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Hydrogeothermal investigation of the
Bosque del Apache, New Mexico

hy MargaretW. Barroll, New Mexico State Engineer 0ffice, P0.9ox25102, Bataan Memorial Bldg., Santa Fe, NM 87504-5102;
and Marshall Reiter New Mexico Bureau oi Mines and Mineral Resources, Socorro, NM 87801

Abstract

The present studv seeks to better under-
stand ihe hydrogeothermal setting of the
Bosque del Apache Wildlife Reserve in the
ldo Grande rrtt rn central New Mexico.
Using water-quality data, subsurface tem-
peratures, heat-flow estimates, and Bouguer
gravity data, we propose a groundwater-
flow regime for the Bosque. Temperature,
heat-flow, and water-quallty data indicate a
relatively shallow, coo1, fresh-water zone
near and west of the Rio Grande, extending
from the water table to a maximum der:th of
400-500 tt (122-152 m) This water is de-
rived from river and irrigation recharge and
the flow into the alluvial aquifer from the
west.  Over a wide area low-qual i ty ,  re la-
tively warm water occurs beneath the cool,
fresh-water layer The stratigraphy of the
area and the high chloride content and
warm temperatures of the water suggest a
broad upflow from depth in the Socorro
Basin The Bouguer gravity information is
consistent with low-permeability basement
rocks shallowins to the south in the direc-
tion of groundwater flow This interpreia-
tion of the gravity data provides a hydroge-
ologic setting consistent with broad,
southward upflow of deep groundwater A
well producing warm, poor-quality water
from apparently shallow depths (-250 ft or
76.2 m) seems to be a localized phenome-
non. It is suggested that this warm water
comes from the deeper groundwater zone,
rising along a high-angle fault or through
discontinuities in the clay layers of the allu-
vial aquifer. Future drilling for warm, shal-
low water in the area should consider the
compl icated hydrogeotherma I  set t ing.

Introduction

This report summarizes a geothermal
investigation performed at the Bosque del
Apache Wildlife Refuge in central New
Mexico (Fig. 1). The study was undertaken
to gain a better understanding of the inter-
action between groundwater flow and
subsurface temperatures in the Bosque
area and to investigate the source of warm
water in one of the Bosque's water-supply
wells. Although the warm water produced
by the thermal well is poor quality and is
high in arsenic (]ohn Tayloa oral comm.),
it is used to keep wildlife areas free from
ice in the wintei. Bosque personnel have

expressed interest in the possibility of
drilling another thermal well.

As part of this study, temperatures were
logged in three wells on the Bosque del
Apache. and one well on the Fite Ranch
immediately east of the refuge. Tempera-
tures were also logged in wells several
miles east of the refuge on White Sands
Missile Range as part of another study.
This investigation combines subsurface
temperature data and groundwater geo-
chemistry data, including hydrogeologic
data and interpretations from previous
studies.

A recent USGS report, Anderholm (1987),
contains an overview of the hydrogeology
of the Socorro Basin, a compilation of
hydrologic data (water levels and water
quality), and an analysis of water-quality,
recharge, and water-resource data. A previ-
ous USGS report, Weir (1965), summarizes
geologic, hydrologic, and water-quality
data from the northern part of the White
Sands Missi le Range and vicinity, including
the Bosque del Apache. The report by Weir
(1965) also provides some detailed infor-
mation from three test wells (Stallion series
wells) drilled at the northwestern part of
the missile range. A USGS open-file report,
Cooper (1968), presents hydrologic, litho-
logic, and water-quality data from a series
of water-supply test wells drilled on the
Bosque del Apache by the USGS for White
Sands Missile Range. This last report pre-
sents data from the Bosque del Apache's
water-supply wells and also discusses
stream /aquifer interaction.

Location

The Bosque del Apache Wildlife Refuge
(referred to here as "the Bosque") is in the
Rio Grande valley in central New Mexico
(Fig. 1). The Rio Crande, a perennial river,
flows through the center of the Bosque
from north to south and is paralleled by an
artificial channel designed to carry the
river's water under low-flow conditions.
The Bosque consists of flat, river-bottom
lands and some arid lands of higher eleva-
tion on both sides of the river. West of the
river, the flood plain of the Rio Grande is
developed into ponds for wildlife and irri-

FIGURE 1-Location
(after Geddes, 1963)

map of the study area
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gated cropland, with numerous canals,
irrigation ditches, and drains. East of the
river the land is largely undeveloped and
is arid and rugged, except for a small
amount of low ground near the river that
floods periodically.

Hydrogeology

General background

The Bosque is in the southern part of the
Socorro Basin. This basin contains an
uncertain thickness of alluvial fill, perhaps
up to several thousand feet, and is
bounded by outcrops of Paleozoic rocks to
the east and Tertiary volcanic, Paleozoic,
and Precambrian rocks to the west
(Anderholm, 1987). In the Socorro Basin
the primary aquifer consists of Tertiary
and Quaternary alluvial fill. The upper
units of alluvial fill consist predominantly
of sand and gravel, with some clay layers,
and are highly transmissive. Deeper allu-
vial deposits may consist of indurated
clays and evaporites that are much less
permeable (Anderholm, 1987).

The predominant direction of ground-
water flow in the basin is from north to
south, following the flow of the Rio
Grande. Irrigation and other human activ-
ities also influence groundwater flow near
the river. Anderholm (1981 states that
"groundwater flow in the Rio Grande val-
ley is controlled by the river, conveyance
channels, acequias, ditches, laterals,
drains, and groundwater inflow from adja-
cent areas." At the Bosque, wildlife ponds
constitute another source of groundwater
recharge. The ponds and the irrigated
cropland of the Bosque are west of the Rio
Grande, in the area between the river and
NM-1 (Fig. 1). In general, surface water
from ponds, irrigation ditches, laterals,
and irrigated fields infiltrates into the sub-
surface and, as groundwater, flows toward
drains. Water from the Rio Grande is also
lost to infiltration in this area, some of
which ends up in the adjacent artificial
conveyance channel.

Water-level data indicate that ground-
water flows into the primary aquifer of the
Socorro Basin from both the east and west
near the Bosque. Inflow from the west con-
sists of relalively fresh water that has
mainly been in contact with Tertiary vol-
canic rocks and alluvial deposits. Inflow
from the east consists of lower oualitv
water that is high in sulfates, probabiy as i
result of interaction witl"r Paleozoic sedi-
mentary beds containing gypsum (Ander-
holm, 1987). The eastern margin of the sed-
imentary basin is near the eastern
boundary of the Bosque (Fig. 2).

Bosque water-supply wells

A number of wells have been drilled to
supply water for irrigation and incidental
uses at the Bosque. These wells are shown
as the "W" seri,es in Fig. 2; they range in
depth from 100 ft to 252 ft (30.5 m to 76.8

m). AII these wells produce cool water
(temperature less than 20'C), except one
of the deepest wells, W14, which produces
water 32-33'C (90"F) in temperature. The
wells are all drilled in alluvial sediments:
sand and gravel with some layers of clay.
The lithologic log of W14 (the thermal
well) indicates that this well also pene-
trates sand and gravel, the same material
found in the Bosque's nonthermal wells.

Apache 1A oil test

There is other evidence of geothermal
water at the Bosque. An oil well, Apache
1,A., was drilled in the 1920s on the west
side of the river to a depth of 2,445 ft (745
m) in a location that is now part of the
Bosque (Fig. 2). Historical reports indicate
that this wellbore produced artesian hot
water for a number of years, creating a
popular bathing pool of hot mineral water
until the well was plugged. (Unfortu-
nately, no chemical or temperature data
have been found relating to this well.) The
fact that this well produced artesian flow
at the surface indicltes that a source of hot
water under artesian pressure exists at
depth in the area.

the lithologic log for this well is on file
at the New Mexico Bureau of Mines and
Mineral Resources. The log indicates that
salt and anhydrite were encountered at
1,955 ft (596 m) depth. Anderholm (1987)
states that "the top of this anhydrite prob-
ably represents the bottom of the principal
aquifer system." The salt and anhydrite
might be the Permian Yeso Formation.

Heat flow

Heat flow is defined as the oroduct of
the vert ical temperature gradient (the rate
at which temperatures increase with
depth) and the thermal conductivity of the
rocks in which temperatures are measured
(thermal conductivity, k1, is a physical
property that quantifies the ability of a
material to transmit heat bv conduction.)
Heat-f low measurements can, in some
cases, provide information about regional
geologic conditions. For example, tectoni-
cally and volcanically active areas have
relatively high heat flows as compared
with geologically stable areas. Groundwa-
ter flow can disturb subsurface temoera-
tures, and therefore heat-flow data have
the potential to provide information about
subsurface hydrologic conditions.
Upward groundwater flow tends to ele-
vate near-surface temperatures and near-
surface heat flow, whereas downward
groundwater flow reduces near-surface
temperatures and heat flow. It is antici-
pated that both regional heat flow and
local hydrologic effects influence the
observed temperatures in and near the
Bosque.

Socorro Basin is part of the Rio Grande
rift, a large tectonic feature that consists of
a series of interconnected basins that
trends north-south through central New

Mexico and parts of Colorado, Texas, and
Mexico. Heat flow in the Rio Grande rift
tends to be elevated (Reiter et al.,1986),
generally varying between 75 and 100 mW
m' (as compared with 40 to 50 mW m'' for
the Great Plains of eastern New Mexico).
Exceptionally high heat flows, greater than
200 mW rrr', are also observed in parts of
the Rio Grande rift. It is believed that these
exceptionally high heat flows are, in most
cases, caused by upward groundwater
flow bringing heat near the surface by
forced convection (Harder et al., 1980;
Reiter et aL.,1986; Barroll and Reiter, 1990).
Heat transfer by water movement can be
much greater than by conduction. Anom-
alously low heat flows have also been
observed within the Rio Grande rif! these
data may be associated with downward
groundwater flow.

Subsurface temperatures at the Bosque

Temperatures were logged in three wells
at the Bosque as part of this study: Wl, W4,
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FIGURE 2-Location of wells near and in the Bosque de1 Apache. Cross section A-A' is in Fig. 4.

TABLE 1-Temperatures measured in wells at the Bosque del Apache Wildlife Refuge.W13 (Fig. 2, TabIe 1). Temperatures were
measured with a high-precision thermistor
logging tool. The depth to water in these
wells was quite shallow, and all tempera-
tures were obtained below the water table.
The resulting temperature vs. depth pro-
files are in Fig. 3. Positive temperature gra-
dients measured in the three wells are 25'C
km', 8.2'C km', and 31'C km' at W1, W4,
and W13, respectively. Thermal conductiv-
ities were measured on drill cuttings from
nearby wells, and the in situ thermal con-
ductivity (k) was estimated to be 1.4-1.9
W mK'. The heat-flow data for the three
logged wells are summarized in Thble 2.

The three heat-flow estimates range
from 11.5 to 58.9 mW m'and are signifi-
cantly less than the 75-100 mW m' that is
expected in this area. These wells are rela-
tively shallow (<130 ft,40 m), and all are in
the developed part of the west bank of the
Bosque, amidst irrigated lands and
wildlife ponds. Therefore, it is likely that
the low heat flows observed here are a
result of the downward groundwater flow
associated with the infiltration of irriga-
tion and other surface waters.

There is a discontinuitv in the temoera-
ture profile of W1 below the interval in
which the temperature gradient of 25'C
km'was measured, at about 23 m (Fig. 3).
This is the depth of the top of the well

Well: W 1
Date logged: 1Ol17l9O

Depth T
(m) ("C)

w 4
rolt7l90

Depth T
(m) ("C)

w 1 3
tolt1,l90

Depth T
(m) ('c)

10 .0
72.0
14.0
76.0
18.0
20.0
22.0
24.0
26.0

28.0
30.0
31.0

17.60
77.63
77.68
1,7.74
77.79
17.84
1,7.90
18.11
18.20

78.23
1.8.24
78.24

10.0
72.0
14.0
16.0
18.0
20.0
22.0
24.0
26.0

75.994
1.5.822
75.722
15.633
1s.503
1,5.477
15.405
15.405
75.477

15.423
1.5.432

15.447
75.464
15.484
1.5.574
15.544
15.553

10.0
72.0
14.0
16.0
18.0
20.0
22.0
24.0
26.0
27.0

t7.20
17.24
t7.29
17.36
17.44
17.57
17.54
t7.63
18.20
18.35

28.0
30.0

32.0
34.0
36.0
38.0
40.0
40.3

screen, and therefore it is possible that the
flow of water in the wellbore mav perturb
the measured temoerature f ibld. The
extremely low temperature gradient
observed in W4 may also be influenced by
borehole flow.

Temperatures were not logged in the
Bosque thermal water well, W14. (W14

was inaccessible and is reportedly bridged
at 90 ft, 27.4 m.) The temperature of the
water pumped from this well has been
reported to be 32-33'C (Anderholm, 1987;
unpublished records from the Bosque). If
we assume that the water pumped from
the well comes from a depth of 252 ft,768
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TABLE 2-Temperature gradient data from the Bosque del Apache.

Well
ID

Total
depth (m)

Temperature
gradient ('C km{)

(K km{)

Thermal
conductivity

(WmK{)
Heat flow
(mW m-21

W1
W4
w13

25
8.2

31

7.4  7 .9
1.4-1.9
7.4-1.9

31
40
zo

35.047.5
11.5-15.6
43-4-58.9

TABLE 3-Subsurface temperatures and heat-flow estimates for wel1s just east of the Bosque.

Well
TD

(ft, m)
Depth to water

(ft, m)

I-(2,
Water temperature(I) ('C kmr)

('C) (K km1)
Q(3)

(mWm-'z)

100
43
o)

56
37

o
o

Fite Tank

Fite PW 500,152.4 (reported)

Stall ion 3 720,219.5

Stallion 2a 600,182.9

Stall ion 1 600,182.9

279.0,85.1.
404.3, L23.3
420.0,128.0
405.0, 128.5
317.7 ,96.9

25.6 (measured in situ)

23.3
28.3
25.6
22.2

170

111
94
63

u) Pumped, except at Fite Tank were measured in situ.
{'?) Temperature gradient estimated from pumping water temperature (taken to be at a depth midway between TD and dePth to

water), and surface temDerature of 17'C.
(r) HeaL flow using thermal conductivity of 1.7 W mKi.

FIGURE 3-Temperature vs depth for three
wells logged in the Bosque del Apache.

m, i.e. the bottom of the well, and is repre-
sentative of the formation temperature,
then the estimated heat f low is eiceotion-
al ly high. For example: the result ing geo-
thermal gradient would be -200'C km'
(using a surface temperature of l7"C
obtained by extrapolating temperature
logs in and near the Bosque and assuming
a temperature of 32.5'C at 252 ft,76.8 m).
With a thermal conductivity value of 1.7
W mK-t (an average value as discussed
above) we estimate a heat flow of 340 mW
m-'?. Such a high heat flow is most likely a
result of groundwater upflow bringing
heat from depths greater than the bottom
of the well.

In an attempt to understand the distrib-
ution of warm groundwater let us exam-
ine other subsurface temperature data in
the study area. Cooper (1968) did a study
involving the drilling and testing of sev-
eral relatively deep wells in the Bosque
("B" wells on Fig. 2). These wells were no
Ionger open during the present investiga-
tion (see Appendix A). However, bottom-
hole temperatures had been recorded for
two of the wells on geophysical logs.
Although bottom-hole temperatures are
typically suspect, they can provide valu-
able information if there is reasonable
agreement between close measurements.
Well 85 had a recorded bottom-hole tem-
perature/ BHT, of 28.9"C at 510 ft (155.5 m)
depth taken 2 hours after the cessation of
circulation. Well 87 had a BHT of 30"C at
509 ft (155.2 m) depth taken 5 hours after
the end of circulation. These recorded
temperatures are likely to be slightly less
than actual in situ temperatures because
of the cooling effect of drilling fluids and
the time response of large logging tools.

Nevertheless, the data can be used to con-
sider the local subsurface temperature dis-
tr ibution. Estimatins the heat f low at 85
and 87, as done above for W14, we esti-
mate values of -130 mW m-'?and -142 mW
m-'?, respectively. These heat-flow values
are larger than typical for the Rio Grande
rift and suggest that groundwater is influ-
encing the subsurface temperature regime
at 85 and 87; however. the values are not
nearly so large as the heat flow calculated
at W14. This conclusion allows us to spec-
ulate that, in addit ion to a general,  iela-
tively deep seated upflow, a unique
hydrogeologic condition exists at W14
that permits warm water to come rela-
tively close to the surface (<400 ft or 122 m
depth) during pumping.

Subsurface temoerature data are also
available from a well iust outside of the
Bosque, east of the river at the edge of the
Socorro Basin (Fig. 2, Fite Tank). In the Fite
Tank well, a temoerature of 25.6"C at 279
ft (85 m, lust below the water level) was
measured during a previous geothermal
exploration project. Assuming surface
temperature of 17"C and thermal conduc-
tivity of 1.7 Yr{ rnK', we calculate tempera-
ture gradient of 100'C km'and heat-flow
value of 170 mW m'?. The Droblem with
comparing this data with data from the
wells discussed above is that the gradient
(100'C km') in the Fite Tank well is over a
depth interval above the water table,
whereas the gradients in the wells above
(W14, 85, 87) are estimated over depth
intervals largely below the water table.
Geologic materials above the water table
may have significantly different thermal
conductivities from materials that are
below the water table because of differ-
ence in water content. Below the water
table in Fite Tank well a temperature gra-
dient of 56'C km' was measured; this
would correspond to a heat flow of 95 mW
m', which is probabty the more represen-
tative value. In any case, for comparison
with the other heat-flow values near the

Rio Grande, we suggest that the heat flow
at Fite Tank (between 95 and 170 mW m')
more closely approximates the values at
87 and 85 (130 and142 mW m2) than the
value at W14 (340 mW m'?). This allows
speculation that the Fite Tank well, and
wells 87 and 85, exist in somewhat similar
hydrogeothermal settings, whereas W14
has a rather local hydrogeologic setting.

Subsurface temperature data and heat-
flow estimates are given for the Fite Tank
well and four other wells east of the
Bosque (Table 3, Fig.2). With the exception
of Fite PW, heat flows decrease eastward
from the Bosque. Heat-flow estimates for
Stallion 3 and Stallion 2a are reasonable
for the Rio Grande rift and could be influ-
enced (to a lesser extent) by similar hydro-
geologic processes as operating atB5,B7,
and Fite Tank. The estimated heat flow at
Stallion 1 suggests that the effects of warm
groundwater upflow are not present at
this site and that this site may be outside
of the area thermally influenced by the Rio
Crande rift.

Water chemistry data

Water chemistry in and near the Bosque
varies substantially and can be separated
into three tvpes. First is a shallow zone
(depth less than 165 ft,50 m) of high-qual-
ity water. Except for W14 (the thermal
well), the Bosque water wells produce
cool, relativety high quality water from
this shallow zone. Fresh groundwater is
also found west of the Bosque and flows
into the Socorro Basin from the west.
Beneath the shallow high-quality water
zone is a second type of water: a warm,
very low quality water that has sulfate
and chloride concentrations approxi-
mately equal to or great than 1,000 ppm.

These two zones are illustrated in Fig. 4,
a cross section west to east through the
Bosoue that shows chloride data obtained
fromAnderholm (1987) and Cooper (1968).
Fig. 4 shows the eastward extent and vari-
able thickness of the shallow fresh-water
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-- 100 ppm cloride concentration

- - 500 PPm cloride concentrationai,',1,.=*:=4-

0  1 m i

0  1 k m

FIGURE 4-Cross section along A-A' with observed chloride concentrations in groundwater, Bosque del Apache Wildlife Refuge, New Mexico. Data from

Anderholm (1987) and Cooper (1968). Line of section is in Fig. 2.

flow regime in the Bosque. A shallow, rela-
tivelv cool, fresh-water zone occurs in the
vicinity of the Rio Grande and west of the
river beneath irrigated lands and wildlife
ponds. This shallow zone occurs from the
water table to a maximum depth of 400 to
500 f t  (1 22-l  52 m ). The cool, shal low water
is derived from local river and irrigation-
related recharge and also has a component
of fresh water flowing into the alluvial
aouifer from the west.

Low-quality, relatively warm water
occurs beneath the cool fresh-water zone.
The low-quality water is also found at
shallow denths east of the river where the
cool, fresh-water zone is practically absent

Gig. a). The high-chloride content of this
water suggests upflow from depth in the
Socorro Basin (Fig. 5). Bottom-hole tem-
perature data from wells BZ and 85 sug-
gest that this water is somewhat warmer
than would be expected for its depth. The
temperature and water-quality data from
the deeper zone are consistent with a
broad zone of groundwater upflow in the
vicinity of the Bosque. The artesian
groundwater flow observed in the past at
the Apache oil test is consistent with an
upward groundwater f low regime.

Upflow in the warm groundwater zone
at the Bosque del Apache may be caused
largely by structural relief of low-perme-
ability basement rocks that constricts
groundwater flow and forces it upward.
Gravity data from the vicinity of the
Bosque, presented by Keller and Cordell
(1983), show a marked increase in gravity

Ii!-

zone. In some locations cool, relatively
fresh water (chloride and sulfate concen-
trations less than 200 ppm) was obtained
from a depth of about 250 ft (76.2 m; wells
87 and 85; Table a,Fig. Q. However, well
W14, whichbottoms at252ft (76.8 m), pro-
duces low-qualitv warm water. The shal-
low high-quality water zone ends a short
distance east of the Rio Grande; the zone
was not found in wellsB2,B3, or B4 (Fig. 4,
Table 4). A third type of groundwater is
found east of the Bosque, outside the
Socorro Basin. This water is high in sul-
fates but low in chloride (note the Stallion
test wells, Table 4, Fig. 2).

Interpretation

The Rio Grande and associated surface-
water canals, ditches, ponds, and applied
irrigation waters are the sources of the
shallow, relatively high quality ground-
water found near and west of the river.
Water from these sources infiltrates irrto
the ground and recharges the shallow
groundwater system. Relatively fresh
groundwater also flows into the system
from the west. East of the river, the fresh-
water zone is thin and limited in areal
extent. This is consistent with the fact that
there are no wildlife ponds and irrigation
works east of the river. The only signifi-
cant source of relatively fresh water east of
the river is the river itself. Groundwater
inflow from the east is poor-quality, high-
sulfate water (Anderholm, 1987).

The poor-quality water that underlies
the fresh river-related groundwater is
high in both chloride and sulfate and can-

not have originated from the low-chloride,
high-sulfate water east of the Socorro
Basin. High-chloride water occurs in the
Socorro Basin north of the Bosque (and
hydro log ica l l y  upgrad ien t ;  Anderho lm,
1987, plate 4). Anderholm (1987) suggests
these high-chloride zones are associated
with "the upward movement of regional
groundwater." A possible source of the
chloride is the salt that the lithologic log of
Apache 1,A shows to exist at about 2,000 ft
deep in the Bosque del Apache area and
that may well exist at other depths north
of the Bosque. Therefore, the high-chlo-
ride water found at the Bosque is probably
deep basin waters that have flowed up-
ward, closer to the surface either at the
Bosque or north of the Bosque.

The Bosque thermal well W14 produces
warm water of poor quality (SOs = 560
ppm, Cl = 980 ppm). The water chemistry
of W14 is very similar in character to the
Iow-quality waters obtained from deeper
intervals in the "B" series wells. This
implies that the thermal water at W14 is
somehow associated with the underlying
low-quality water. However, as discussed
above, not all of the low-quality water
appears to be as anomalously warm as the
water from W14.

Subsurface temperatures and ground-
water chemistry in the Bosque suggest a
somewhat complicated groundwater sys-
tem in the alluvial aquifer. Fig. 4 highlights
some of the important data along a west-
to-east profile across the Bosque. Fig. 5 is a
north-to-south cross section that illustrates
our present thoughts on the groundwater
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from north to south and from north to
southeast (Fig. 6). The increase in gravity as
one moves south at the Bosque is consistent
with the suggestion that thel l luvial aquifer
generally thins and the basement becomes

TABLE 4-Summary of well chemistry data.

shallower as one proceeds from the north
to the south or southeast. Shallowing of the
basement could cause southward-flowing
groundwater to move upward, bringing
warm water high in chloride to shallower

depths. This basic idea has been suggested
for other locations along the Rio Grande rift
by Harder et al. (1980).

Well W14 produces water that is anom-
alously warm, compared to wells 87 and

Well ID
Location TD

T  R  S e c q q q *  ( f t , m )

Specific
Temp conductance
('C) (pS cm{)

Sulfate
SOn

(ppm)

Chloride
CI

(ppm)
Date of
sample References

W1 55 1E 18 434

55 1E L7 344

749,45.4

125, 38.1

728,39.0
114,34.8
115, 3s.1
115, 35.1
I50,45.7
r42,43.3
742,43.3

r42,43.3

770,57.8

150,45.7
100, 30.5
252,76.8
252,76.8
90,27.4

755, 47.3
-380,117
600,782.9
600,182.9
720,279.5

Anderholm (1987)
Cooper (1968)
Weir (1965)
Cooper (1968)
Anderholm (1987)
Cooper (1968)
Cooper (1968)
Cooper (1968)
Cooper (1968)
Cooper (1968)
Cooper (1968)
Cooper (1968)
Anderholm (1987)
Anderholm (1987)
Cooper (1968)
Cooper (1968)
Anderholm (1987)
Cooper (1968)

Anderhoim (1987)

Weir (1965)
Weir (1965)
Anderholm (1987)
Weir (1965)
Weir (1965)
Weir (1965)

t7.6

16.7

1030
883
640
735

1800
817
888
923
91.4
+ / )

61.4
7340
1400
1300
7290
1360
1200
776

4600

540
980

6740
3310
2070
771,

230
182
84
79

330
185
277
219
273
74

105
285
270
290
290
31,4
ZJU

97

560

59
110

2200
2040
904
278

81
67
84

108
260
44
55
50
58
29
48
83

100
720
108
727
93
71.

980

48
98

1100
39
39
24

2/58
8/66
2/58
8/66
7 /80
8/ 66
8/ 66
8/ 66
8/ 66
8/ 66
8/ 66
8 /66
7 /80
6/ 63
8/ 66
8/ 66
7 /80
8/ 66

7 /80

2/58
2/58

77/62
4/56
J /  J O

9 /56

16.0

t7.0

5S
5S
5S
5S
5S
5S
5S

W3
w4
W5
W6
w7
W8
W9

723
/ 1 4

L t a

131
233
437
442
444
1.41.
744

1E 20
1E 28
1E 28
1E 32
1E 18
1E 20
1E 30

1E 29

1 E 5

1 E 8
IW 72
I t r  /

1E 29
lw 72
rw 72
1E 36
2 E 1
2E 10
2 E 4

(250,76.2)+
(200,61.0)+

(170? s1.8)+

247
111
331

A A

344
223

342

744

w10

w11

w12
w13
W14 (warm)
w15
w19
w20
Fite Tank
Stallion 1
Staliion 2A
Stallion 3

5S

6S

6S
6S
6S
5S
6S
6S
5S
6S
6S
6S

1.7.2
33.0

15.5
26.5
22.2
25.6
28.3

* Note: represents %%% ol section (Location).
t Well was deepened or alternative depth listed in another reference

Well ID
Location
R  S e c q q q n

Interval tested
(ft, m)

Date of
sample References

Specific Sulfate Chloride
Temp conductance SOs Cl
("C) (pS cm') (ppm) (ppm)

245 56
258 236
704 905

B1

6350
5760

65 1E 9 117

65 1E 4 474

65 1E 9 212

65 1E 9 333

65 1E 8 223

65 1E 8 472

65 1E 8 211,

100-1601, 30.5-48.8
320140,97.6-1,03.7
440462, 134.1.-140.9

11.9-1.30,36.319.6
242,253,73.8-77.1.

86-97,26.2-29.6
247-252,72.3-76.8

97-702, 27.7-31.1
237-252,72.3-76.8

55-175+, 16.8-53.4
77-700, 23.5-30-5

227-250, 69.2-76.2
489-51.2,149.7-156.7

89-172,27.7-34.7

775-250+, 53.4-76.2
77-100, 23.5-30.5

227-257,69.2-76.5
487-502, 746.6-1.53.0

1060
1.620
4350

1150
1350

905
1,920

1540
2380

82
33

180
1300

995

120
737
130

1410

17/63
77/63
17/63

6/ 66
6/ 66

6/ 66
6/ 66

7 /66
7 /66

5/67
4/ 67
4/67
3 / O /

6/67

8 /67
9 /67
9 /67
9/67

Cooper (1968)
Cooper (1968)
Cooper (1968)

Cooper (1968)
Cooper (1968)

Cooper (1968)
Cooper (1968)

Cooper (1968)
Cooper (1968)

Cooper (1968)
Cooper (1968)
Cooper (1968)
Cooper (1968)

Cooper (1968)

Cooper (1968)
Cooper (1968)
Cooper (1968)
Cooper (1968)

1250
756

1060
1380

5060
8190

6560
9660

7720
779

1130
6100

234
160
125
955

9605290

854
7490
944

6530

B6

87 706
299
127

t064
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30.0
* Note: represents %%% of section (Location).

f Completed well.



85. The water produced while pumping
W14 (depth: 252 ft, 76.8 m) is approxi-
mately 32.5"C. This is about 3'C warmer
than the bottom-hole temperatures in 85
and 87 at about 500 ft  (-150 m) depth. We
suggest that some unique hydrogeologic
condition exists at W14 so that the water
pumped from this well originated (or was
at thermal equilibrium with a location)
several hundred feet deeper than the
depths of 87 and 85 (Fig. 4;.  Perhaps a
north-south high-angle fault (parallel to
the trend of Rio Grande rift) is acting as an
avenue for upflow during pumping; or
perhaps a discontinuity in the clay units of
the alluvial aquifer allow a very local
upflow during pumping. The warm water
need not come from great depth; the
above discussion shows that a local
hydrogeologic avenue at W14 would need
to allow water flow from about 800 ft (244
m) to 250 ft (76.2 m) deep (Figs. 4, 5).

Conclusion

The present study has a very practical
aspect, i.e. to evaluate the probability of
drilling additional hydrothermal wells at
the Bosque del Apache. From the available
data it appears that wells drilled to about
500 ft (152 m) near and west of the Rio
Grande are likely to encounter low-quality
water of about 29-30'C, although with the
l imited data coverage considerible uncer-
taintv exists for the temDerature estimates.
At *ell W14, which produces water at
about 32.5'C from a well deoth oI 252 ft
(76.8 ml, a local hydrogeologic phenome-
non is present that provides a concentra-
tion of warm water. Whether such condi-
tions exist elsewhere is uncertain. If a
broad hydrogeologic phenomenon occurs
with warm groundwater flowing upward
as the basement shallows, then tempera-
tures of -32.5'C could possibly be reathed
at depths of about 800 ft (244 m). It is
likely that a well drilled in this area could
produce water from both the cool, fresh,
shallow aouifer as well as from the
warmer, lo*-quality, deeper aquifer. Care-
ful well completion would be required to
ensure the zone (depth) of production.
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Appendix A
Present status of "8" series wells

in the study area

We attempted to locate the "8" series of
wells drilled by the USGS on the Bosque
del Apache and described by Cooper
(1968). It was found that none of these
wells are accessible to a depth sufficient to
al low temperature logging. (Subsurface
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data is of little usefulness.)

B1-Apparently converted into a wind-
mill well. named Armv well. We located
the well; it's an old bioken-down wind-
mill, no longer operational. Now open to
about 40 ft (12.2 m), it still has the wind-
mill 'sucker rods' in it, making access to
the wellbore difficult.

B2-Cooper (1968) states this well was
p lugged and abandoned.

B3-Cooper (1968) states this well was
p lugged and abandoned.

B4-Cooper (1968) states this well was
plugged and abandoned.

B5-This well is described as being
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B6-Cooper (1968) reports this well was
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was blocked just below the water level (no
more than 10 ft [3.05 m] deep). n
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