WELL TESTS AND PREVIOUS ANALYSES

There have been numerous tests of Boise area geothermal
wells by government agencies and private consultants. These
studies have focused on the selected wells described in the
previous section, specifically, in the CM-BGL-VA and BWSWD
areas. Though wells in outlying areas may have been tested
privately, no such information is publicly available.

The following is a brief summary of each test with
particular attention given to those with the most abundant and
accurate data. Three of these have been selected for further
analysis using the pressure response model developed for this

study.

1) BLM and Beard Wells
The BLM and Beard Wells were drilled in 1976, along with

three (abandoned) test holes, by EGG/INEL for exploration of the
Boise Geothermal system (Nelson, et al, 1980). These were the
first known geothermal wells in this area, and are believed to
be the most extensively tested of any Boise area geothermal
wells up to that time.

Table 9 gives a summary of the well tests. Aborted or
inconclusive tests are not presented if there was no analysis or

the findings were not significant.
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Well Pumped/
(Pumped/Flowed) Date Artesian
Beard 10/28-10/29/76 A

" 9/13/77 p

" 10/13-10/25/77 A

" 1/19-1/20/78 P

BLM 10/10-10/11/77 P

" 1/4-1/7/78 P

" 1/10-1/11/78 P
Capitol Mall Wells

Statehouse Well 1/2/75 P

CM-1 12/8/80 A

" 12/12-12/15/80 P

" 12/15/80 A

ravic 7
—————

Well Test and Analysis Summary

_Flowrate

100gpm, 26hrs

250gpm, 16hrs

150gpm, 12days

380gpm, 27hrs

90gpm, 30 hrs

120gpm, 72 hrs

120gpm, 30 hrs

?, 24hrs

205gpm, 1.75hrs

350 to 806gpm
60 hrs, total

300gpm

Maximum Background
Drawdown Influence? Results Reference
Beard, 2.89psi BWSWD T=6,370 gpd/ft, Flowing (31)
165°F
BLM, 0.3psi " T=68,800 gpd/ft "
$=0.000035
Beard, 5psi _
BLM, 1.5psi " T=8000 gpd/ft "
Beard T=6000 gpd/ft
gi;tdi ?7;2p8i " BLM  T=91,000 gpd/ft "
A S=0.000037
T=600 gpd/ft
Beard, 49psi " gpd/ "
T=20500 gpd/ft
BLM, 71psi " $=0.000023 "
BLM, 40psi " BLM  T=1170 gpd/ft "
Beard, 2psi Beard T=100,100 gpd/ft
$=0.00054
? " T=25,900 gpd/ft (27)
Flowing 104°F
_— " — (2) (3)

CM-1, 356ft

CM-1, 22psi

T=5000 gpd/ft
5=0.00005, Flowing 153°F

Flowing 153°F




Well
Pumped/Flowed) Date
CM-2 8/5/81
" 9/15-9/18/81
BGL Wells
BGL-2 4/7/82
" 4/8-4/15/82
" 10/17/83
BGL-4 4/5/82

" 4/26-4/27/82

Table 9 (cont.)

Well Test and Analysis Summary

Pumped/
Artesian _Flowrate
A 300-400 gpm
"briefly"
A ., | Step-test
1150-1450gpm, 7hrs
820gpm, 60hrs
A Step-test
400 gpm, lhr
1000 gpm, lhr
A 900 gpm, /days
P 1150 gpm
"several hours"
A Step-test
165 to 187 gpm
2.5 hrs
A Step-test

IN_10N ~rm The

‘Maximum Background
Drawdown Influence? Results Reference
- BWSWD - (3)
CM-1, 3.2psi T=50,000 to
BG1-2,0.75psi " 100,000 gpd/ft "
BGL-3,0.93psi $=0.001 to 0.0001
BLM, 0.7psi Flowing 159°F
BGL-2, 4.lpsi BLM T=125,000 gpd/ft
BGL-1, 0.l+psi " S=0.00015
BGL-3, 0.62 ft BGL-3 T=825,000 gpd/ft (4)
BLM, 2.06 ft $=0.001
Flowing 165.5°F
BGL-2, 4.4 psi
BLM, 6.1 ft
CM-1, 2.3 psi T=164,000 to
CM-2, 1.7 psi " 475,000 gpd/ft "
BGL-1, 2.3 psi $=0.00012 to 0.003
BGL-3, 6.7 ft
BGL-4, 8 ft
Beard, 2 psi
BLM, 3.5 ft _
VA-Test, 0.6 ft " T 13860880t° A/t (5)
VA-1, 2.1 ft ’ ep
BGL-4, 6 psi " T=420,000 gpd/ft 4
BLM, 0.32 psi S=0.000026 (4)

BGL-4, 17 ft

Flowing 142°F
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Well Test and Analysis Summary

Well Pumped/
(Pumped /Flowed) Date Artesian
BGL-4 4/28-4/29/82 A
BGL-2 12/83-1/84 P
and Normal
BGL-4 Operations P
VA Wells

VA-1(Prod) 10/11/83 P
" 10/11-10/12/83 A
VA-Test 11/3/83 A
VA-2(Inj) 12/16~-12/17/83 A

M 1/8/87 Inject.
Test

Maximum Background
_Flowrate Drawdown Influence? Results Reference
160 gpm, 46 hrs BGL-2, 0.3 ft
BGL-3, 0.35 ft BWSWD T=112,600-820,000 gpd/ft (4)
CM-1, 0.2 ft $=0.00018-0.00054
500 gpm, 19days
and BLM, 15ft BWSWD T=100,000 gpd/ft
1300 gpm,l7days CM $=0.00008 (8)
Step-test BWSWD Flowing 161.5°F
400~1245 gpm VA-1, 78 ft and No useful interference (5)
5.5 hrs M data @ CM,BGL,BLM,VA wells.
180gpm, 15hrs - " Flowing 160°F "
35gpm, lhr - " Flowing 106°F "
65gpm, 2hrs - BWSWD Flowing 142°F
cM (25)
BGL
180-580 gpm +47 psi,max. Injectivity estimated to
1/2 hr not stabalized " be 900 gpm @ 100psi. "




Well
‘Pumped/Flowed) Date

BWSWD Production Wells

BWSWD 9/81-3/82
1&2
" 9/84-9/85
" 7/85-6/86

Quarry View Park Well

Quarry 11/4/83
View
" 2/23/84
" 2/24/84

Pumped/

Artesian

Table 9 (cont.)

Well Test and Analysis Summary

Flowrate

100~-1500 gpm

(avg. 730 gpm)

0-850 gpm
(seasonal)

200-850 gpm

Steptest
44~-265 gpm
1.5 hours

Steptest
55-250 gpm
4 hours

175 gpm
8 hours

Maximum Background
Drawdown Influence? Results Reference
BLM, 10 ft. T=25,000-240,000 gpd/ft (37)

BWSWD 1&2,140ft

See Figures BGL
10,12,13. CM

~ See Figures "

10,12,13,14,15.
BWSWD
Qv, 226 ft BGL
cM
Qv, 195 ft "
Qv, 185 ft "

$=0.0005-0.00005

T=3500-25,000 gpd/ft
Lower T values attributed
to fracture storage.

Analysis based on earlier
calculated values of T.
(see above)

T= 2000-3000 gpd/ft.
Flowing 132°F max.

Flowing 133°F max.

Flowing 131°F

(36)

(38)

(6)




The Beard well was tested four times, from 1976 to 1978.
Two tests were with artesian flow and two were pumped. At the
time, the only observation well was the BLM well. Measurements
taken in the pumped well were either by electric tape or bubble
tube and Heise pressure guage. Observation well measuhements
were by quartz pressure transducer at the well head. At the
time, both wells had positive well head pressure. Pressure
measurements taken at the flowing well are complicated by
thermal effects for artesian flow tests and to a lesser extent
pump tests. This is a problem common to all geothermal flow
tests. The flowing temperature of the fluid was rarely reported
for these tests of the BLM and Beard wells.

The BLM well was pump tested three times in 1977-1978, with
the.Beard well as the only observation well. As Table 9 shows,
the BLM well had a lower flow capacity. The range of aquifer
parameters calculated from the pfessure data varied
considerably, with the interference data yielding the higher
calculated parameters. The BLM well test interference data was
reported to display a break in slope, indicating a potential
recharge boundary (Nelson, et. al., 1980).

The cyclic pressure response of the BLM well recorded during
1977-1978 prompted consideration of an interference pressure
response due to BWSWD well pumping. The findings (regarding

interference) were inconclusive and Nelson (1980) even considers
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aquifer loading from irrigation during spring and summer, as a

possible cause of the fluctuations.

2) Capitol Mall Wells
The first geothermal well drilled in the area (The

Statehouse well) was tested in 1975 (Mink, 1976). The
Statehouse well is located next to the Capitol building, and was
completed from approximately 830 to 1100 ft. It was used for
irrigation for some time but is now shut-in, though not
_abandohed. It is not considered a significant well for this
report because there is no operational or monitoring data for
it. The test data is included in Table 9 for completeness. The
well flowed at a temperaure of 104 F. Results indicated mixing
with cooler shallower water occurred due to the relatively
moderate depth of the well completion.

The other two Cépitol Mall wells (CM=1 and CM-2) were tested
immediately after drilling. No .interference data was taken
during the CM-1 tests. The CMué well had not yet been drilled,
but the BLM and Beard wells were presumably available. The
aquifer parameters calculated for CM-1 (Table 9) were based on
measurements taken during flow testing of CM-2 (Anderson and
Kelly, 1981).

A number of observation wells were used for the longer CM-2

(67 hour) test. These test results gave a wide range of aquifer
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parameters. Overell, a transmissivity of 60,000 gpd/ft. was
considered to be a conservative regional average (Anderson and
Kelly, 1981).

The report by Anderson and Kelly (1981) includes not only
test analysis of CM-1 and CM-2 data but also a theoretical
production/injection pressure simulation (conducted by
Papadopulos, Assoc.) indicating the likelihood of possible
injection breakthrough from CM-1 to CM-2. The results were that
breakthrough was not likely if the assumptions of the simulation
(Q=320 gpm, T=60,000 gpd/ft, Gradient = 0.008 ft./ft. to the
Southwest) were valid. Thermodynamic effects were not input to
the simulation.

Maximum flowing temperatures during testing were measured at

153 F for CM-1 and 159 F for CM=2.

3) BGL Wells

BGL-2 was flow tested twice; once short-term (2 hours) and
once long-term (7 days). A number of wells were available for
observation during the test (see Table 9). The analysis of the
drawdown and interference data yielded a wide range of
calculated aquifer parameters. The method of measurement varied
between wells and the results depended upon the well data being
analyzed and the method (semi-log or type curve) used. Two

breaks in slope were identified on the semi-log plots for

48




several of observation wells, indicating potential boundaries.
BGL was also monitored in connection with the VA-1 well test
in 1983 (Anderson and Kelly, 1983). 1In addition, BGL-2 and
BGL-4 operating history data was analyzed by BGI for the
Department of Energy in 1985 (BGI, 1985). Two breaks in slope
were identified for a semi-log plot of BLM well data. A log-log
type curve analysis was inconclusive and a computer history
match gave the parameters listed in Table 9. The production
history match indicated the aquifer was not well suited to the
use of a homogeneous reservoir model. A fracture type model was
considered to be moré appropriate and such a model is used for

this study (See Sections IV and V).

4) VA Well Teét

Of the three VA wells (VA-1, VA=2, VA-Test), the VA-1 well
was most extensively tested and was the only one of the three
that was pump tested. All the wells were subjected to testing
of sorts when they were cleaned out under close observation,
after drilling. Only actual test data is presented in Table 9.
Three of the tests consisted of brief artesian flow with some
 observations but without much interference data gathered due to
the lack of response expected.

During the pump test of VA-1, in October 1983,-

instrumentation was set up to record interference measurements

49



of CM and BGL wells, as well as, the BLM and VA-Test wells. No
significant drawdown (over the background effects of BWSWD and
CM operations) was measured in any of these wells even though
VA-1 was pumped at rates up to 1245 gpm. The test was quite
short (5=-1/2 hours).

In general, the instrumentation in the interference wells
was accurate enough to detect a response of less than 1/2 foot
of water level change. Data from tests of other wells in the
ares indicate the test length should have been sufficient to
register a measureable response. It is unclear why none was
recorded. No aquifer parameters were calculated from the
drawdown data from pumped well (VA=-1). The pumped fluid
temperature was measured at 161.5 F.

The VA-1 well flowed artesian overnight after the well test,
October 1983 at a rate of approximately 180 gpm. The
.temperature of the flow was measured at 160 F.

The VA-Test well was not tested in the conventional sense,
but was develvped (air-lifted) extensively over a period of a
few days. The airlift was occasionally halted to allow brief
observations of artesian flowrate and temperature. The well
could sustain an artesian flow of 35 gpm at 106 F. This well
was drilled for test purposes rather than intended for actual
injection.

Well VA=2 (Inj) was drilled and tested three years after
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VA-1(Prod) and VA~Test. It was also alternately air lifted and
flowed briefly during development. The flow was measured at 65
gpm at 142 F. No pressure drawdown or interference data was
observed or recorded.

Well VA-2 was injection tested on two occasions. The first
was December 12, 1986 at 165 gpm for 68 minutes Qith a pressure
buildup of 162 psi. This brief test is not listed in Table ¢
since the well was further cleaned out (by airlift) which
improved its characteristics. A second injection test was
performed January 8, 1987 at various rates from 180 to 580 gpm
with a maximum pressure of 47 psi. The pressure during this
test did not appear to have stabilized due to the short test
duration but a significant improvement over the first test is
indicated. This improvement is attributed due to the additional
clean out procedures.

Analysis of the second test results indicated the wells'
injectivity was 900 gpm at 100 psi. VA System operations
indicate the present injectivity was 160 psi pressure at 430 gpm
before the recently completed hydro-fracturing job was
completed. As a result of that stimulation the injectivity is
now reported as 600 gpm at 150 psi (J. M. Montgomery Engineers,
1989).
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5) BWSWD Wells

The two BWSWD production wells, BWSWD-1 (East) and 2 (West)
were believed to have been drilled in the early 1900's. No well
test data was available for this study. However, they were
analyzed recently on the basis of their operating (production
and drawdown) history (Waag and Wood, 1985, 1987a, 1987b). 1In
addition, the water level records of BWSWD-3, Kanta, Behrman,
Quarry View and BLM wells were considered as interference
(monitoring) wells. Though they are not tests in the
conventional sense, these analysis are summarized here and in
Table 9 for completeness. No other test data or analyses are
available for wells in this area.

The water level data was not given for all of the analysis
periods listed in Table 9 (for BWSWD-1 and 2) because it is
cyclic and requires a somewhat lengthy description as to which
portions are attributable to which wells. Listing a single
maximum drawdown for each period would be somewhat misleading.
However, the water level data is shown in the hydrographs of
Figures 10 through 15.

The analysis approach taken by Waag and Wood (1985, 1987a,
1987b), is both qualitative and quantitative. Aquifer
parameters were calculated from the pumping well drawdown and
observation well water level data. Also, a range parameters

were calculated from tests of other Boise area wells.
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6) Quarry View Well

As mentioned previously, this well was used for park
irrigation, and completed into somewhat shallower lithologic‘
units than most Boise area geothermal wells. It is unclear what
fraction of its total flow it is drawing from the geothermal
aquifer and what fraction is coming from shallower cooler
aquifers.

It was pumped at a reported 132 F temperature (Anderson and
Kelly, 1984) when £ested (Table 9). Drawdowns of up to 100 ft.
were measured (measurements at Quarry View are taken just after
pumps shut off). The calculated transmissivity was 1000 gpd/ft.
No other tests are believed to have been performed.

Because its operation cycle (summer) is opposite from that
of other geothermal wells in the area, it is not clear from the
water level data (Figure 16) how nearby wells respond to it and

vice-versa.
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IV. PRESSURE RESPONSE MODELING

Pressure response modeling for the Boise geothermal aquifer
involved simulation of the aquifer response to, 1) recent
pumping (1980-1989), 2) continued use at the present level for
the years 1990-2000 and 3) potentiai effects of expanded
development for the years 1990-2000. The calculations were
performed using BGI's PC program MRMW (Multi-Rate Multi-Well).
A description of the programs used for this study are included
below.

Computer simulation was required due to the number of
flowing wells and changing flowrates. Previous attempts tc
interpret test‘and production data by various investigators,
using standard graphical techniques, have been inconclusive,
yielding a wide range of aquifer parameters. Previous analysis
difficulties are believed to be due primarily to the fact that
the Boise Geothermal Aquifer should be analyzed as a fracture
~controlled system and not a homogeneous isotropic system.
Analyzing the aquifer using a homogeneous isotropic (or Theis)
approach results in overly large values for transmissivity (T)
to be calculated (see Table 9). This is because these values of
transmissivity (T) and storativity (S) attempt to compensate for
the high conductivity of the fractures. Rather, the T and S
parameters should apply only to the formation matrix and should

be incorporated into a fracture model.
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BGI has developed a fracture flow model for the Boise
system. The level of complexity of such a model is greater than
isotropic, line source (Theis) models due to the larger number
of parameters needed to define a fractured reservoir (such as;
fracture length, fracture aperture, fracture storage, relative
location of fracture center, fracture orientation, etc.). Due
to the number of unknown parameters, the model was first used to
analyze individual well test data. This approach allowed
definition of aquifer parameters with an individual well
flowing, at an approximately constant ratg. This information
was then used to history match the équifer response to
simultaneous production by the major users (i.e. CM, BGL, BWSWD
and VA) from 1980 to 1989. If individual well test data had not
been available, the number of unknown parameters, together with
the extremely variable and imprecise operational flowrate data,
would have made a unique history match difficult to achieve.
The stepwise approach taken, helped define aquifer parameters
individually. Howe&er, a number of factors remain unknown due
to the lack of data from long-term well test or long-term
(constant flowrate) production history of one or more major

production wells.

1) Description of the Mathematical Model

The calculation methods employed in the program MRMW
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(Multi-Rate, Multi-Well) to model a fracture fed reservoir
required substantial effort to develop and are proprietary.
MRMW uses linear superpostion of the line-source solution for
radial flow to or from a well that penetrates a homogeneous
liquid reservoir or aquifer of constant height. Through the use
of image wells, constant pressure and no-flow boundaries can be
modeled. |

The program consjjsts of 5 modules that must be "chained"
together due to the limited memory available in PC's (in the
past). The main calculation module has numerous subroutines
required for the calculation of the special functions that
~comprise the solutions of the different model options. The
fracture solution is an iterative process. The equations and
algorithm are complex and are partly proprietary and will not be
given in detail. The aquifer pressures (head) are obtained by
linear superposition of solutions (a form of convolution
intergration). Both the line source (Theis) and fracture
solutions are commonly used for flowing wells but required
adaptation for observati‘on wells.

The fracture model is based on published research
(Gringarten and Witherspoon 1972; Cinco-Ley and Samaniego 1977,
1981, 1984; Hanly and Bandyopadhyay, 1979), and has been
modified to include the effects of wellflow both outside the

fracture, inside the fracture, and a flowing well on the
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fracture.

The program calculates the tfansient pressure drawdowns
and/or buildups at specified locations in an underground
single-phase liquid reservoir or aquifer. The drawdowns or
buildups or any combination of drawdowns and buildups can be
calculated' from wellflow occurring in specified wells. The
flowrates in each of the wells can be specified with any
combination of production or injection. MRMW can be used (a) to
analyze single well drawdowns or buildups, step-rate tests, or
variable rate tests, (b) to generate patterns of wells and to
calculate pressure changes in the wellfield for prediction of
long-term behavior of single-phase reservoir, (¢) to estimate
drawdowns at interference wells for proper match up of test
instrumentation, (d) to enable parametric studies of reservoir
formation variables, and (e) to compare multi-well, multi~rate
well tests data with model calculations. The calculated results
can be plotted with actual well test data points to determine
the best fit of the formation parameiers. A linear, semi-log or
log-log output can be specified.

Boise well test data displays the characteristics of a
fracture fed reservoir. This is most apparent when drawdown
versus time is plotted on a log-log scale. The pressure (or
water level) data of observation wells in fractured reservoirs

behaves at very early time by displaying fracture storage
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control on a "Unit Slope" (slope of one log cycle to one log
cycle) trend, followed by bi-linear flow. Bi-linear flow is so
called because two forms of linear flow occur simultaneously, in
the fracture and in the formation (Figure 17). Bi=linear flow
is characterized by a "Quarter Slope" (one log cycle of drawdown
or build-up for every four log cycles of time). A "Half Slope,
Linear flow", section follows the "Quarter Slope" section until
very late time. At very late time, fracture storage and
conductivity are no longer the factors controlling fluid flow
and the matrix parameters (T and S)- hecome dominant. Here the
drawdown curve flattens out to steady state much like a pressure
drawdown curve of a non-fractured system (Cinco-Ley and
Samaniego, 1981, 1984) (Figure 17).

In cases where aquifer pumping is cyclic, (i.e. seasonal) it
is difficult to determine when these characteristic flow periods
occur since the long-term data cannot be plotted on a log-log
scale due to flowrate changes. For the Boise aquifer, the early
BLM-VA data from 1976-1978 and 1981-1982 suggests a steady state
had been reached (with only BWSWD as the major user) up until
1982-1983. This is due to the relatively consistent return to
the same recovery level. Water level fluctuations of 10 ft. in
the BLM well each year are believed to be due primarily to BWSWD
pumping, and appeared to recover anually to 2760 to 2765 ft.

elevation.
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IftheBoise geothermal system were bounded in any
significant sense, a continous‘water level decline would have
been evident in the 1976-1982 data (given the relatively
consistant yearly production by BWSWD) for BLM, rather than the
observed steady state. Further, if recharge available to the
aquifer were approximately equal to BWSWD production prior to
1982, then the original static level would never have declined
(approximately 70 ft. by historic accounts) since the 1890's.

Unfortunately, there is no known record of the flow rate or
pressure decline from 1890 to 1982. This would have been of
great value to this study. Estimates of past production may be
available from those familiar with local water lore. Diligent
research into the growth of the BWSWD system and probable demand
from 1890 £o 1980, was outside the scope of this study, but may
be a worthwhile topic for future studies. For this study, past
flowrates were assumed to equal the average pumping, by BWSWD,
for the period 1977-1983.

In the model used for the following calculations, the Boise
Front Fault is represented as a series of large connecting
fractures tapped by the major wells BGL, BWSWD and VA. Thé
Capitol Mall Qells are also believed to tap fractures though
perhaps not as large as those along the Boise Front Fault. A
recharge area is assumed to be located to the east, parallel to

the Boise Front Fault, to represent a recharge boundary (Figure
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37). A discharge area is located far to the west to represent
discharge through the geothermal aquifer toward the valley.

This model (Figure 37) is not conceptually different from
that shown in Figure 9 and is common to Basin and Range
geothermal systems. No new data has allowed any change in the
model shown in Figure 9 or improved upon it.

It was necessary to simplify some features of the local
geology and hydrology, either due to the lack of data, or for
adaptation to computer simulation. The primary simplifications
are; 1) the geometry of the recharge and discharge area relative
to the fault 2) a straight fault or fracture zone, representing
the geothermal anomaly, of approximately 40,000 ft. in length
3) a tablular aquifer of constant elevation and thickness (if
shown in cross-section) 4) no pressure boundaries (impermeable
partial or full pressure support) to the northwest or southeast.
The latter assumption was made after numerous attempts to model
the system (using both well tests and history match data) with
boundaries of various types and distances in each of those
areas.

The recharge boundary to the east and a discharge boundary
to the west simulate the effective flow through the system. The
word effective is emphasized since, for this geothermal aquifer,
and many others like it, the actual flow through the system

cannot be measured. Modeling efforts rely on the relative
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amount of through-flow which affects the system as indicated by
the monitoring well water level data. It is likely that much
more recharge enters the system than the effective through-put
value used. But, because subsurface recharge and discharge
characteristics are poorly understood (e.g. along a undetermined
length of fault, into an unknown and variable thickness of
material at unknown raﬁes), effective through-put 1is
approximated.

The factors that control recharge and whether recharge
varies with season or year to year will be difficult to
interpret due to the lack of (pre-production) background water
level data. There appears to be a vague correlation between
water level and recent local precipitation (Figures 21 and 25),
however, significant "cﬁltural noise™ prevents direct
correlation. It is likely that cold water on the fringes of and
in cold water zones above, the geothermal aquifer, provide some
pressure support to the system. This relationship will affect
recharge estimates.

The geochemical data indicates the fluids have ancient
.origins, but it is likely that the pressure head driving the
system has contemporary origins, judging from the water level
data. In general, pressure tends to dissipate rapidly, whereas,

ancient waters can circulate at depth for extended periods.
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2) Well Test Matching - Model Confirmation

In order to obtain aquifer parameters for later use in the
long-term calculations, two well tests and one short-term
history match were selected for analysis. The specific tests
and history match were chosen out of many available (see Table
9) on the basis of the data quality and period in which they
occurred. The period of interest was prior to October 1982 when
BWSWD was the only major user of the aquifer sufficient to cause
background effects. Under these (relatively) controlled
conditions, the pressure response of each monitoring well can be
more easily attributed to the single flowing well being tested.
This allows more precise analysis of the model's performance and
reservoir parameters. These test data, in particular, were
selected in order to study the drawdown effects in various
regions of the aquifer, specifically in the CM, BGL-VA and BWSWD
areas.

The cases selected were:

a) BGL-2 Test, 4/8/82 - 4/15/82
b) CM-2 Test, 9/15/81 - 9/18/81
c) BWSWD-1 and 2, History Match, 9/81 - 8/82

a) BGL-2 Test Analysis (4/8/82 - 4/15/82)

This BGL-2 test is probably the best of all the well tests
for Boise due to the relativelyvconstant high flowrate, minimum
of disturbance to the aquifer prior to the test, number of

monitoring wells both on and off the fracture, accuracy of the
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monitoring well data and test length. A longer test would have
allowed analysis of the late transient behavior; specifically,
how long linear flow continues and when it changes to
pseudo-radial flow (Figure 17). |

The test data for the three monitoring wells with best data
are plotted in Figure 18 on log-log and linear scales (as data
points) and include the calculated matches (as lines). The data
and calculated match for the two .observation wells on the main
fracture (BGL-4 and BLM) display the quarter and half slope
sections. For the monitoring well off the fracture (CM-1) only
half slope behavior is displayed.

The linear plot (Figure 18b) shows the magnitude and slope
of the calculated match to be quite gpod. The parameters used

for this match (same in linear and log-log plots) are:

T = 5750 gpd/ft.

S = 3%10°5

L¢ = 40,000 ft.

Fop = _l;_fx_:_ =11 (1<0<100)
where: Lf = Fracture Length

Fop = Fracture storage coefficient

kf = Fracture permeability

b = fracture aperture

k = matrix permeability

X¢ = Fracture half length
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The terms of Fgp are unknown for the Boise area fractures so
that its value is chosen simultaneously with T & S to give a
unique solution. The most important feature allowing the
solution to be unique is the transition (in the actual data)
from 1/4 to 1/2 slope. A wide range of T, S and Fop were
attempted, to achieve a calculated match of the data, but always
resulted in a return to the above values.

In contrast, the dotted line of both plots is the Theis (or
line source) solution for BGL-4 with the same data, achieved
with:

T
S

125,000 gpd/ft.
0.0001

The purpose was to attempt to fit the maximum drawdown for
the test, but clearly the shape is not-consistent with the actual
data. Altering T and S could move the dotted (Theis) fit down
so that it crosses through the data. However, even large
changes in T and S cannot significantly alter the shape of the
Theis curve fit, and the data clearly shows the drawdown in
BGL-4 was not leveling off to steady state at the end of the
test, as the Theis curve predicts.

This example shows how previous analyses arrived at
abnormally high values for T and S (see Table 9) using graphical
techniques. The parameters T and S are intended to represent
the formation properties not including fracture conductivity.

Using high values for T and S will not allow correct drawdowns
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to be calculated for long-term simulation because they predict a
'steady state would occur much sooner than it actually does for
the Boise geothermal aquifer and would not match actual data.

It was a severé setback to this analysis not to have
long-term test data which would allow.a full analysis of a
single, constant rate test through to a steady state condition.
The theory predicté a transition from the half slope to a line
source at large values of dimensionless time (Figdre 17). When,
and if, this transition occurs in the Boise aquifer is not clear
due to lack of constant rate test data. It is apparent that the
aquifer achieved a steady state with respect to BWSWD pumping

until new wells began pumping in 1982 and 1983.

b) CM-2 Test (9/15/81 - 9/18/81)

The CM-2 test was only three days long, but was the longest
available test of either CM well with interference well déta.
This test was ﬁhe best available to show aquifer résponse to a
well flowing, at a significant distance from the Boise front
fault zone. It was hoped that this flow test data would show
the relationship of a flowing well in the matrix to one (BGL-2)
on the main fault.

Unfortunately, no meaningful pressure data could be
collected from the flowing well (CM-2) to show the production

well drawdown with time. Wellhead pressure is difficult to
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interpret for geothermal wells (flowing artesian) due to thermal
effects in the wellbore during the early portion of the test.
Only downhole pressure can give a true measure of drawdown in
such cases. However, since the well was flowed artesian during
the test, drawdown would not have been more than the initial
static head (when hot) above the discharge line (approximately
50 ft, in the case of CM=2 in 9/81).

A linear plot of the data (derived from Anderson and Kelly,
1981) is shown in Figure 19a along with the calculated match of
the data. Only the CM-1 data is well defined enough to match.
The BGL observation wells on the fault all show similar
responses (only one is plotted here for clarity). The response
on the main fault, due to CM-2 flowing, is much lower than if
the observation wells on the fault were in an isotropic aquifer.
It appears that fracture storage (along the Boise Front Fault)
is influencing the drawdown along the fault at the early times.
No behavior other than fracture storage is observed on the fault
due to the short test duration. The log-log plot is showp in
Figure 19b, though not enough observation well data points are
available to describe specific details of fracture behavior.

In order to match the data shown in Figure 19, and given the
known high productivity of CM-2 relative to CM-1, it was
necessary to assume that CM-2 intersected a moderately large

fracture or fracture network. Unfortunately, there are no well
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logs (such as flowing Pressure, Temperature, Spinner (P/T/S)
logs) which can be used to determine whether CM-2 produces from
a few large fracture feedzones or throughout the thickness of
ryholite aquifer penetrated.

To allow a reasonably low drawdown for CM-2 and CM-1 during
the three day test, a fracture of 15,000 ft. was assumed to
intersect CM-2. Further, because the drawdown of observation
(BGL) wells on the fault are low in proportion to CM-1, a
constant pressure boundary is incorporated in the analysis along
the main fault. A steady state had not been reached at the end
of the test,so a mathematical expression for the boundary is
difficult to obtain from this data, particularly since there is
no evidence of a boundary in CM-1 monitoring data.

The match in Figure 19 for CM-1 and BGL-3 is achieved using
a fracture on CM-2 and a partial recharge bressure support
boundary. The assumption of partial support (in relation to
100% support) is due to there being some measurable drawdown
along the fault. This drawdown appears to be fracture storage
on the log-log plot (BGL-3). The partial pressure support used
for the match of this test is equal to 50% of production at
CM-2.
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The parameters in this case were:

T = 5750 gpd/ft.
S = 3X 1073

FCD = 11

L, = 8,000 ft.

¢) BWSWD-1 and 2 History Matech (9/87-82)

Test data for these wells was not available. Instead, a one
year period of operational data was used in the absence of
better data. This set of data was chosen because it is the
least disturbed data (i.e. prior to CM startup in 1982)
available for isolating the effects of production of'BWSWD wells
alone. During the period considered here (9/81-8/82), there was
(at first) only one monitoring well in use (BLM). Monitoring at
BWSWD-3 well was not begun until April 1982, halfway into this
"test" period. The observation well data plotted on Figure 20
is from BWSWD-1 and 2, BLM and BWSWD-3. The drawdown portion
shown in Figure 20 for BWSWD-3 is estimated from the late 1982
and early 1983 data. A later period could'not be used because
of increased pumping activity in 1983, due to BGL start-up.
This estimated drawdown is likely to be accurate to within 2 ft.
in 75 ft. (~3%) due to the very consistent response of BWSWD-3
each year.

It is possible that the BWSWD-3 data for the late-1982
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early-1983 period is influenced by the startup of the CM wells.
However, the distance to CM-1 and CM-2, which began production
in late 1982, and the fact that simultaneous injection occurred,
virtually cancelled any potential response in BWSWD-3 which
could have significantly altered the data.

Though this data may not be accurate enough for a precise
analysis, it does show the effectiveness of the model to predict
the drawdown on the fracture at great distances with a varying
b-flowrate. Of particular importance is the fit of BLM drawdown
with the varying flowrates at BWSWD 1 & 2 using similar
parameters to the other two tests.

The calculated match of the data is also shown on Figure 20.

The parameters used to get a best fit to the data were:

T = 5750 gpd/ft
S = 3X 1073

Fop = 10

Le = 17,000 ft.

This data also shows the difference between the calculated and
actuval magnitude of the drawdown in BWSWD-3. The larger actual
drawdown in BWSWD-3 is not matched by the model because the
model is based on drawdown-distance relationships of all the
Boise area wells. The model cannot allow for special localized
effects within a single fracture such as that which occurs in

the fracture intesected by BWSWD-1, 2, and 3. Clearly, it is a
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phenomenon local to the fracture into which BWSWD-1, 2 and 3 are
completed and not a regional effect, such as a lower T or S.
This is because of the long-term data from the BLM, Behrman and
Kanta wells (Figure 21), which indicate BWSWD-3 is an exception.
Also, note that a similiar effect (large drawdown near producing
wells on the fault) is not observed in the BLM well relative to
BGL-2 production.

This phenomena of a large drawdown in BWSWD-3, relative to
other wells, in response to BWSWD 1 and 2 pumping is believed to
be due to the conductivity of the fracture into which all three
BWSWD wells are completed. The fracture in this region appears
to have a high conductivity, allowing the drawdown in BWSWD-3 to
be similar to that of BWSWD 1 and 2; unlike other wells in the
Boise area which display a much more finite conductivity
behavior.

In the literature (Earlougher, 1977), a fracture of
"infinite" conductivity allows a monitoring well to display the
same amount of drawdown as the flowing well. Fractures of
finite conductivity requiré an additional coefficient (Fyp ) to
describe how drawdown varies along the fracture. 1In practice,
it is difficult to allow the fracture conductivity coefficient
to vary along its length. The model used here allows each
separate fracture to have a different Fop but it cannot be

varied along its length. Further, there is not yet enough data
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to precisely define fractures tapped by wells in the Boise area.
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3) History Matching (1981 - 198

A history match of the data from 1981 to 1989 was performed
using all the available pressure and flowrate data. The period
was chosen to begin in 1981 since relatively continuous data
from BWSWD and BLM were available since that time.
Significantly, this date is prior to the beginning of additional
production from the Boise geothermal aquifer by major users
except BWSWD. |

The analysis period for history matching was 1981-1989, but
early (1976-1978) BLM data was taken into account for
establishing baseline conditions. The lack of early flowrate
data, particularly at the startup of the Capitol Mall and VA
systems make a precise match of the data difficult to achieve.
For the simulation, flowrate input data was averaged every two
months, due to flowrate data quality and computer memory
limitations.

To match the fluctuating yearly cycle of aquifer pressure,

it would have been preferable to use daily, or at least weekly,
flowrate input data. However, this would amount to over 1000
flowrate entries for the 9-year history match.

Good quality flowrate data waé the greatest single factor
limiting the confidence in the input data for the history match.
However, we realize this data is not easily obtained, requiriné

either more manpower or costly equipment.
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At the BGL wells, the flowrate data is now recorded by a
computer logger and a flow totalizer. This data now can be more
easily handled. Even so, the circumstances are less than ideal,
since the recorded value is that being discharged to customers,
not actual production and injection (of the excess).
Furthermore, it is uncertain whether the net flow will yield
accurate simulation results since the excess is injected into
another BGL well (usually BGL-2). -No test is known to have been
performed with this production-injection doublet but the effect
is assumed to be negligible on the basis of the previously
described BGL~2 Test and in the absence of (doublet test) data.

Only flowrate data from the major users is considered for
the History Match calculations since there was none available
from the other (private) users. Attempting to estimate
flowrates and pumping periods for small private geothermal well
users probably would only have introduced error into the
calculations. None of these users are reported to pump a
significant amount and usually only in thevsummer months. Due
to the distance of most of these private users wells from
central Boise, it is unlikely they have a significant impact on
the resource or the wells included in this study.

Most private geothermal wells are belived to produce mixed
(geothermal and fresh) water due to their shallower well

completions. Further, little or no historic water level data is
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available (Young, et. al. 1988). More than one year of accurate
flowrate and water level data would be required for wells in
outlying areas in order to include them in any analysis or
history match. Without such data it is difficult to predict the
relationship of those wells to those of the major users (BWSWD,
CM, VA, BGL) in Boise.

Because of the overall quality (or lack) of flowrate data
and water level measurements in flowing wells, and their erratic
pumping schedules it is difficult to match pumping well data
with calculated values using the model. Even with precise
operational flowrate data and downhole pressure measurements,
good matches would be difficult to achieve without reliable step
rate test data. Such tests would allow analysis of skin factors
and other wellbore effects at different rates. In the absence
of good flowing/pumping well data, this study will focus on the
aquifer wide response as seen in the high quality observation
well data from the BLM, BWSWD=3, Kanta wells. The water level
data for the Behrman well is also good, but it begins later.
The well completion for the Behrman well, its depth and extent
of communication with shallow cold groundwater water aquifer is
unknown. Figure 21 and 22 show plots of the high and low water
level values for each of these wells.

The data for Figures 21 and 22 were derived from Figures

10-15 and serve to show the general trend in the aduifer
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pressure and is the most useful format for showing the
calculated history match results. It is clear from Figure 21,
given all the data to-date, that the two regions (BLM-VA-BGL and
BWSWD) behave as if connected to one aquifer. Note that the
difference, or spread, between a given year's high and low value
has increased from 10 ft. with only BWSWD flowing, to 15-20 ft.
since 1983 with more wells in use. Of particular interest, is
the reservoir'recovery in the summer of 1989 and the subsequent
maximﬁm drawdown in early 1990 (not available from all wells for
this study, but can easily be plotted on Figure 21). This will
show whether the system is beginning to stablize after an above
average rainfall year (1988-1989) in spite of heavy winter
pumping from the geothermal aquifer.

Note that data collection did not begin in the same year
for each well. Unfortunately, the pre-1983 data is not
available for most wells, leaving the pre-1983 water levels to
be undefined in most areas. The pre-1983 value is important to
the history match calculation and was estimated where necessary
based on early CM-2 and BLM well data.

The data for CM-2 presents a special problem since it is
recorded as pressure at the well head which can lead to various
interpretations in water level due to thermal effects; If both
static and flowing tempefature profiles are available, it is

possible to calculate water level based on down hole pressure.
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However, since neither the profiles or downhole pressure are
available, it is difficult to correlate "hot" well head pressure
to ccld static or hot water level. The well head préssure is
dependent upon the temperature (density) in the column of fluid.
The hot (flowing) pressure is not easily referenced to the
original static cold pressure reported by Anderson and Kelly
(1981). It is estimated that the hot static column is about 20
ft. higher than the cocld column for this well. It is easier to
compare the recent hot water level or pressure measurements to
one another but not to the pre-production static (cold) level.
Figure 23 shows the préssﬁre data, converted to hot column
water level elevations for the yearly high pressure/water level
during the summer of each year. Note that a lesser decline is
seen here than in Figures 21 and 22. No low (winter) water
level data are shown because of the méthod of measurement (soon

to be improved).
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a) Input Data and Assumptions

The history match calculations were performed in two phases;
1) Establishing a background condition to approximate pre-1980
aquifer reéponse to BWSWD (and predecessors) production and 2)
Using actual flowrate data for the period 1978 to 1989, averaged
over two month intervals, to calculate a history match. Figure
24 shows the yearly (net) production from the aquifer. One
major assumption is that the flowrates reported by various users
are accurate to within 10%. The purpose of using detailed
flowrates was to match to maximum and minimum water levels
recorded in key observation wells from 1980 to early 1989
- (Figure 21).

For this study, an average recharge-discharge deficit of
-3200 gpm allowed the appropriate long-term drawdowns needed to
match the observation well data. A greater than average deficit
was required to match the data in some years which coincided
roughly with lower than average annual rainfall. This points
toward, but does not conclusively prove, the influence of
rainfall on geothermal aquifer pressure.

Other input included the T and S values and fracture
parameters derived from the well tests. Because of the
relatively short duration of the well tests and variable data
quality, the fracture parameters were subject to slight changes

based on the history match results.
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b) Results

Over one hundred model calculation runs were made. The
different scenarios focused on fracture length and trend,
effective recharge rates, boundaries, well flowrate sensitivity,
and matrix parameter (T & S) studies. These were used to
determine what combination of factors would allow the test data,
early (pre-1982) monitoring data with BWSWD flowing alone, and
recent (post-1983) declines to be fitted with one model.

This was found to be very difficult with the data to-date,
primarily due to the varying annual flowrates and the fact that
no test data is available to describe the drawdown-distance
relationship at late times. Figure 21 indicates a very uniform
aquifer drawdown. However, based on the well tests, one would
expect a greater drawdown at BLM and lesser effect at Kanta
after BGL came on-line. Instead, both areas are affected
similarly. This apparent discrepancy in short-term test
drawdown-distance relationships versus long-term aquifer
response could be answered by a long-term constant rate test.

For this study, various combinations of the following

scenarios were considered in order to history match the data.
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- Isotropic aquifer.
- Varying T & S.

- Varying fracture lengths of each well
producing from fractures.

- Approximating recharge short-fall.

- Boundaries, varying in number and orientation.
-~ Continuous decline on log-log 1/2 slope.

- Effects of yearly average rainfall.

- Recharge - Discharge Ratios

Numerous cases involving no-flow boundaries in various
geometries failed to produce a reasonable match. Witﬁ a closed
system. the ovéréll drawdowns were too large to match the well
test data or the history match data. Even a seven day flow test
(such as BGL-2 in 1982) would show the effects of a boundary
several miles away. No test data indicates such a boundary or‘
boundaries exist.

Most scenarios were run with the history match input and
then checked using the individual well test data (diséussed
earlier). The scenario or model was rejected if the calculated
results did not match the recent history data (Figures 21, 22
and 23) and the individual well test data. |

As previously mentioned, the resulté focused on the fit of
both BLM and Kanta observation well data since they had the best

quality data and the longest monitoring period. The history
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match to the BLM data is shown in Figure 26 and the match for
Kanta is shown in Figure 27. The data for these plots are
derived from Figure 21.

Note that a good match to BLM historical data (1981 - 1989)
can be found, but the same input does not result in as good a
match at the Kanta well. The primary difficulty with matching
the uniform, aquifer wide, overall drawdown is the lack of data
with which to define drawdown-distance relationships which
account for both long-term water level mon;toring data and
short-term well test data. However, the use of a fracture model
allows a much more even distribution of pressure drop than an
isotropic (or Theis) solution.

Pumping wells were difficult to match in the absence of
data to define wellbore effects. However, an effort was made to
match the existing data.

The match for BWSWD-1 is shown in Figure 28. The maximum
drawdown remained constant due to the depth of the pump bowls,
but the plot does not reflect the length of time the maximum
drawdown was achieved each year (see Figure»12). The model, of
course, is unaware of the pump bowl setting and predicts
drawdowns based only on flowrafe and aquifer parameters.
Wellbore effects (skin, non-Darcy flow, etc.) probably play a
significant role in the behavior of BWSWD pumping wells. The

fit shown in Figure 28 and that of BWSWD-3 (see below) could be
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improved if step~-rate well test data were available for BWSWD-1
and 2.

‘The pump was lowered 60 ft. in 1988 to obtain greater
capacity, but little improvement in productivity was observed,
probably due to the increased influence of wellbore effects at
high flowrates.

The match bf CM-2 is shown in Figure 29. Limited success
in matching the';ata was obtained on the basis of current data.
The results are somewhat inconclusive in the absence of downhole
pressure data during testing and normal operations.

The match of BWSWD-3 is shown in Figure 30. The difficulty
with matching the maximum drawdown was discussed earlier (see
Part IV.2.c.) and may be improved when the program is modified
to allow a variable fracture coefficient within a given
fracture. Meanwhile, the recovery (upper) curve is matched
quite well. It is a better indicator of aquifer trends since it
is less susceptible to localized pumping effects from BWSWD-1
and 2.

Another interesting feature of Figure 30, is the decline
shown in BWSWD-3, from peak recovery 1982 to 1983, even -though
BGL production had not yet begun. BLM and BWSWD-1 data do not
show this decline, but‘it may indicate the potential for

factors, other than well pumping, to influence aquifer pressure.
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The calculated results discussed above for the existing
history match data were obtained with the following parameters:

T

5750 gpd/ft

S 3 X 10° ft/ft

Estimated fracture lengths of producing wells: .

BGL-4 Approx. 6,300 ft
BWSWD=-1 & 2 " 8,500
CM-1 " 8,000
CM=2 " 8,000
VA-=1 " 6,300
VA-2 " 6,300
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¢) Conclusion and Discussion of Inter-relationship
Between Wells

In general, the model appears to mirror aquifer behavior
though flowing well behavior is more difficult to match without
better flowing well test data. At this point, some conclusions
can be driwn with respect to the inter-relationship between
wells. .

A finite conductivity fractu?e zone 1is believed to feed a
fractured rhyolite formation of moderate transmissivity. Due to
the conductivity along the fracture, the wells completed into it
communicate readily (e.g. BWSWD 1, 2, 3, BLM, BGL 2, 3, 4, VA-1
& 2 etc.). Since the conductivity is finite, the effects of one
well on another are relatively minor even at high flow rates,
except in the case of BWSWD-3 while pumping BWSWD 1 or 2.
Whether VA-1 and VA-2 behave as if completed in the fracture or
in the matrix formation is unclear from the limited test and
historical data to-date (up to 6/89). But VA-1, at least, is
very likely to be in communication with wells along the
fracture.

From the well test of CM-2, we have seen that it
communicates with BLM and BGL-3 and, by association, must also
communicate with other wells in the fault zone. The same is
likely to be true of CM-1. Though no CM-1 test data proves this

except indirectly by the CM-2 test data.
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In the absence of long-term, high rate, individual well
tests it is difficult to precisely gauge the effect of specific
production wells on other production wells while both pump
simultaneously. Clearly, some wells have significant wellbore
effects, completion problems, or are located in zones with a
greater or lesser fracture conductivity, perhaps due to the
relative degree of fracture vein filling in selected areas.

In general, the wells behave as expected given the present
conceptual and mathmatical model. The basis for each wells
pressure response is its proximity to the main fracture and net
production on the fracture. The effect of the CM production and
injection doublet on other wells, in terms of pressure, is
probably negligible due to their distance from the fracture and
other wells and injection of all fluid produced.

It is too early in the operating history of the VA system,
with only limited historical data (up to June 1989) to determine

its effect. None of the observation well data showed any

response directly attributable to the start-up of VA wells. The
test of VA-1 also did not create a measureable response in
nearby wells (Anderson and Kelly, 1983). The flowrate data upon
startup is not available, therefore it is difficult to calculate
a potential response. Production at VA-1 seéms to have caused
little drawdown in that well. No measurements were taken in the

VA-1 Test injection well just before or after system startup
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which could give some indication of its impact. It appears,
from the daily bubble tube readings from March to June 1989,
that thevpumping water level elevation at VA-1 is the same as

the water level in the BLM well.

3) Analysis of Continued Production

a) Continued Production at Current Levels

Fér this calculation the same parameters were used as for
the history match. The flowing wells included in the
calculation were also the same as for the history match (BWSWD 1
& 2, BGL-4, CM=-1, CM-2, VA-1, VA-2). Average flowrates were
assumed for each, based on available data. Six flowrates per
year were used for each well to achieve a cyclic pressure
response. Average effective recharge values were also used.

The model was used to calculate drawdowns for the period of
1990 to 2000. Given the present data for the system and the
current transitional nature of the bulk of the data base, the
calculations were not projected beyond 10 years. Among ﬁhe more
difficult assumptions was that BWSWD production will be
maintained at former (1977-1983) levels. This was assumed
because of the difficulty in projecting available flowrates for
the present BWSWD wells given the lack of test data. Since even
present demand is not always met, production from other wells

may be used to meet future demand. The daily pumping demand is
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difficult to predict but it is possible that with a careful
pumping schedule that pre-1982 production could occur.

Anticipating demand or siting alternative production well
locations was outside the scope of this study.

Due to the several factors (number of wells in use,
severity of winters, rainfall or other recharge effects), no
assumptions were made regarding the ability of wells to continue
or increase production. At present, the aquifer can provide
geothermal fluid at required rates as long as an appropriate
well (depth and design) is used.

The average monthly flowrates used for the period 1990-2000

are shown below.

C
i
=

J=F M=A M=-J S-0 N-D

BWSWD 1&2 922 gpm 618 gpm 315 gpm 168 gpm 390 gpm 812 gpm

BGL-4 542 459 187 82 233 4u4
CM 1&2 500 388 175 55 250 450
VA 1&2 350 120 90 90 200 300

The net flow from the aquifer-is assumed to be approximately
450 million gallons per year under this scenario. This is
somewhat above the average of the last few years (Figure 25)
because it assumes all users (including BWSWD) can satisfy
demand.

The results were calculated for the BLM and Kanta wells
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which have the best and longest term data for the two main
producing areas to-date. The results for the flowing wells are
not shown, since, as explained above, the flowing well test and
operational data is not sufficient to make long-~term assumptions
regarding wellbore effects and thermal effects which dominate
the drawdown and buildup behavior of those wells. More
assumptions were required (due to lack of data) for flowing
wells than for observation wells. The data and projected
drawdowns for BLM and Kanta are more indicative of actual
aquifer response than flowing wells.

As shown in Figures 31 & 32, the rate of aquifer drawdown is
calculated to decrease (level off) at later time due the
assumption that flowrates will not increase and recharge will
remain constant. How recharge is controlled, and whether it is
changing, cannot be determined from the data to-date, but it
clearly dominates the aquifer response. A much greater decline

could be expected without constant recharge.

b) Continued Production with Additional Injection

A calculation was performed to assess the impact of
injection of all BGL produced fluid at a location near BGL's
discharge point at the Boise River. The location is shown on
Figure 37 and is approximately 8500 ft. west of the BGL

production wells.
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This hypothetical injection well site (BGL-I) is not a
suggested injection site or based on site specific studies. It
is used for analysis purposes assuming geologic conditions are
similar to the CM-2 well region, though the geothermal aquifer
rhyolite is proably somewhat deeper thanm at CM-2 due to fault
offsets and/or minor westerly dip. The simulations involving
Uﬁs injection site are for comparision to cases without
additional injection. Site selection for injection was not the
primary focus of this study. This selection was based primarily
on proximity to the BGL outflow pipeline. Actual well siting,
for this or any other project, would be preceded by site
specific studies with consideration of well design for the
application.

The input data for this case is identical to the previous
calculation except that BGL system flow is injected into the
hypothetical well (BGL-I). The flowrate of injection is assumed
to be identical to production (see Table 10). Injection is
assumed to begin on January 1, 1990, for the purpose of this
study.

The results are plotted on Figures 31 and 32 for the BLM and
Kanta wells. As expected, injection at a distance of 8500 ft.
from the fault, does not cause significant pressure support to
the aquifer in the area (along the-Boise Front Fault) where the

major producing wells are located. The hypothetical injection
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is calculated to reduce the overall drawdown of the aquifer by
approximately ten feet.

5) Analysis Increased Future Production
a) Increasecd Future Production without Injection

For the purposes of this study, it was assumed that a 50%
increase in production would occur for all the primary
geothermal aquifer users (BWSWD, CM, VA, BGL). The flowrates
for each user were assumed to be those of Table 10 multiplied by
1.5. Whether these assumed rates are practical, feasible, or
desirabtle was not the focus of this study. Of primary interest
is the overall effect of increased production on the geothermal
aquifer.

The results, for BLM and Kanta observation wells, are shown
in Figures 33 and 34. Increasing production by 50% is
calculated to increase drawdown by approximately 30 ft. in the
winter and 16 ft. in the summer after 10 years assuming all
factors, including recharge, remain the constant.

b) Increased Production with Injection

The hypothetical injection well (BGL-I), used in the
calculatioﬁs discussed in Part 4b, was also used in this case of
increased production with injection. Flowrates for all wells,
including the injection well were increased 50% as above.

The result of injection in this case is to decrease drawdown

in the aquifer by approximately 12 ft. in the BLM and Kanta
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areas (Figures 33 and 34) compared to the previous case. Again,
as in Part 4b, injection near Boise River does not significantly

affect drawdown near the Boise Front Fault.

6) Conclusions on Future Drawdown Calculations

A number of assumptions have been made regarding recharge
and well flowrates. These assumptions have been discussed and
should be considered when interpreting results. The scarcity of
data, in some respects, make such assumptions difficult (see
Section II).

The calculations indicate that if no increase in production
from the aquifer occurs and recharge is constant, a relatively
stable new equilibrium recovery level will be established near
2730 ft. (elevation). If injection by BGL occurs near BGL's
out-flow line then drawdown will be less by 5-10 ft. depending
upon season.,

The effect of increasing production by 50% for all wells
(BWSWD, CM, VA, BGL) is calculated to draw the system down an
additional 30 ft.

It is evident that continued flowrate and water level data
are necessary to refine long~-term prediction calculations.
Improved assumptions regarding subsurface recharge and discharge
may be possible after the aquifer drawdown approaches a new

steady state. More precise flowrate and drawdown data for
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individual wells is necessary for a better understanding of the
nature of the recharge. The bulk of the data available is of a
transient nature which is of limited use for long-term
calculations.

V. TEMPERATURE RESPONSE MODELLING

1) Description of the Model

The temperature response modelling was done with the aid of
BGI's TBLOCKS program. TBLOCKS is a two dimensional, finite
difference, thermal reservoir simulator that can be used to
perform parametric studies, analysis of reservoir thermal
history (evolution), analysis of production/injection effects,
and single well thermal behavior. The program allows heat and
mass boundary conditions to be simulated very easily. Caprock,
basement, boundaries, spring flow, and faults can be modelled.
The program is limited in the nu'mber of blocks (discrete
volumes) that can be modelled due to PC memory limitations.
Those limitations were not critical to this study.

TBLOCKS uses a finite difference method (Richtmyer and
Morton, 1977) that is unique. The conservation of mass and.
energy give equations that can be solved using the finite
difference techniques described in the references. The
simulator uses a proprietary form of these partial differential
equations that is similar to the Integrated Finite Difference

Method (IFDM) developed at the University of California at
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Berkeley (Peaceman, 1977; Kasamyer and Schroeder, 1976).

The program, TBLOCKS, uses a simplified form of the IFDM
equations to provide a geometry-independent solution of aquifer
blocks joined at a single interface through which fluid can flow
in any direction. The result is the solution for convective
effects of production, injection, upwelling, inflow, discharge,
etc. The method uses boundary conditions that are supplied by
the user as common parameters, such as velocity of the inflow
and outflow, and temperatures of fluid flowing into and out of
the reservoir or aquifer.

Typical applications of TBLOCKS include resource evolution,
effects of production and injection on reservoirs and surface
features (springs, etc.) and the thermal behavior of one well or
a group of wells during production and/or injection.

It calculates average reservoir temperature changes based
on:

Reservoir volume

Porosity

Rock thermal properties

Natural recharge and discharge
Production and injection rates and
temperatures.

Ul E=Wwhn —
(SRR

The primary consideration for analysis of temperature
effects is the potential for cooling the reservoir particularly
near production wells. There were two different methods

considered for analysis of the potential for these effects to
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‘occur in the Boise Geothermal Aquifer. One is a block model of
the reservoir, with blocks sized and shaped to represent basic
reservoir geometry. Such a model is shown in Figure 35a, where
the fault can be represented by a long narrow elément with a
variable or constant recharge rate and temperature.

This type of model is useful if the approximate recharge
rate éan be estimated from long-term background and spring flow
data and production/injection occur in a relatively limited area
or in a regular pattern geometric well spacing. Also critical
to the type of model used,is some estimate of the aquifer voclume
swept by a given recharge rate. Some of these criteria could
not be met for analysis of the Boise geothermal aquifer.

Attempts to estimate these input resulted in a very small
calculated decline in average reservoir temperature because a
very large volume had to be used to incorporate all the wells in
the system’(BGL, VA, CM and hypothetical BGL injection well near
the Boise River). A number of smaller blocks could not be used
to represent the same reservoir since there is no evidence of
physical or thermal boundaries or other structural controls to
justify such division.

An alternative method was chosen to calculate the cooling of
the reservoir around existing or proposed injection wells.
Figure 35b shows a simple schematic of the method used. When

analyzed as a cylinder with concentric shells, an accurate

93



analysis of progressive temperature changes can be made for
individual injection wells, particularly when they are widely or
irregularly spaced, as in Boise.

The calculations assume a uniform vertical front of constant
thickness, which is an approximation since both gravity and
dispersion will affect the injection plume, causing it to lose
its tabular form unless confinéd. The TBLOCKS program does not
account for the effects of pressure which may induce distortion
of the front due to preferred flow paths or a strong hydraulic
gradient. However, boundary conditions can be defined to allow

for these phenomena given the known pressure response.

2) History Match

The data from Boise (see Section iI.2.c. above), thus far,
indicates that the production temperature at the fault zone has
and will remain constant. This conclusion is derived from data
sheets from geothermal well operators and comparisons with early
test data for those wells (Anderson and Kelly, 1982, 1983). As
yet, there is no indication that thermal boundaries (e.g. cold
groundwater) will affect the temperature of the fault zone
source of the fluid. The BWSWD wells have caused significant
drawdown to the system since the 1890's, apparently without
drawing cold water into the system. However, it is conceivable

that very large drawdowns could induce cooler water influx but
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such drawdowns would probably have to be much greater than at
present. The only temperature changes to be considered in this
study will be due to injection of cooled fluid.

Currently, there is little temperature data to refer to or
use for history match purposes which may give clues as to future
behavior. The Capitol Mall system has the only injection well
(CM-1), and the only production well, operating for sufficient
time to be affected (CM-2). CM-2 has shown an apparent
production temperature declihe of approximately 7 F since the
1982 system startup. 1In general, the flowing temperature of
CM-2 varies with flow rate. The highest temperatures were
measured at the highest flowrates. But, at all rates the
decline has been approximately the same according to the data
thus far.

Based on the analysis by Papadopulos Associates (in Anderson
and Kelly, 1981) the injection plume from CM-1 could intersect
CM-2 during periods at which flow is above average. This is
consistent with the data, except that a continued or increased
temperature decline would be expected with time as more rock,
closer to the producing wells, is cooled by injection. However,
the production data shows lower total production from 1988 and
1989 than previous years which may have prevented more of the
injected fluid from reaching CM-2.

The Papadopulos analysis was based on a homogeneous
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isotropic aquifer with T=60,000 gpd/ft., Q=320 gpm avg. and a
gradient of 0.08 ft./ft. (S 55 W). The aquifer thickness
assumed for that calculation is not given. This method is based
on pressure, not temperature. Therefore, it does not provide an
estimate of temperature decline in the production well or the
aquifer thickness affected. Such a decline could be calculated
which could include the effect of reheating and mixing fluid in
the formation. This analysis is performed for the VA injection
well (Anderson and Kelly, 1983).

For this study, the program TBLOCKS was used to calculate
temperature declines caused by injection. The model
approximates a worst case scenario regarding breakthrough to
CM-2 because the hydraulic gradient is not incorporated. The
gradient would be expected to deflect fluid (injected into CM-1)
away from CM-2.

The aquifer thickness and porosity are important in

calculating the progression of cooled fluid by this method.

These properties are difficult to measure and are not generally
known for the Boise aquifer. An effective aquifer thickness of
500 ft. was assumed based on the CM-1 well completion. An
average porosity of 10% was considered a reasonable estimate for
this highly fractured volcanic rock.

The region around CM-1 was assumed to represent a cylinder

with concentric shells (see Figures 35b and 36). Five
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concentric cylinders of 250 ft. width were used, up to a radius
of 1250 ft. which is the approximate distance from CM-1 to CM-2.
The input data for this calculation was as follows:

a) 5 blocks, concentric cylinders 250 ft. wide,
extending from CM-1 to CM-2 (Figure 36).

b) Porosity = 10%
¢) Rock Density = 2600 kg/m

d) Rock Heat Capacity 1000 J/kg-K

500 gpm € 51.7 C (125 F)

e) Injection/Flowrate
f) Injection = 500 gpm (30.3 kg/s)
g) Production = 500 gpm (30.3 kg/s)

h) Initial temperature of geothermal aquifer
70.5 C (159 F)

i) Effective aquifer thickness = 500 ft.

Neither CM-1 or CM-2 have stabilized temperature profiles
available from which to obtain accurate initiél temperature data
for the préduction zone. The original flowing temperature for
CM-2 was chosen as this value. Also, the depth and effective
thickness of the production/injection zone is not known. The
calculation was run for six years to simulate the average
production/injection from 1983 through 1988. The results are
shown in the table below. Block five (1000-1250 ft. from CM-1)

contains CM-2 (Figure 36).
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Well CM-1

Distance
Year 0-250" 250-500" 500-750" 750-1000" 1000-1250"
1982 158.9 F 158.9 F 158.9 F 158.9 F 158.9F
1983 145.2 157.5 158.7 158.9 158.9
1984 137.1 154.6 158.4 158.7 158.7
1985 132.3 151.2 157.6 158.5 158.7
1986 129.4 147.7 156.7 158.4 158.5
1987 127.6 144.5 155.5 158.0 158.4
1988 126.5 141.6 154.0 154.4 158.2

The results indicate the temperature of water produced from CM-=2
would drop only 1 F over the six year period rather than the 5§ F
shown by the collected data (see Section II.2., above). The
calculated value would be even less than 1 F if the effects of
an east-west hydraulic gradient were incorporated in this model.
The gradient would cause most of the injectate to be swept

toward the southwest away from CM-2.

These calculations indicate that either: 1) The cooler
injection fluid does not move outward from CM-1 as a uniform
front or 2) the effective aquifer thickness is less than 500
ft. or 3) preferred flow paths allow the cooled fluid to reach
CM-2 sooner than predicted or 4) the flowing temperature
measurements for CM-2 may not be accurate (see Section II.2.,

above). Whether the latter is likely, would be known by those
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more familiar with maintenance and calibration of the
measurement equipment at CM-2. The measurements can be easily
verified by occasional spot checks with an accurate hand held
device. If the effect (decreasing temperature) is real, then it
is likely that some breakthrough of injected water from CM-1 has
occurred, due to anisotropy caused by the presence of fractures.
Periodic flowing temperature profiles of CM~2 would be of great
value in determining if the measured declines are real and, if
so, the depth of entry of cooied fluid. -

Given the relative locations and completions of CM-1 and
CM-2 and the Papadopulos calculations, there is potential for
breakthrough along preferred flow paths (NW-SE oriented
fractures). However, the data is inconclusive in that the
measured decline began to occur in 1983-1984 soon after
operations began and has not accelerated (or changed slope) as
one might_expect.

The region of the flow path should become cooler with time,
allowing more cooled fluid to reach CM-2. But, the flowing
temperature data shows the decline has leveled off to 153-154 F
over the last two years. This is not consistent with
thermodynamic processes and it may be that another effect (such
as, precipitation clogging of flow paths and/or cooler shallow
groundwater invasion, rather than breakthrough) is responsible.

Without verification of flowing temperature and downhole
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temperature profiles, further interpretation of the CM-2 flowing

temperature history would be speculation.

3) Continued Production Without Additional Injection

This calculation involves the same scenario as was used for
the pressure drawdown calcualtions.

The calculation was performed in the same manner as the
History Match. The impact of injection was estimated for 20
years with distances up to 1250 ft. divided into five blocks
(Figure 36). Results were calculated for the two injection
wells with the following average injection rates and
temperatures:

CM-1
VA-2

500 gpm €@ 125 F
220 gpm € 130 F

The rock properties were assumed to be the same as for the
history match in the absence of site specific data. The initial
aquifer temperature values for CM-1 are those calculated from
the history match for 1988. The initial temperature around VA-2
was assumed to be 161 F though the flowing temperature for VA-2
was 141 F during testing. The higher temperature was used for
the calculation due to the low flowrate during testing and
possible cold water leakage into the wellbore as a result of the
completion. Due to its proximity to the fault, the higher

temperature is likely to represent that region. However, no
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static or flowing temperature profiles are available for
verification of VA-2 initial conditions.
The results of the calculations are given below. Year zero

is 1989.

Well CM-1
Distance

Year 0=250" 250-500" 500-750" 750-1000' 1000-~-1250"

0 126 F 142 F 154 F 158 F 158 F
5 125 132 146 155 157
0 125 128 139 150 155
15 125 126 133 144 152
20 125 125 130 140 150
Well VA-2
Distance
Year 0-250 250~500" 500-750" 750-1000' 1000-1250"
0 161 F 161 F 161 F 161 F 161 F
5 141 157 161 161 | 161
10 134 150 159 161 161
15 132 - 144 156 160 161
20 | 131 140 153 159 160
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The region around CM-2 is calculated ﬁo decline from its
original 158 F to 150 F after 20 years, due to injection in
CM-1. No significant change to other wells is predicted to
result from injection into VA-2 due to its low flowrate and
distance from other wells. However, due to its proximity to the
fault, injection in VA-2 could cause a reversal of the aquifer
gradient locally and allow cooled injection fluid to enter the
fault zone. The effect is.difficult to predict but it is
unlikely that this flow could travel far from VA-2, except in
the case of large connecting fractures, so as to pose a threat
to the nearest production well, (i.e. VA=-1),.

A more likely scenario is that the natural gradient,
estimated at 0.07-0.08 ft./ft., would sweeﬁ cooled injection
fluid toward the southwest toward CM-2. This effect cannot be
simulated in the TBLOCKS calculation. However, a pressure
simulation including the gradient, was performed by Papadopulos
Associates (Anderson and Kelly, 1983) to determine if a cooled
plume from VA-2 would intersect CM-2.

The Papadopulos calculations were run for eight scenarios of
aquifer conditions. Average flowrates were estimated for VA-2
(320 gpm) and CM-2 (510 gpm). The results indicate that, for
the scenarios under which interaction takes place, the decline

in CM-2 flowing temperature would be less than 5 F.
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The results of both BGI and Papadopulos methods indicate
that, under certain aquifer conditions, the temperature of CM-2
production could decline but such a deéline would be gradual.
Further, the potential for interference could be monitored with
two monitoring wells placed between CM-2 and VA-2 and CM-1 and
CM-2 (see recommendations). Monitoring data from these proposed
wells could allow mitigation measures to be initiated before
significant effects to production temperature occur.

Neither of the methods addresses the possibility of VA-2
injectate entering the fault zone as discussed above since that
possibility would be very difficult to model with the data
available to-date.

§4, Continued Production with Additional Injection

The difference between this scenario and the previous
calculations is the addition of a hypothetical BGL injection
well. The choice of the injection well site is explained above
(Section IV. 4.b) and the site was chosen primarily for modeling
purposes.

The location of this hypothetical well (named BGL-I) is
shown on Figure 36. It would be approximately 4000 ft. from
CM-2 (down gradient) and would receive the total BGL heating
system waste fldw (estimated to average 325 gpm at 110 F).

The results of the TBLOCKS calculations are shown below.
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The initial temperature of the aquifer in that region is assumed

to be 140 F.

BGL-I

Distance
Year 250" 500" 150" 1000° 1250°
1990 140 F 140 F 140 F 140 F 140 F
1995 116 132 139 140 140
2000 111 124 135 139 140
2005 110 118 130 137 139
2010 110 114 126 135 138

These results indicate there would be noc threat to the nearest
production well (CM-2) as a result of injection in the area of
the BGL-I well. Cold water breakthrough is even less likely
given the groundwater gradient which would tend to transport
injected fluid to the southwest.

In addition, the results of the previous TBLOCKS calculation
analysis apply regarding the interaction of VA-2, CM-2 and CM-1
since those flowrates are assumed to be identical in this case.
The injecvtion at BGL-I is not likely to interfere with the

pressure gradient in vicinity of the CM wells or the fault.

5) Increased Production Without Additional Injection

The scenario of future increased production were considered

to be the same as for the pressure reponse calculations. It
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involved an increased flowrate of 50% over the average rate for
each well. As for the previous TBLOCKS calculations, only
injection is considered to potentially affect the temperature of
the aquifer and production fluid temperature. If average
production rates are increased 50% the following temperature

declines near injection wells are calculated.

CM-1
Distance

Year 0-250" 250-500" 500-750" 750;1000' 1000-1250"
1990 126 F 142 F 154 F 158 F 158 F
1995 125 129 142 152 156
2000 1?5 126 133 145 152
2005 125 125 129 138 148
2010 125 125 127 133 143

The additional 50% flow results in an additional 13 F drop
compared to the average (no increased) flow rate case or a 21 F

drop from driginal conclusions. For VA-2 the results are:
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VA-2
Distance

Year 0-250" 250=500" 500-750" 750-1000" 1000-1250"

1990 161 F 161 F 161 F 161 F 161 F
1995 137 153 160 160 161
2000 132 144 156 159 161
2005 131 139 151 158 160
2010 131 135 147 156 159

6) Increased Production with Additional Injection

If it is assumed that a new injection well will be drilled
to accomodate BGL flcw as described above, then the following

temperature declines in it would be expected for a 50% flowrate

increase.
BGL-I

Distance |
Year 0~-250" 250-500" 500-750" 750-1000" 1000-1250"
1990 140 F 140 F 140 F 140 F 140 F
1995 114 128 137 139 140
2000 110 118 130 137 139
2005 110 113 124 133 138
2010 110 11 119 129 136
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All input data except flowrates are the same as the previous
BGL-I case. Again, much of the input data is estimated due to

the lack of data on the aquifer from that region.

7) Conclusions for Temperature Response Modeling

These calculations give a rough idea of the effect of
injection on the surrounding aquifer. However, there are a
number of assumptions (see above) which significantly affect the
results. Additional data on aquifer thermal properties,
porosity and etc. are needed to enable more precise predictions.
Also, the greatest obstacle to such modeling is the effect of
the fracture network in the aquifer and i.ts influence on the
path taken by injected fluid. For this purpose, tracer tests
are recommended. Tracer testing could be undertaken with a
minimum of disturbance to normal operations. It is also
recommended for any new injection wells.

Under the geologic and hydrologic conditions assumed for the
area of the hypothetical BGL injection well used for this study,
no significant threat of cooling of existing geothermal wells is
likely. Those assumptions may allow relatively optimistic
results, particularly if porosity is lower than 10%. However,
the groundwater gradient (roughly east to west) and density
effects (that would allow cooled injectate to sink deeper than

it is injected). Those factors may compensate for any error in
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the assumptions
east toward any
The results
above (Anderson
(winter) flow ra
for breakthrough
potential exists
assumed for this

between VA-2 and

because injectate would be prevented from moving
production well.
of this study and a previous study, described
and Kelly, 1983) indicate that, at higher
tes of the VA and CM wells, there is potential
of injectate from VA-2 and CM-1 to CM-2. This
if porosities are much lower than the 10%
study and/or a large fracture connection exists

CM-2 or CM=-1 and CM-2.
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VI. RECOMMENDATIONS FOR DATA COLLECTION

1) Well Pressure/Water Level Data

In the past, the frequency of water level data collection
has varied. Little useful data, particularly interference
measurements, have been taken in areas away from the Boise Front
Fault in the CM well area. It has been difficult to establish
the baseline water level (prior to CM start-up in 1982) and
present static levels for many wells and areas. The BLM-VA
monitoring data has served as the only continuous source of data
for the entire BGL-CM-VA region.

More recently, monitoring of various wells in the BWSWD area
(Kanta, Behrman, etc.) has allowed a record of water level
declines in that'area. However, some were not begun until after
CM and BGL start-up. Also, though continuous monitoring began
to the north (Milstead and Gamble wells etc.) in 1988, this
short-term data has been~of little value~ for this study,
particularly without flowrate data.

It is, of course, too late to compensate for the lack of
background data, particularly for the BWSWD and CM wells.
Fortunately, there are plans for a larger and more unified water
level/ pressure monitoring network. Continuous computer logging
systems for measuring pressure are planned or have recently been
installed in; 1) Two private wells to the north (Terteling) 2)
CM=2 3) VA-1 (Production) and 4) The Beard well.
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These should aid the accuracy of further modeling efforts
considerably, particularly since little pressure/water level
data had been available outside the main fault zone. The
improved data from CM-2 should significantly affect the level of
understanding of the aquifer, away from the main fracture zone
(Boise Front Fault).

Only a few‘weeks of monitoring data from the Beard ﬁell was
available at the time of this writing and it is difficult to
evaluate the contribution of the new system or recommend
additional data collection, if necessary. However, even if good
quality data is obtained from these new installations, there are
some voids to fill.

Four or more slim hole observation wells would allow more
effective modeling of both water level and temperature data.
The water level data in the proposed observation wells can be
taken by either mechanical water level recorder or a computer
data logger, if it proves reliable and expedient.

Recommended locations are as follows: 1) Between CM-1 and
CM-2 to monitor pressure and temperature effects, if any,
resulting from interference. 2) Between CM-2 and the main
fault, approximately in the center of a triangle defined by
CM-2, VA-2 and BLM. 3) Between CM=1 and BWSWD=3 off the main
fault. 4) In the fault zone between VA-2 and the Edwards well.

5) Between CM-2 and any new BGL injection well if near the Boise
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River (as assumed for this study).

Water level and temperature monitoring of the VA-Test well,
c¢ould be vefy useful in determining the effect of injection
there. Also, continuous monitoring the old'Statehouse well
would provide some interference measuremenfs for that area
immediately without having to drill a new well. However, the
condition of this o0ld well, and whether it communicates with
other wells, is not known.

The purpose for recommending additional monitoring wells is
to be better able to understand the properties of the aquifer
(especially outside the fault zone), the path and degree, of
communication between the various areas and the effects of
injection. The relationship of wells inside the fault zone to
those outside has not been sufficiently explored through
testing, particularly with regard to injection.

The degree of communication between the Geothermal Aquifer
in the Boise city area and the'Edwards; Milstead, Terteling
wells area is also unknown due to the absence of data. The USGS
has recently begun monitoring wells in that area. They show a
pressure drawdown occuring due to bumping irrigation in the
summer, with a rebound in the winter. This response indicates
the pumping cycle in that area is opposite to central Boise
geothermal wells., Flowrate data is needed ‘to accompany the

water level data so that it can be analyzed. So far there is no
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data available which can be used to link pumping in the northern
area to the geothermal aquifer in central Boise. Conversely,
there is no record of the effects of long-term geothermal
production by BWSWD, CM, BGL or VA in the northern area.

Pressure measurements in production wells have not been
sufficient to allow modeling of the effect on continued or
increased production. This is true of.both test data and data
from normal operations.

As previously discussed, thermal effects make well head
measurements of geothermal wells difficult to interpret. For
this reason, there is no well test in which flowing well
pressure could be used to distinguish wellbore effects from
aquifer effects. Even if data collection in production wells
during normal operations is improved,it may not be sufficient.
The data required must come from controlled testing. Such
testing must include precise downhole pressure at various

stabilized flow rates. Pump tests are preferred over artesian

flow test wherever possible.

2) Temperature Data

The temperature data is fairly sparse, consisting of
recorded temperatures of flowing wells, static and non-static
temperature profiles. The well head temperature data taken

during normal operations of CM-2 is suspect (see discussion in
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Section IT.2. ¢.). Calibration of the installed thermometer and
spot checks with an accurate, calibrated device should be
performed at regular intervals year round.

The effects of injection should be better monitored by means
of periodic temperature surveys in flowing and observation
wells. The recommended observation well locations (see above)
were chosen for the dual purpose of temperature and water level
monitoring. The VA-Test well is ideally situated for both
purposes since the potential for breakthrough of injection (from
VA-2) to the fault could pose a threat to other production
wells.

Temperature effects should not be a problem in the
Edwards-Milstead area since no injection takes place the}e but
periodic static temperature surveys of one or two wells in the
area would contribute to a better understanding of the system.

Since no injection takes place or is planned for the BWSWD
area, periodic or continuous temperature data would be of little
value. Any effects of injection by wells in the BGL-CM-VA area
moving toward the BWSWD area could be monitored by an
observation well described above.

Periodic temperature surveys in the old Statehouse well are

recommended.
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3) Long~Term Flow Test

As previously mentioned, long-term individual (1-2 months)
constant rate well test data would have greatly assisted this
study. In spite of the many practical constraints, it is
strongly recommended that such tests be performed on major
pumping wells (e.g. BGL-2 or 3, 4, CM-2, BWSWD 1 or 2) and any
new wells drilled. Preferably, all other wells except the one
tested should be shut in. This may be feasible for BGL or BWSWD
in high summer with flow from the test well supplying the needs
of both systems. Testing CM-2 zlone presents more difficult
practical problems, but it may be possible to test CM-2 at a
high rate in summer with either BWSWD or BGL wells running at a
low, carefully measured, constant rate. All available
observation wells should be monitored during these teéts.

The data from these tests would assist in defining
reservoir parameters, long-term fracture flow behavior and
wellbore effects of the wells tested. The wellbore parameters
are necessary to distinguish between aquifer effects and
wellbore effects. Most fracture models rely on flowing well
drawdown data which must have wellbore effects removed for

proper analysis of fracture flow behavior.
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3) Geophysical Studies

Other than the temperature surveys discussed above, there is
no pressing need for any specific geophysical studies. Aquifer
development is beyond the exploration phase and into the
resevoir management phase. Also, there is probably too much
cultural activity in Boise for most surface geophysical methods.
A seismic reflection would have been‘helpful for determining
whether significant offsets, which may affect groundwater flow,
are present in the valley between the Boise Front Fault and the
Boise River. Borehole geophysics could be examined as a method
for mapping large fractures but is normally quite costly.

A good suite of geophysical logs (including resistivity,
natural gamma, and caliper) are always recommended and should be
performed on any new wells. A temperature log should be done on

new wells as soon as they have stabilized after drilling.

5) Elowrate Data

One of the greatest obstacles to creating a model for the
Boise Geothermal Aquifer is the flowrate data. The most
significant problem is that flowrates are not measured or
recorded over a reasonable average period but are usually
determined from a single daily reading. This reading is usually
taken in the morning. The data invariably reflects a higher

flowrate than would be considered average for the day. Ideally,
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an average for the day should be calculated from an accurate
total flow device read once daily.

Also important to such calculations is a precise record of
any system down time. Specifically, when it began and ended
and, if possible, any static well water level measurements or
pressure measurements obtained while down. It is also important
to record whether a well was shut-in or allowed to flow artesian
during the (down) period.

Finally, the measurement instruments themselves, such as
flow totalizers should be calibrated periodically (yearly ?).
If they cannot be adjusted or replaced, estimates of their
accuracy should be determined. Any well flow, whether pumped or
artesian, is important. 1If a well flows artesian at a low rate
(which may be below flow measurement accuracy) but does so for a
month or more in summer, it could seriously affect the
calculation.

An (inline) backup flow measurement device would be valuable

for emergencies and spot checks of the primary instrument.

6) Changes to Present Monitoring Network

The present monitoring network consists of continuous water
level recorders and periodic pressure or water level
measurements in flowing wells. Because of the lack of data in

many areas and the present transition to new methods and
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increased data collection, it is difficult to recommend reducing
any present effort. If any reductions could be made, they would
be in the area of the BWSWD wells.

The BWSWD area is likely to be more complex structurally
than other areas along the fault as evidenced by fault mapping.
However, the monitoring well response has been rgmarkably
uniform. It probably is not necessary to continuously monitor
the Behrman or Quarry View wells. Lack of well completion
information and condition of the Behrman well make
interpretation of its response speculative. A statice
temperature profile of the Behrman well and Kanta well would be
of interest.

Also, since there is no further development planned for
this (BWSWD) area, the general water level trend and background
have been established. One water-level monitoring well gives
good control for the region.

No other reduction in monitoring can be recommended at this

time.

7) Geochemical Sampling

Regular geochemical sampling of geothermal wells is
recommended. It would be ideal if the program begun by the USGS
(Young, et al, 1986) could be continued on a yearly basis, at

least for major pumping wells. This would allow continuity in
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methods and analysis which is critical to identification of
minor geochemical trends. Changes in water chemistry, for a
given well (particularly CM-2), could provide evidence of cold
water invasion prior to measureable temperature effects. The
same is true of wells along the Boise Front Fault. Water
chemistry changes along the fault may indicate intrusion by
other waters outside the geothermal aquifer as a result of
increased drawdown.

Tracer testing of injection wells is also recommended. This
would take some of the guess work out estimating the potential

for, and effects of, cool water breakthrough into CM-2.
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Figure 1. Location of study area in Idaho.




1167070

Ay
- .
1 - -
.- - 7T e
L4 - ”
- 7 r/

EXPLANATION ]

WELL AND REFERENCE o,
NUMBER (TABLES 1,2)

well Nomes

o 1 - Barnes
2 - Terteling,A
2 - Terteling,B
- 4 -~ Quail Hollow,A
5 - Quail Hollow,B
€ - Milstead,A
7 - Edwards
£ - Church
« 9 - Ryan
10 - Milstead,B
17 - Milstead,C
12 ~ Becise Water Corp.,
12 - Hills Village
14 -
L1
17 - Koecn
16 - CMeZ(Prod)
FEN 18 -« CM-1{Inj)
20 - BGL-2
21 ~ BGL-1
N 22 - Beard
23 - BGL-4
24 - BGL-3
2% - BLM
26 « We
27 - BWSWD-3
28 - Eehrman
29 - BWSWD-1(West)
30 - BWSWD-2(East)
- 31 - Kente
32 - Botanical Gardens
(0l1d Pen)
23 < Quarry View
U - Mesa ! !
3% - Earris,A :
36 - KHarris,B ;
an 37 - Boise Water Corp., B \\“‘j~\:£§= : i
V2N . V2N
T TN
i ‘ . 320

g hevs . N2 X ne*1o R2eRDE 11esorac
Ll UL GeoOQCO Survey
(E7F . Rk . 3 0 at (from Young,1988)

1 s ] VIMOMETER

Figure 2. Location of geothermal wells.




NYL

< <ol
\z('\/:\u\\/:\/(\r\\v M
\—\r\|u\|w\|nxlz\l(c /\.
N XN TN YN Y NYNTY v

NN

FRN LN SN SN NNy N
AT P
NN ) 7P

SoEN N

T
<"
“\,\U\—\n\,\z\ﬂ/\\/\\/\\/\\,\\,\\, DUEN — ‘
O N A A AR AT A AT
R AT AP AT RI -
N N N A A A A ) R
[N AN A AR SN AT \
AR AN N N AN N NN VATV h val
PN E NI N N SN N SN N N N 4
-
R
.
~
Pan®
- —— e ]
he /
. e .ﬂ. -
—
./ [
« ™
o Lo -
A A AT ..
’

R.3E.

116° 10

P -

' ~ - .
o ¢SS L0 B et . \A s
‘m. .wk,'llh,-\\. ....).A,Q.W.l.\\.;\.l. f e em. B 4 AJ
Sy L '] - - .
©w 5 ! = \\ *

2
= - 7/
- ’
. —~—p
4 P -y -~
] Vv - " -
.J.& -t =
~ Atwn
-~ _°h
=< . N
- -3 :
e iU..‘ ) . ) /) -
- oo £ H 5 P = 1%0
—— e - E < ﬁ - ° .!u -
— A =2 T F : -
3 33 B s 2 i 2212 ° = -
z < 3 = ¢ 17432 143 z e
~ S § 8¢y < g p Fhasghar e i)
- = [ 33 : — S o * mae ° o S o mw
- 2 2&i5 12105 [=]o R 2l 1. ENE -
< - - - = z ol c |- HEENEEIEE a |<{®¢ -
- Z 5 we ¥E Gla jofl> |ol {=|oyg=|E2l-17 s 1°]%s
- « < s £ : H - L - E LJdo T2 L2 3 ° ZE
- ot 3 5§ o € . < R z 2 ¥} D L
. = - > 3 w0 - z = s ° v - -z )
- = = < -
cwv._ b v U PO I = -] ’
- 5 cafLEREE ¢ JEC
B B2 B I 2 5 ® 2 .
Q= /
—|a
o ,
’
Q-
AdVYNHILYAD AdYILHIL ILV1 ‘L3™D .
—— ——} 2 =
thl .
. ) ) = , o
o~

(from Wood and Burnham,1983)

Geologic map of the Boise area.

Figure 3.



ELEVATION (feet)

°
3 - =
5 ; 3 5000 feel
2 i
= c - — )
3 2 v 1 MILE
[« ] o .
‘Dg 3 B
aa £ -
(]
~ N ve =
sw =+ *+ ¢
T A= = 3 ®
(8] = 3 f o )
©eo6. © T 8 U.S. Mititary Reserve
e a = I Park
4000' - s - = 2
(3] (§) & S . -
3000’0, .; === |
Id'nho ‘Group slllst_one o /p—/-' /// //,
2000 ) i '/) / ol the tdaho batholith
o base“ ‘Q\\et. glanﬂ'c rocks
1000’ - |da‘ldd Y /( / /
PPy / O\“ /// )
0kl e / |
”/J,/ j /

NE

upper Freestone Gulch _ g5g9gg¢°’

(from Waag and

Figure 4. Geologic cross-section through the Capitol Mall and BGL Wells.

Wood,

1987)




:
. : . 0 KILOMETERS 1
.- - o | 1}
a3 ® . . I T T T
o B~ > 0 0 3.000
o ) « > .
; E * ~ ” o - o FEE'
> T e 8 ¢ 0 a o
a a2 >3 o o :
® x
. ey ttx2o 5
s s« oo : . . <
3 ° ° )
A - 3 0 a ¥ P 3 . A
| | -1 | | | || NE
Park N. slde of Rocky Canyon /
Ceanter
. - o -
- Sw éa""‘-‘:— s bua_l!lf_[“.!‘. :
= T - P Do e AT TS *_"G'oup —
z lower Idaho Group ~ s ream =R
e
o 2.000}- sedimend T | ! ottin, ]
- A 4 the jldaho bath ’
* B T Pt 7 ! °l.n|||c tock ‘0' ! //
< baseltic tulf 45 4 R 1‘ I'I/ 1/
2 ! itinastars oy v ; i
“ 1000 4/ \ ! /
w /l /’ ‘. ] Ay /I
s [ !
ses lovel O

depth lo thyoulits
unknown eoulh of
Weim 3ptings Ave,

Figure 5.

Geologic Cross-section through the

(from Waag and Wood,1987)

area of the BWSWD Wells.




10.

7 A E Y —T T
9.5 - - A\ -
\ / ~ RY
\ BATHOLITH \ bAnNBuU !
{ /
9.0 \ AL
\ ’ boL-H
N\ i / -1
8.5 = . 'éz%hio o™ -
bl \ 5JC” ¢ ® BLrL-2
~
8asaLT :
7.5 b | ©cm-2 -
! © BWeSJD
/ Ed
o
7.0 / -
/
6.5 | 1 1 i 1
0 5 10 15 20 25
FLUORIDE (mg/1)
Figure 6. Plot of fluoride-ion vs. pH for selected regions

in Idaho and Boise area wells.
(Modified from Waag and Wood,1987b)




10

T T T LE L T T
—_—_ T~
s \ - -9
" Barno,zTs ) s~
\ ( BANBURY !
\ /g,
8¢i-2 /
@) E} \ (3#' -3 N~ ——
Ed. : Gl
/
J / BwswO - |
- ICﬂh& -1
] I Ogei-2
| O bwswo-!
o \ -~
L oem-L
O BwswD-!
/
L , Ced.
s
y /
/ / _
- / //8&-'1‘0{0*;\ .
e s Colk 5l?rm§,s
4 e
e
5 Pre,uf. <7yr, ‘Vj')
1 41 A A I | L | |
0 100 200 300 400
TDS (mg/1)
Figure 7. Plot of total dissolved solids vs. pH for selected

waters of Idaho and Boise area wells.
(modified after Waag and Wood, 1987b)




| | ] | 1
60 I~
\
\ P -_ .-
~
) /’, A}
7 -
50 / / !
BASALT / | /
!
! /
40 P , / Y /
/ / Iy /
/ / l /
/ / | | /
/ / ;! d
30 b | / l / -
/ [ s
! / | [ s
| ; \ 7’
| ‘ \ N -
20k ! BATHOLLITH | -
l \ \
\ \
’ \ \
Quswp  \ e
C BWSWD
va-l - -
°T g Y Q @:i—iag
Yov etz T
54: \ BwswWp
£40 cm-)
0 [ N 1 O 1
0 5 10 15 20 25
FLUORIDE (mg/l)
Figure 8. Plot of fluoride-ion concentration vs. chloride-ion

concentration for selected waters of Idaho and
Boise area wells.

(modified after Waag and Wood, 1987b)




_fracture zones in granite

Figure 9. Conceptual model of the geothermal
groundwater circulation system  through fractured
granite to the discharge area along the foothills fault
zone of Boise and into the permeable rhyclite aquifers
beneath the north-eastern part of the city. (Adopted
from Wood and Burnham, 1987)
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Figure 36. Schematic illustration of injected fluid distribution around
injection wells, including the relative location of a
hypothetical BGL injection well (BGL-I).
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Appendix A

Available Well Temperature Profiles
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Appendix B

Individual Well Data from Young et. al., 1988




Appendix C

Available Well Completions/Lithologies
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