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ABSTRACT

Analysis of geothermal and hydrogeologic data from the Socorro area pro-
vides new insight into both the geothermal regime and ground-water flow system.
New geothermal data from the Socorro geothermal area, originally obtained by
industry investigators, further delineate a known geothermal high in the Socorro
mountain block and reveal a profound geothermal low west of the mountain block
in La Jencia Basin., Anomalously low heat flows in La Jencia Basin suggest
ground-water downflow, but hydrologic and geothermal evidence indicate that
infiltration of surface recharge is not significant in this area. We conclude that
eastward flowing ground water is forced to flow down beneath a claystone aqui-
tard in eastern La Jencia Basin, thus reducing near-surface heat flows. High heat
flows in the Socorro mountain block occur in areas where relatively permeable
volcanic rocks outerop at the surface. We conclude that ground water flows
upward in these locations where the claystone aquitard is missing, probably
enhanced by subsurface barriers to horizontal flow, thus elevating near-surface
heat flows. Upper crustal magma in the Socorro area (suggested by seismic evi-

dence) may also contribute heat to the system.

A coherent, though very simple model of the Socorro hydrothermal system
has been developed, in which upper crustal heat is redistributed by ground-water
flow, without anomalous heat sources. Finite difference modeling of ground-water
flow and heat transport was applied to an idealized two-dimensional cross-section
of the Socorro hydrogeologic system. The modeling results demonstrate that the
ground-water flow pattern that we have suggested is consistent with the hydrogeol-
ogy of the Socorro area, and this hydrologic system could produce the geothermal
anomalies observed in the Socorro area. Analysis of the heat balance of the

Socorro system is also consistent with the hypothesis that anomalous crustal heat
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sources need not play a substantial role in the Socorro geothermal system. It is
possible, though, that substantial amounts of anomalous heat are hidden, advected

out of the system by hydrologic underflow.
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INTRODUCTION

The Socorro geothermal area (Figure 1 and Plate 1) is located in central New
Mexico, within the Rio Grande rift, at the edge of the extensive Oligocene
Mogollon-Datil volcanic field. Warm springs issue from the east edge of the
Socorro mountain block (Figure 1), a Pliocene horst separating the Socorro Basin
and La Jencia Basin. (In this discussion the "Socorro mountain block™ includes
parts of the Socorro-Lemitar-Chupadera mountain block, but we are most
interested in the area between Socorro Canyon and Nogal Canyon; Figure 1.)
Thermal waters are also found in the Blue Canyon Well, which is located west of
the thermal springs, within the Socorro mountain block (BCW in Figure 3 and
Plate 1; Summers, 1976). High air temperatures are observed in mine shafts within
the Socorro mountain block. Extremely high temperature gradients have been
measured within the mountain block, including a heat-filow measurement of
490 mW m™2 (Reiter and Smith, 1977; Sanford, 1977), substantially higher than
typical heat flows in the Rio Grande rift 75 —100 mW m™2 (Reiter et al., 1986).
In 1976 the United States Geological Survey designated an area of 362 km? in and
around Socorro as the Socorro Peak Known Geothermal Resource Area (Chapin et
al., 1978). The extent of the geothermal anomalies near Socorro, and the source
of the observed anomalous heat has been a subject of inquiry for a number of
years. Summaries of previous investigations of the Socorro geothermal area are

found in Chapin et al. (1978) and Hawkins and Stephens (1980).

Seismic data indicate that there is magma in the crust in the immediate viein-
ity of Socorro, both at mid-crustal levels (=20 km depth) and at upper crustal lev-
els (possibly as shallow as 5 km depth) (Rinehart et al., 1979; Sanford, 1983).
The mid-crustal magma body is extensive, 1700 km? in area, underlying most of

the Socorro area. The southern boundary of the body is near Socorro Canyon
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Fig. 1. Location map: Socorro geothermal study area, with data. site locations. Triangles: data from previous
studies. Circles: new geothermal data from industry sources. Socorro mountain block, as discussed in the
present study, includes parts of the Lemitar and Chupadera mountain ranges, as well as Socorro Peak.
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(Figure 1). Smaller, shallower magma bodies are suggested by seismically
anomalous upper crustal volumes, and by local microearthquake swarms (Sanford,
1983). It has been suggested that upper crustal magma may contribute heat to the

Socorro geothermal system (Chapin et al., 1978).

A number of investigators have suggested that subsurface temperatures within
and near the Socorro mountain block are probably influenced by ground-water
flow (Summers, 1976; Reiter and Smith, 1977; Sanford, 1977; Chapin et al.,
1978). Harder et al. (1980) suggested that many geothermal anomalies along the
Rio Grande rift are produced by forced convection (advection). It is possible that
the geothermal anomalies observed at Socorro are the result of ground-water flow
redistributing heat in a relatively normal geothermal regime (Reiter and Smith,

1977), and this possibility is the focus of this study.

In this study, we investigate the geothermal regime and subsurface hydro-
geology of the Socorro area. A large set of geothermal dats, originally obtained
by industry investigators, is presented. These data, combined with geothermal data
obtained by Reiter and Smith (1977) and Sanford (1977), describe the local geoth-
ermal regime in some detail. Important sources of geologic information about the
Socorro area are unpublished lithologic logs by Chapin and Osburn, drillers logs,
and an extensive study by Chamberlin (1980). Important sources of hydrologic
and hydrogeologic information are studies by Anderholm (1987), Stone (1977) and
Gross and Wilcox (1983). The geothermal data in conjunction with hydrogeologic
information suggest certain subsurface hydrologic phenomena: dowanflow in La
Jencia Basin and upflow in the Socorro mountain block. We propose a model for
the Socorro hydrothermal system based on these findings. The model involves
heat redistribution in the crust by ground-water flow, without the need of

anomalous upper-crust heat sources.
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Finite difference techniques are applied to the proposed model. Idealized
cross-sections representing the Socorro hydrothermal system are modeled using a
two-dimensional, steady-state code developeci for this study. Hydrologic modeling
verifies that the hydrologic system we propose is consistent with the hydrogeology
of the Socorro area. Modeling of conductive and advective heat transport indicates
that the geothermal anomalies observed in the Socorro area could be produced by

this hydrologic flow system.

This study parallels work done by a number of other investigators such as
Kilty et al. (1979), Severini and Huntley (1983) and Ingebritsen, (1985). These
investigators have studied systems in which advection of heat by ground-water

flow produces significant geothermal effects.

TERRESTRIAL HEAT FLLOW

The study of terrestrial heat flow is the study of heat flow from the earth’s
interior. Heat flow (g,) is defined by

9: = "'kG?z_

where kg is the thermal conductivity of the medium, and z denotes vertical dis-
tance. In order to determine heat flow, measurements of both subswface vertical

teraperature gradient and subsurface thermal conductivity are required.

Heat-flow data often give information relating to deep subsurface thermal and
tectonic processes. In many cases, however, near swface disturbances are the
dominant influence on near swface heat flows. Near surface heat sources, such as
upper crustal magma may cause very high surface heat flow, masking the heat

flow from deeper depths.
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Hydrologic flow systems can also perturb near surface heat flows by advect-
ing heat. The effect of vertical ground-water flow is illustrated in Figure 2.
Hydrologic upflow elevates near surface temperature gradients and reduces deeper

temperature gradients (Fig. 2b). Hydrologic downflow reduces temperature gra-

dients near the surface (Fig. 2¢).
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Fig. 2. Influence of vertical fluid flow on subsurface temperature. (a) undisturbed
temperatures; (b) temperatures disturbed by fluid upflow; (¢} temperatures dis-
turbed by fluid downflow.



-6-

PREVIOUS STUDIES: SOCORRO GEOTHERMAL: SYSTEM

Geothermal studies by Sanford (1977) and Reiter and Smith (1977) presented
temperature logs from 18 sites in the Socorro area (Figures 1 and 3). The follow-
ing discussion is taken from those two works. These investigators recorded sub-
surface temperatures from wells that ranged in depth from 20 to 110 m. High
temperature gradienfs were measured at sites in the eastern part of the Socorro
mountain block, in Blue Canyon and near Wood’s Tunnel. A weil drilled in Pre-
cambrian rock deep within Wood’s Tunnel mine was collared =128 m below land
surface, and extended to a total depth of =195 m below land swface, Exiremely
high temperature gradients were measured in this well: 130 —287 ° C'/km. The
thermal conductivity of core from the well was measured, and the heat flow in the
well was determined to be 2490 mW m~? (Reiter and Smith, 1977). Heat flows

of =280 mW m™? were estimated in Blue Canyon (Sanford, 1977).

Temperature gradients were found to be much lower in adjacent Socorro
Basin (=20 —60 ° C'fkm, neglecting gradients at depths less than 30 m). Tem-
perature gradients in the basin appear to be somewhat higher at locations closest
to the Socorro mountain block., Sanford {1977) suggested that the substantial
decrease of temperature gradients east of the Socorro mountain block is caused by

southward ground-water flow in Socorro Basin.

Both Sanford (1977) and Reiter and Smith (1977) have suggested the possi-
bility that ground-water flow through the Socorro mountain block could advect
heat out of the mountain block, masking anomalous heat sources. Alternatively,
these investigators indicated that upward ground-water flow would advect heat to
the surface, and such upward flow could enhance the influence of an anomalous
heat source or else upflow would bring up heat from depth associated with the

background geothermal gradient.



OVERVIEVW OF GEOTHERMAL DATA, PRESENT STUDY

NEAR SURFACE HEAT FLOW

This study employs data from a number of industry geothermal well sites as
well as data from Reiter and Smith (1977) and Sanford (1977). The locations of
these sites and the numbering system employed in this study =re shown in Figure
3 and Plate 1. The industry data set consists of subsurface temperature profiles
from 49 industrial geothermal wells, and drill cuttings from most of those wells.
These wells were drilled between 1978 and 1980. The wells range in depth from
about 75 to 600 m, and are typically =150 m deep. Several different companies
were involved in drilling and logging temperatures in these wells, and little infor-
mation is available concerning well construction. Chapin (unpublished) and
Osburn (unpublished) made lithologic logs for most of these wells from diill cut-
tings, and we have used these logs extensively in this study. We have also
included temperature logs from the sites presented by Reiter and Smith (1977),
and Sanford (1977). Drill cuttings and lithologic logs (by Foster, unpublished)
were available for a number of these sites {mostly wells from Sanford, 1977).

Thermal conductivities (kg) were measured using the steady-state method
described by Reiter and Hartrnan (1971), applied to drill cuttings by the technique
described by Sass et al. (1971). In addition to our own laboratory measurements,
some kg measurements made by industry investigators were available. See

Appendix C for further discussion of thermal conductivity measurement.

Heat flows were determined at sites from which temperature data have been
obtained at depths greater than 30 m, and thermal conductivity data exist or can be
estimated (see Appendix B for a more detailed discussion of heat-flow determina-

tion). The heat-flow determinations are plotted and contoured in Figure 4, and



Fig. 3. Map of the Socorro Geothermal area. Wells shown with circles are from
the industrial geothermal data set obtained between 1978 and 1980. Wells shown
with triangles are from earlier studies. Numbers or letters and numbers are for
well identification. Identification codes beginning with R are from Reiter and
Smith (1977). Identification codes beginning with S are from Sanford (1977).
Locations of cross sections are shown by lines AA’, BB’, CC', DD’, and EE'.
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presented more fully in Table 1. In many cases, heat flow varies somewhat with
depth within a well. If heat flow did not vary greatly, and if the temperature
depth profile did not seem extremely perturbed, we took either a mean value or
the value of heat flow from the deeper part of the well. The uncertainty of most

heat-flow determinations is =10 —20 percent (see Appendices A and B, and

Table 1).

Some wells have extremely distorted temperature depth profiles. Temperature
logs from most of the deeper wells are extremely perturbed; these logs have isoth-
ermal zones and negative gradients occasionally occur. Such extreme features in a
temperature depth profile suggest fluid flow in the borehole. Similar profiles were
observed at the Beoware Geothermal fleld, Nevada; Smith (1983) suggested that
these temperature disturbances were produced by thermal fluids welling up in the
well bore annulus. It is difficult to determine a representative temperature gradient
for such wells. We calculated an average geothermal gradient and estimated heat
flow for disturbed wells from the bottom hole temperature of the well and an
estimated surface temperature (see Appendix B and Table 1). These heat-flow esti-
mates are denoted by astericks in Figure 4, and are not considered as reliable as

the other data.

The heat-flow data in Figure 4 show not only great variability, but also
interesting trends. High heat flows are found in parts of the Socorro mountain
block. Extremely high heat flows are found in the vicinity of Wood’s Tunnel
(430 mW m™2, Reiter and Smith, 1977), and in Blue Canyon and Socorro Canyon
(225 —260 mW m~2), It is uncertain whether these high heat flows are part of a
continuous zone (as contoured in Figure 4) or several discrete anomalous areas.
Heat flows elsewhere in the Socorro mountain block are more typical of Rio

Grande rift values (75 —100 mW m™2), although there are a few scattered low
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Fig. 4. Heat-flow contour map. Heat flows given in mW m™% (1 HFU =41.84 mW m™2). Note magnified inset of Wood’s Tun-
nel area. The uncertainties of the heat-flow determinations range from 10% to 20%, except for heat-flow estimates (indicated by

*) which have higher uncertainty. Circled numbers are contour labels and contours are dashed where data is sparse. Note that
contour interval varies between 25 and 150 mW m™? depending on location.
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TABLE 1
HEAT FLOW: SOCORRO GEOTHERMAL AREA
Well Depth Interval I'+4AT ke g; +ADg; g £Aq
o w mW mW
Numb
mber | (m) (m) km m°C m2 m?
1 21.3 975 | 389 3| 188 72 10 72 10
2 15 89 39.5 9| 195 77 13 77 13
3 15.2 274 | 645 51 173 | 112 15
27.4 457 | 386 25 | 178 71 17
45.7 85.3 | 26.9 2 1.79 48 9 | 48P 9
4 21.3  39.6 | 29.0 4 | 180 46 6
30.6 610 | 167 4 | 180 27 4
67.1 945 | 232 31 180 37 4 40 5
5 305 914 | 248 1] 154 38 7
945 1494 | 33.7 3| 173 58 6 | 580 6
6 61.0 14904 | 169 1| 186 31 3 31 3
7 21.3 457 { 105 4 | 181 19
640 732 | 28 2| 181 52 2
762 10687 | 94 181 17 17?4
8 183 884 | 256 2| 186 48 5
97.5 146.3 | 32.1 1| 188 60 6 54 6
9 274 100.6 | 46.3 31 172 80 10
103.6 1402 | 576 3| 172 99 13 90 12
10 549 2438 | 515 2| 153 79 9
268.2 3475 | 132 3| 187 25 3
3475 5852 | 32.1 4 | r70 55 6
0.0 5913 | 32.8% 1.68 55*%
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TABLE 1 (Continued}

Well Depth Interval '+ AT ko g; £0g; g £4Ag
°C W mW mW
Number (m] (m) }-1—?: W ';2— -;;5”
11 244 610 | 204 2| 165 34 4
640 914 | 424 12 | 165 70 g
945 1280 | 54.9 21 166 91 9
128.0 1494 | 624 6| 166 | 104 10 | 100° 10
12 152 762 | 241 2 | 174 42 5
82.3 1494 | 208 21 174 52 8 47 5
13 30,5 1524 | 230 3| 177 41 5 41 5
14 274 1433 | 425 1| 159 68 7 68 7
15 914 576.1 | 183 1| 174 32 3 32 3
16 12.2 1524 | 39.7 21 180 64 6 64 6
17 300 600 | 251 15 160 40 8 40 8
18 305 640 | 360 2 | 148 53 9
671 914 | 433 31 148 64 11 50 10
19 1707 2195 | 395 4
249.9 4084 | 449 3 | 21 93 12 93 12
20 213 945 | 142 21 185 23 4
94.5 108.7 | 206 51 165 34 6 34 6
21 183 427 -9 81! 138 1.2
61.0 137.2 | 285 4| 123 35 4 350 4
22 51.8 884 | 162 2| 181 26 3
106.7 1494 } 30.7 3 17 52 5 52D 5
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TABLE 1 (continued)

Well Depth Interval T AL ko g; £Aq; g +Aq
e W mW mW
Number | (m) (m) gy —5 o —
23 85.3 3353 378 2 149 56 6
353.6 463.3 26.7 .5 1.67 45 5
487.7 579.1 136 3 177 24 3
0.0 5852 27 .9% 1.58 44*
24 18.3 57.9 36.0 4 1.6 58 6
61.0 1372 41.1 2 1.6 66 6 62 6
25 33.5 79.2 49.0 2 1.6 78 10
823 1494 42.0 5 1.79 75 12 76 10
26 182.9 371.9 60.9 3 1.58 96 12
378.0 4084 33.1 ' 1.60 53 7
4145 5243 5 4 1.60 0.8
5304 534.7 24.6 14 1.58 39 7
0.0 573.0 39.1* 1.59 B2*
a7 183 3719 50.1 2 1.58 79 g
4084 5304 323 4 1.54 50 6
5425 585.2 4] 1.8 1.89 1.7
0.0 5852 38.6% 1.58 61*
28 18.3 67.1 94.5 1.1 1.75 165 18
79.2 1219 80.2 i 1.78 143 17 155 19
29 36.6 85.3 60.3 1.5 1.58 95
97.5 140.2 40.6 B 1.58 G4
0.0 146.3 66.4* 1.6 106¥
30 36.6 140.2 53.8 4 1.71 92 9 92 9
31 12.2 54.9 t 1595 2.1 1.83 292 32 292 32
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TABLE 1 (Continued)

Well Depih Interval T+ AT ko g; Ag; g +4q
o W mW mW
Numbe —— LA RUS
umber | (m) (m) — ~ T - o
32 91 427 | 1766 30 | 178 | 314 44
45.7 73.2 | 139.1 8| 18 203 922 | 223P 22
33 183 488 | 978 71 145 | 142 20
488 884 | 748 7| 145 | 108 15
914 1189 | 425 8| 145 62 9
1402 1524 5.5 7] 145 8 1
00 1524 | 658~ 1.45 g5*
34 244 853 | 311 2 { 149 46 7
106.7 1463 | 334 2 | 149 50 8 48 6
35 2974 884 | 445 1.66 74 7
014 1372 | 518 2| 186 86 8 80 8
36 21.8  70.1 | 488 8 | 181 88 11 88 11
37 79.2 1158 | 410 14 | 157 64 10
1218 2560 | 835 4 ) 158 | 100 12
256.0 2987 | 854 1.9 | 157 | 134 16
3170 4084 | 117 7} 154 i8 3
0.0 3993 | 480" 1.57 75k
38 198 427 { 719 11| 170 | 122 24
488 853 | 586 4 | 1.49 87 10
91.4 1158 | 437 8 | 149 65 8
1219 1402 | 656 27 | 154 | 101 23
00 1417 | 61* 1.56 95*
39 366 793 | 368 71 175 64 8 64 8
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TABLE | (Continued)

Well Depth Interval '+ AT ko . | g; £Ag g +Aq
o w mW mW
Numb

umber | {m) (m) - —3 =3 .
40 122 427 { 1180 28 | 151 | 178 27

43.8 863 | 971 19 | 1.69 | 164 23

853 1158 | 666 25 | 179 | 119 19

00 1219 | 89* 1.66 148*
41 21.3 518 | 470 31 171 80 15

57.9 975 | 419 2| 171 72 13 76 14
42 182 762 | 534 1| 159 85 14 85 14
43 152 1524 | 55.1 5| 1.68 92 9 92 9
44 122 244 | 541 7| 151 82 14

27 4 67.1 38.5 21 1.52 50 10| 59° 10
45 9.1 732 | 725 21 143 | 104 9 | 104 9
46 15.2 335 | 711 5 158 | 12 13

335 823 { 596 .1 | 1.58 94 10

823 1250 | 55.8 1| 158 88 10 g1® 10
47 24.4 762 | 237 1| 1.46 35 5 35 5
48 24.4 853 | 37.1 6 | 1.89 70 15 70 15
49 213 914 | 267 7| 1.86 50 7 50 7

Table 1. Heat-Flow Determinations: Scecoiro Geothermal Area. Well numbers correspond to
numbers in Figure 3 and Plate 1. This table gives temperature gradient and the standard devia-
tion of the temperature gradient (I' and AT}, thermal conductivity (ke} and heat fiow and
uncertainty in heat fow (g; and Ag;) for listed depth intervals in each well. The final column
(¢ =Agq) gives the best value of heat flow for each well, and the estimated uncertainty (see
Appendix B). Heat-flow values marked by an asterick are heat-flow estimates made using max-
imum recorded temperatures, total well thermal conductivities and estimated surface tempera-
tures as described in Appendix B. Heatflow values marked by a "D" are taken from the

deeper part of the well.
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values (34 —62 mW m™2).

Extremely low heat flows are found in La Jencia Basin. Heat flows are less
than 50 mW m™2 in most of the part of La Jencia Basin included in this study,
and a number of heat flows are near or below 30 mW m™2. These heat-flow
values are far below typical Rio Grande rift heat flows (=75 —90 mW m™%
Reiter et al., 1986). Many of the heat flows measured in La Jencia Basin are lower
than typical values for cool, stable continental areas (35 —65 mW m™2, Lachen-
bruch and Sass, 1977). A profoundly low heat-flow anomaly occurs at and near
Well 7 in eastern La Jencia Basin. The near-surface heat flow at Well 7 is
17 mW m~2 (determined from a somewhat distorted temperature-depth profile; see
Appendix B), and heat flows of 31, 32, 41 and 47 mW m™2 occur nearby. In the
southernmost part of La Jencia Basin, heat flows of 3¢ mW m™2 and 35 mW m™2
are observed. Heat flows at the borders of La Jencia Basin, near the Magdalena
and Socorro mountain blocks are usually somewhat higher. Along the Magdalena
mountain front, heat flows range from 40 to 77 mW m™?, still somewhat low for

the Rio Grande rift.

Industry geothermal data from Socorro Basin are consistent with the data
presented by Sanford (1977) and Reiter and Smith (1977). Heat flows in Socorro

Basin are rather low, increasing somewhat with proximity to the Socorro mountain

block.

Heat flows in the Socorro geothermal area vary greatly over very short hor-
izontal distances. The high heat flows at Wood’s Tunnel are only =10 km from
the lowest heat flows of La Jencia Basin, and less than ==5 km from areas of low
to average heat flow in the Socorro Basin. The high heat flows of Socorro
Canyon are only =25 km from heat flows of =35 mW m™2 in La Jencia Basin.

Because heat flows change dramatically over such short distances, the phenomena
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controlling the heat-flow anomalies must be very shallow, i. e., in the upper crust.

The exiremely low heat flows in La Jencia Basin suggest the presence of
downward ground-water flow. Hydrologie perturbations are also suggested by the
variation of heat flow with depth in many of the wells in the Socorro area. High
heat flows (>100 mW m™2) are only observed at depths shallower than 200 m,
which is consistent with the hypothesis that the high gradients are a result of
hydrologic upfiow (See Figure 2). Unfortunately, deep data have not been obtained
from the areas of highest heat flow. The highest heat flows (>200 mW m™2) are
observed only in wells of relatively shallow depth, less than 100 m (except at the
Wood's Tunnel site which is deeper than 100 m, but almost entirely above the

water table).

SUBSURFACE GEOLOGIC AND TEMPERATURE DATA.

As part of this study, we have made generalized geologic cross sections
(Plates 2,3 and 4 and Figs. 10 and 13) through the study area at locations indi-
cated on Figure 3 (AA',BB’,CC’, DD’ and EE'). The cross sections are con-
structed using information from cross sections in Chamberlin {1980) and from
lithologic logs from the geothermal wells of this study. We have had access to
lithologic logs of geothermal wells made by C. Chapin, G. Osburn, R. Foster, as
well as driller's logs from a number of wells. More detailed discussion of the ori-
gins, stratigraphic and structural reiationships and hydrologic characteristics of the
different geologic units is found in the following Geology and Hydrogeology sec-

tions.

Subsurface temperature contours from geothermal well data are superimposed
on the generalized geology of these cross sections (except for cross section EF').

Temperature contows show the large variation in the subswrface geothermal
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regime that occurs over relatively short horizontal distances. Some of the deepest
wells included in the cross sections (26 and 27) have distorted temperature profiles
indicative of borehole flow, and therefore, some of the temperatures measured
within these wells may not represent formation temperatures. Temperature profiles
in these wells are suggestive of fluid upflow from sources near the bottom of the
well, and we suggest that in these cases the bottom hole temperatures are the most
reliable. Estimated “corrected” subsurface temperatures are calculated for two of
these wells (by assuming linear temperature variation between the maximum
recorded temperature and an estimated surface temperature) and “corrected” tem-
perature contours are indicated by dotted lines in Plate 3, cross section BB’. (See
Appendix B and Table 1 for more information on. estimated heat flows and surface

temperatures from greatly distorted temperature-depth profiles.)

Temperatures below the bottom of a well are extrapolated from the bottom
hole temperature using the most representative temperature gradient of that well.
Where this procedure appears to be highly uncertain, we have dashed the tempera-

ture contours.

Subsurface temperature data from these cross-sections (AA’,BB’ and CC’)
show the same trends as the surface heat-flow data. Subsurface temperatures are
elevated within the Socorro mountain block and depressed in La Jencia Basin.
Cross-sections BB’ and CC’ show the anomalously high subsurface temperatures
found in certain locations of the Socorro mountain block., The most elevated sub-
surface temperatures occur in upfaulted blocks of volecanic rock (wells S4, 35, 56
and BCW in cross-section BB', wells 31 and 32 in CC’). The anomalously low
subsurface temperatures and temperature gradients of La Jencia Basin are most
clearly shown in cross section AA’. The most depressed subsurface temperatures

occur in and near a thick claystone unit (Wells 7, 15 and 6). Before we discuss
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these cross-sections further, it is necessary to present some information on the

geology and hydrology of the Socorro area.

GEOLOGY AND HYDROGEOLOGY

GEOLOGY

The Tertiary geologic history of the Sbcorro area can be briefly summarized
in accordance with Chamberiin (1980) Chapin et al. (1978), and Bruning (1973).
Extensive voleanism covered much of southeastern New Mexico in early Tertiary
times. The north-eastern extremity of the Oligocene Datil-Mogoellon voleanic fleld
is the Socorro Cauldron which formed about 27 ma (Figure 5), during the early
stages of the development of the Rio Grande rift. The Dafil-Mogollon volcanic
field comsists of numerous interlocking and overlapping cauldrons which produced
voluminous ash-flows. Large down-dropped cauldron structures were filled with
thick volcanic and volcaniclastic deposits; such deposits were considerable thinner
outside of cauldrons. For purposes of discussion all cauldron-related volcanic
units and any pre-cauldron Tertiary volcanic rocks are referred to as "early Terti-

ary’ volcanie rocks in this study.

Cauldron volcanism subsided in early Miocene times and a broad sedimen-
tary basin developed, the Popatosa basin. Sedimentary umnits possibly in excess of
1000 m were deposited; these are now known as the Popatosa Formation. The
lower Popatosa Formation consists of mudflows, volcaniclastic materials and other
sedimentary rocks {now very well indurated). The upper Popatosa Formation con-
sists of sediments associated with the playa lake which formed in the central part
of the Popatosa basin. The playa lake was centered, approximately, at the location

of the present day Socorro mountain block; a thick claystone unit was deposited in
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this area. Fanglomerates were deposited near sediment source areas, such as the
present Magdalena Mountains. Voleanism recrudesced in late Miocene times; vol-
canic flows and domes became interbedded with Popatosa lacusirine sediments, A
hydrothermal system was probably active at this time. The existence of this
hydrothermal system is indicated by extensive potassiumn mefasomatism observed

in lower Popatosa rocks and early Tertiary volcanic rocks (Chapin et al., 1978).

Block faulting disrupted the Popatosa basin between 7-4 Ma, producing the
present topography. The Socorro-Lemitar mountain block, an infra-graben horst,
was upfaulted out of central Lake Popatosa. The Magdalena Mountains, already
relatively high, were elevated further. The existence of recent fault scarps in the
Socorro area indicates that block faulting continues into present times. Sedimen-
tary deposits eroded from these mountain blocks have been deposited in Socorro
and La Jencia basins. The Sierra Ladrones Formation is composed of these sedi-
nients, ancestral Rio Grande deposits in the Socorro Basin, and basaltic lavas that
were erupted in the Socorro area about 4 Ma (Bachman and Mehupert, 1978). The
Popatosa Formation and Sierra Ladrones Formation (and interbedded volcanic
units) comprise the Santa Fe group. More recent sedimentary deposits are referred
to as "post Santa Fe Alluvium", In this study volcanic rocks from the late Miocene

and the more recent basalts are referred to as "late Tertiary” voleanic rocks.

Figure 5 is a generalized geologic map of the study area. The outlines of the
mountain blocks as drawn generally correspond to the limits of swiface exposure
of upper Popatosa Formation and older rocks that comprise the mountain block.
Units older than the upper Popatosa Formation are represented by patterns. A
generalized geologic column for the Socorro area, showing the units of interest in
this study, is shown in Figure 6. More detailed geology and geologic history can
be found in Bruning (1973), Chapin et al. (1978), and Chamberlin (1980).
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Fig. 6. Generalized geologic column. of the Socorro area. Summarized from
Chamberlin (1980) and Chapin et al (1978).
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The Socorro area is structurally complex. Pliocene block faulting cuts across
older cauldron structures. Block faulting exposes Precambrian and Paleozoic rocks
at the surface in the Socorro mountain block north of the northern boundary of the
Socorro caldera. Within the caldera, in the southern Socorro-Lemitars mountains,
thick early Tertiary voleanic rocks and Popatosa claystones are exposed at the sur-
face while Precambrian and Paleozoic rocks are buried at unknown depths beneath
the surface (see Figure 5). Similarly, in the Magdalena Mountains, Rarly Tertiary
voleanic rocks are exposed within caldera boundaries in the southern part of the
range, and Precambrian rocks are exposed at the surface north of caldera boun-
dartes. The geologic structure of the Socorro area is more fully detailed in Chapin

et al. (1978), Chamberlin (1980), and Eggleston et al., (1983).

HYDROGEQOLOGY

The Socorro area is semi-arid, receiving "24 centimeters of precipitation a
year in the town of Socorro, and roughly twice that amount in the Magdalena
Mountains (Gabin and Lesperance, 1977; Hawkins and Stephens, 1981). Most
precipitation occurs in the late summer in the form of violent thunderstorms.
Recharge occurs predominantly in and pear the mountain blocks, especially the
Magdalena Mountains. (Anderholm, 1987). Dewey estimated that the total
recharge to La Jencia Basin from the Magdalena Mountains is an order of magni-
tude greater than the total recharge in and near the Socorro mountain block
(Anderholm, 1987). The large difference in total recharge is probably a result of
the difference in precipitation, the much larger total area of the Magdalena Moun-
tains, and the lower potential evapotranspiration in the Magdalena Mountains,

caused by cooler air temperatures (Gabin and Lesperance, 1977).
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A generalized sketch of water table elevation data, based on Stone (1977), is
shown in Figure 7. Subswface flow directions, at least at shallow depths, can be
estimated assuming that horizontal ground-water flow is roughly perpendicular to
water level contours. Note that the water table elevation is much higher in La
Jencia Basin than in the Socorro Basin, and therefore ground water tends to flow

from La Jencia Basin into the Socorro Basin.

The Socorro Basin is part of the Rio Grande drainage in which ground water
generally flows from north to south. The Socorro Basin is separated from La Jen-
cia Basin by the Socorro mountain block. Ground water in La Jencia Basin
recharges in and near the Magdalena Mountains, and flows (roughly) south-west to
north-east in the basin subswrface (Stone, 1977). Some ground water flows
through the Socorro mountain block into the Socorro Basin. Figure 8 illustrates the
flow of ground water through La Jencia Basin and the Socorro mountain block, as
suggested by Gross (1881). Flow through Socorro mountain block is thought to
oceur (for the most part) in early Tertiary volcanic rocks, perbaps preferentially
through more permeable fractured zones such as Socorro and Nogal Canyons
(Anderholm, 1987). It has been suggested by a number of investigators that the
movements of fluids in and near the Socorro mountain block is largely controlled

by fractures (Chapin et al., 1978; Hawkins and Stephens, 1981).

There appear to be three basic types of hydrologic units in this area (see Fig-
ure 6). Firstly, there are poorly consolidated sediments which have a high matrix
permeability: gravels, sands, and muds of the late Tertiary Sierra Ladrones Forma-
tion and post Santa Fe alluvium, and the fanglomerate facies of the Popatosa For-
mation. The principle aquifer of the Socorro area is composed of relatively uncon-

solidated sediments of this type (Anderholm, 1987).
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Secondly, there are a number of different types of hard rock which may have
relatively high fracture permeabilities: Tertiary volcanic rocks, highly indurated
sedimentary rocks, and Paleozoic and Precambrian rocks (Chapin et al., 1978;
Anderholm, 1987). Early Tertiary volcanic rocks comprise a secondary aquifer in
the Socorro area. These rocks may have served as a reservoir for an ancient (late
Miocene?) geothermal system and are thought to transmit water through the
Socorro mountain block at the present time (Chapin et al., 1978; Anderholm,
1987). Thermal and non-thermal springs issue from fractures in the well-indurated
sedimentary rocks of the Lower Popatosa formation, which indicates that this unit,
where fractured, has a relatively high permeability (Chamberlin, 1980). Precam-
brian and Paleozoic rocks may also have substantial fracture permeability, espe-

cially near fracture zones (Anderholm, 1987).

The third major bydraulic unit in the Socorro area consists of clays and
moderately indurated upper Popatosa Formation playa claystones. The matrix per-
meability of clayey material is naturally low (Freeze and Cherry, 1979), and the
fracture permeability of clays and claystones is also probably very low. Upper
Popatosa claystones become ductile when wet, and therefore it appears likely that
any fractures that form in the claystone below the water table would heal. Popa-
tosa claystones are thought to act as an aquitard in the Socorro area (Anderholm,

1987; Chapin, et al., 1978).

The stratigraphic and structural relationships of these units are illustrated in
Figures 6 and 12 and Plates 2, 3 and 4. Gravels, sands and muds of the principle
aquifer overlie the clays and fanglomerates of the upper Popatosa Formation. In
the study area, upper Popatosa claystones are found in the subsurface of eastern
La Jencia Basin and in the Socorro mountain block while upper Popatosa fan-

glomerate facies are found in the subsurface of western La Jencia Basin and in the
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Magdalena Mountains (Bruning, 1973). The approximate location of the transition
between claystone and fanglomerate of the upper Popatosa Formation in La Jencia
Basin is shown in Plates 2,3 and 4. This transition probably involves a grada-
tional change between claystones and fanglomerates, as well as intertonguing of
units. The fanglomerates near the transition contain quite a bit of mud and clay.
It is possible that faulting in central La Jencia Basin juxtaposes upper Popatosa
claystone to the east against sands, gravels and muds to the west (Bruning, 1973;
Osburn, personal communication). Late Tertiary volcanic rocks occur locally

amongst upper Popatosa and younger units.

The secondary aquifer (composed of lower Popatosa Formation rocks and
early Tertiary volcanic units) underlies the upper Popatosa Formation. The thick-
ness of the early Tertiary volcanic rock is probably quite great (at least 1.5 km)
within the Socorro Cauldron (Chapin et at., 1978).

Upper Popatosa claystones are exposed at the surface in the upfaulted
Socorro mountain block. Early Tertiary volcanies rocks and Precambrian rocks
are exposed in upfaulted sub-blocks (Figures 5, 9 and 10). Along the faults bound-
ing the eastern side of the Socorro mountain block, upfaulted Tertiary voleanics
and fractured, well-indurated sediments are juxtaposed against wedges of relatively

impermeable upper Popatosa claystones {(Figure 10; Chamberlin (1980).

Thermal springs are found at the eastern edge of the Socorro mountain block
{(Figures 1, 7 and 10). The spring waters are very dilute, and show no signs of
interaction with deep reservoir rocks (Hall, 1960; Gross and Wilcox, 1983).
Instead, it appears that these waters are heated in a relatively shallow aquifer asso-
ciated with early Tertiary volcanics. The waters of the Socorro thermal springs are
thought to criginate in the Magdalena mountains and travel eastward in the sub-
surface through the Socorro mountain block (as shown is Fig 8), although a
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Fig. 9. Key to lithologic units for Figures 10 and 13 and Plates 2, 3, and 4. Infor-
mation from Chamberlin et al (1980} and Chapin et al (1978). A copy of this
figure is included in the sleeve holding the plates.
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component of local recharge is likely (Hall, 1960; Gross and Wilecox, 1983). The
springs are fault controlled; they issue from fractured early Tertiary voleanic rocks
near an outcrop of low permeability claystones which are faulted down against the
more permeable rocks (Figure 10; Gross and Wileox, 1983; Chapin, et al., 1978).
It has been suggested that the springs discharge at this location because the east-
ward flow of heated waters in the Tertiary volcanics is blocked by the down-
faulted claystones, thus forcing the waters to flow upward to the surface. (Chapin
et al., 1978}.

Ground water in the Magdalena Mountains and throughout La Jencia Basin is
generally of the Ca—HCO; type, while waters discharged from the Socorro ther-
mal springs and Blue Canyon Well are of the Na—HCOg type (Summers, 1972;
Gross and Wilcox, 1980). Hall (1963) suggests that the chemical change is
caused by ion exchange in the rhyolitic tuffs underlying the Popatosa Formation,
as the waters pass through the Socorro mountain block. Ion exchange may be

enhanced by above-normal subsurface temperatures (Gross and Wilcox, 1983).

HYDROTHERMAL INTERPRETATION

LA JENCIA BASIN

The low heat flows in La Jencia Basin are almost certainly caused by hydro-
logic downflow, The easiest way to obtain downward ground-water flow is by
surficial recharge, i. e., downward percolation of direct precipition or runoff.
However, in the semi-arid Socorro area, low precipitation and high potential eva-
potranspiration make direct recharge from rainfall a rare event (Wallace and
Renard, 1967). The primary source of recharge is probably transmission losses

from flow events, which in the case of La Jencia Basin predominantly occur close
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to the Magdalena Mountains in western La Jencia Basin {(Anderholm, 1987). Heat
flows observed in western La Jencia Basin near the Magdalana Mountains are
somewhat low (Figure 3), and we suggest that hydrologic recharge may have per-

turbed and reduced heat flows in this area.

It seems unlikely, however, that infiltration of recharge is a major factor in
producing the lowest observed heat flows (17 —32 mWV m_g) in the eastern part
of La Jencia Basin. The sites are more than 5 kilometers from the Magdalena
mountain front, while Dewey suggested that most recharge occurs within omne
kilometer of the mountain front {(Anderholm, 1987). These sites are fairly close to
the Socorre mountain block, but recharge in and near the Socorro mountain block
is probably quite small (about one-tenth the recharge to La Jencia Basin from the
Magdalena Mountains). In addition, any infiltration in eastern and central La Jen-
cia Basin would be impeded by low permeability clays at and near the swrface
(Anderholm, 1987).

The strongest argument against significant infiltration of recharge in eastern
La Jencia Basin is found in the geothermal data. The low heat-flow sites in this
area are wells drilled in clays and claystones (which in some cases are overlain by
gravel). Heat flow is constant with depth in most of these wells, though in some
cases the heat flow is somewhat different in the overlying gravel or there is some
minor distortion somewhere in the temperature depth profile. Well 15 was drilled
in 600 m of upper Popatosa formation (mostly claystones) in eastern La Jencia
Basin and demonstrates constant (Iow) heat flow with depth (32 mW m™%; see
Figure 11). If there were significant vertical ground-water flow in the Popatosa
claystones, the heat flow would vary systematically with depth (see Figure 2).
Therefore infiltration of recharge from the swface is not the dominant influence on

subsurface temperatures in eastern La Jencia Basin, although it may contribute to
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low temperature gradients in some locations (especially in surficial gravels).

The heat-flow profile of Weil 15 (Figure 11) is constant with depth, indicat-
ing that vertical ground-water flow between the surface and the bottom of this
well is negligible. Since the magnitude of the conductive heat flow at this site, and
other nearby sites, is much lower than normal there must be another process
influencing the subsurface temperature regime, besides direct infiltration of
recharge. We suggest that the near surface temperature regime is perturbed by

ground-water flow elsewhere, adjacent to and/ or below the Popatosa claystones.

We hypothesize that the low heat flows of eastern La Jencia Basin are pro-
duced by eastward flowing ground water (that recharged in or near the Magdalena
Mountains) that is forced to flow down beneath the relatively impermeable east
basin claystones into more permeable materials below. Figure 12 is a schematic
east-west cross section of Socorro area hydrogeology which illustrates this
bypothesis. Recharge occurs in and near the Magdalena Mountains, and the
ground water flows roughly eastward through gravels, fanglomerates and Tertiary
voleanics of western La Jencia Basin. In central La Jencia Basin the lithology of
the upper Popatosa changes from permeable fanglomerate to low permeability
clays and claystones which extend from near {(or at) the surface down to depths of
{possibly) 1000 m. Ground water flows downward near the fanglomerate/ clay-
stone transition into more permeable material below, i. e., fractured well-indurated

sedimentary rocks and fractured volcanic rocks of the secondary aquifer.

This hypothesis is best supported by the Nogal Canyon cross-section {AA’,
Plate 2). In this cross-section the transition between upper Popatosa fanglomerate
facies and Upper Popatosa playa (claystone) facies appears to occur near Well 7.
Well 7, drilled in gravels and mud, has the lowest heat flow observed in the

Socorro area. (Temperatures in this well appear somewhat perturbed and therefore
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we do not regard this as one of our most reliable data sites.) Well 15 (Figure 11)
is also located near the transition, but in the claystone aquitard, and, as discussed
above, has a very low but constant heat flow. (Well 15 is actually somewhat off
the cross-section and therefore not as close to Well 7 as it appears in cross-section
AA’.) We suggest that eastward flowing ground water is forced to flow downward
in the vicinity of Well 7, beneath the claystone aquitard observed in Well 15, Heat
is advected downward by the ground water, reducing surface heat flows in this

area.

The transition between the fanglomerate and the playa (claystone) facies of
the upper Popatosa is a transition between an unconfined aquifer and an aquifer
confined beneath the claystone aquitard. A question raised by our hypothesis is:
Why is eastward flowing water in the unconfined aquifer forced to flow down
under the aquitard instead of up and over the aquitard? The most likely answer is
that the claystone aquitard extends above the level of the water table in the
unconfined aquifer of western La Jencia Basin, and the unconfined ground water
does not have sufficient potential energy to flow up and over the claystone. West
of the fanglomerate/ claystone tramsition the water table elevation is probably
/21740 m (data are spasse, but the water table in La Jencia Basin seems to be
very flat; (Stone, 1977; Anderholm, 1987)). East of the transition, the elevation of
the top of the claystone aquitard is =1775 m in Well 6, =1755 m in Well 13,
and ~1766 m in Well 15. Unconfined water west of the transition will not have

sufficient energy to flow up over the aquitard.
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The Blue Canyon and Socorro Canyon cross sections (BB’ and CC’, plates 3
and 4) also pass through La Jencia Basin. These cross sections include the transi-
tion between fanglomerate and claystone in the upper Popatosa Formation. Depres-
sion of subswface temperatures and temperature gradients can be observed at the
transition in the Socorro Canyon cross section. However, the depression of sub-
swface temperatures near the transition does not appear to be as profound in the
Socorro Canyon cross-section as it appears in the Nogal Canyon cross section.
The Blue Canyon cross section does not appear to show any depression of isoth-
erms near the fanglomerate/ claystone transition. Perhaps not all of the ground
water in this area is forced to flow beneath the claystone; note that the top of the

claystone in Well 22 is fairly deep.

SOCORRO MOUNTAIN BLOCK

The high heat flows of the Socorro Mountain Block are probably greatly
influenced by ground-water flow (although upper crustal magma may also contri-
bute heat). Hydrologic upflow in the Socorro mountain block has been suggested
by many investigators (Chapin et al., 1978; Reiter and Smith, 1977). Compating
Figures 4 and 5, we note that zomes of high heat flow in Socoiro nd Blue
canyons are coincident with outerops of relatively permeable Tertiary voleanic
rocks. High heat flows occur in upfaulted blocks from which the Popatosa. clay-
stone aquitard has been eroded away. The coincidence of elevated subsurface tem-
peratures and upfaulted Tertiary volcavics is most clearly illustrated in cross sec-
tion BB’ of Blue Canyon (Plate 3). Elevated temperatures occur in wells S5, S4
and BCW in upfaulted Tertiary volcanic rocks, and also in Well $6 which is in

claystone overlying upfaulted volecanies.
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We suggest that the absence of a claystone aquitard in upfaulted blocks of
volcanics allows ground water, previously confined beneath the Popatosa clay-
stone, to flow upward, thus elevating heat flows. The ground-water flow path is
illustrated in the right hand side of Figure 12, i. e., ground water flows eastward in
the Tertiary volcanics below the Popatosa claystones, and upward in the upfaulted
block of Tertiary voleanies. This hypothesis is consistent with the ideas presented
by Witcher (1988) who found that "tectonic and erosional stripping of Cenozoic
and Mesozoic aquitards has exposed discharge windows which channel outflow of
thermal water'" providing discharge sites "for most of the region’s convective sys-
tems". In the Socorro area, thermal waters discharge only at the thermal springs
(Socorro, Sedillo and Cook springs). We suggest that the same phenomena (fluid
upflow in a hydrologic window) elevates heat flow regardless of whether fluid

discharge occurs or not.

Subsurface temperatures in Socorro Canyon (cross-section CC’, Plate 4) are
elevated in part (although not all) of the upfaulted blocks of Tertiary volcanie and
Lower Popatosa Formation rocks. Temperatures are much lower in adjacent clay-
stones, west and east of the upfaulted volcanics. Anderholm (1983) suggested
upflow of geothermal water oceurs where the Tertiary voleanic aquifer is near the
surface in Socorro Canyon, This is consistent with the hypothesis presented in
this study, and is supported by the elevated heat flows observed in Socorro
Canyon. Heat flows greater than 200 mW m ™2 are found in wells 31 and 32, and
the temperature profile in Well 33 is extremely curved, suggesting the influence of

hydrologic upflow (either in the well bore or in the formation).

Heat flows are also somewhat elevated in upfaulted early Tertiary volcanic
rocks in Nogal Canyon (AA’, Plate 2). Early Tertiary rocks are upfaulted within

150 m of the surface in the eastern part of cross section AA’. We suggest that
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ground water flows up from under the thick claystone of eastern La Jencia Basin,
in the upfaulted voleanie rocks, even though the voleanic rocks do not outerop at

the surface.

A mumber of causes probably conuibute to hydrologic upflow in the
upfaulted Tertiary voleanic rocks. Water confined under the thick claystone aqui-
tard may be overpressured, and flow upward naturally where the confining layer is
absent (or where the base of the confining layer is higher in elevation such as in
Nogal Canyon). Thermal bouyancy may also contribute to hydrologic upflow.
Water confined beneath the claystone aquitard may be heated by either the natural
geothermal gradient, or by anomalous crustal heat sources, increasing its thermal

bouyancy and enhancing upflow.

In addition, we suggest that downfaulted blocks of claystone east of the
upfaulted Tertiary voleanic hydraulic windows act to enhance the upflow of
ground water in these areas. At the Socorro thermal springs, a similarly located
claystone block outcrops and thermal waters discharge at the surface (see Figure
10). Elsewhere in the Socorro mountain block, claystone blocks are buried in the
subsurface east of Tertiary volcanie outcrops (Chamberlin, 1980). We suggest that
ground water flows up and over the claystone blocks (without surface discharge),
elevating near-surface heat flows (Figure 12). The possibility that such subsurface
flow barriers promote upflow is most clearly demonstrated in the cross section
through Blue Canyon (BB’, Plate 3). Subsurface temperatures are elevated in the
upfaulted block of voleanic rocks as observed in wells S6, S5, 34 and BCW (Blue
Canyon Well). Between BCW and Well R4, faulting has placed low permeability
claystones against the volcanic aquifer. We do not known the exact depth of the
down-dropped claystone block in this area; two cross sections by Chamberlin

(1980), one south of our cross section and one fo the north, place the top of the
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claystone at /21450 m, and 1220 m, elevation respectively. The water table
elevation in this area is higher that the top of the claystone; the water level in
Blue Canyon Well is ~1524 m, and Socorro and Sedillo springs discharge at
1524 m (Summers, 1976). This evidence indicates that ground water in the
upfaulted volcanic rocks has sufficient potential energy to flow over the subsurface

claystone barrier.

Claystone also exists in the subsurface east of the outcropping Tertiary wvol-
canics in Socorro Canyon. It is less certain that ground water flows up over clay-
stone in this area. The lithologic log of Well 35 (no lithologic information exists
from Well 34) and cross sections by Chamberlin (1980) indicate that the top of
the claystone is very close to the swrface; between 1570 and 1610 m elevation.
Evidence from geothermal wells 31 and 32 indicates that V\;ater table in the
upfaulted voleanic block is probably about 1585 m elevation. It is possible that
some ground water flows up and over the claystone aquitard along the interface
between upfaulted volcanic rocks and downfaulted claystones in or near Socorro

Canyon.

SOCORRO PEAK - WOOD'S TUNNEL

We now address the problem of the exceptionally high heat flows in the
Wood's Tunnel area east of Socorro Peak. The Wood’s Tunnel site is in a struc-
tural position similar 1o the other high heat-flow sites of the Socorro mountain
block, 1. e., in an upfaulted block from which Popatosa claystones have been
eroded away. Wood's Tunnel, however, is outside of the Socorro cauldron, and
the highest heat flow (490 mW m™?) is measured in Precambrian rocks instead of
Tertiary volcanics (Fig. 13). High heat flows are also observed in nearby volcanic

rocks and sediments which overlie shallow Precambrian rocks (see Figs. 4, 5 and
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Temperatures are in degrees celsius. Cross seclion location shown in Figure 3 and key to lithology shown in

Figure 8. Geology is from Chamberlin’s cross section BB’, (1980).
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13).

Anderholm (1987) suggested that Precambrian rocks may transmit water in
densely fractured or weathered zones. Wood's Tunnel is near two major fault
zones: the ring fracture zone of the Socorro cauldron, and the range front fault
zone of the Socorro mountain block. We suggest that the fracture permeability of
the Precambrian rocks in this area may be quite high, and that hydrologic upflow
elevates heat flows in this area, as it does in Blue Canyon and Socorro Canyon.
Core from Wood’s Tunnel is riddled with fractures, and the seismic quality factor
("Q") in this location is anomalously low for Precambrian rock, suggesting the
presence of “open or saturated pores or fractures" (Carpenter, 1985). Evidence
indicates that there is a vertical hydraulic head gradient in this area consistent with
upward ground-water flow; Sanford (1977} observed that the water level in a well
near Wood’'s Tunnel rose when that well was deepened. We hypothesize that
hydrologic upflow may contribute to the high heat flows observed at and near
Wood’s Tunnel.

Thermal refraction may also elevate heat flows at Wood’s Tunnel. Heat is
conducted preferentially through material of higher thermal conductivity. The ther-
mal conductivity of the Precambrian rock at ‘Wood's Tunnel! is approximately

twice that of the swrounding younger rock, therefore we anticipate a substantial

thermal refraction effect.
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NUMERICAL MODELING

INTRODUCTION

The purpose of numerical modeling in this study is to simulate, in the first
order, the hydrogeothermal system hypothesized for the Socorro area. We wish to
determine whether the hydrogeology of the Socorro area could, indeed, produce
the hydrologic phenomena that we have suggested, and whether such a hydrologi-
cal system could, in twn, produce geothermal anomalies of the magnitude

observed in the Socorro area.

A two-dimensional, steady-state, finite difference model has been developed
to simulate hydraulic heads and temperatures. The density and viscosity of water
are assumed constant with respect to temperature and, therefore, the possible
effects of free convection are not considered. Hydraulic heads are modeled first,
and the hydraulic head field is used io determine fluid velocities. The fluid veloci-
ties are incorporated into the conductive/ advective solution for temperatures (see

Appendix D for a more complete description).

The model system (Fig. 14) represents an idealized W-E cross-section from
central La Jencia Basin, through the Socorro mountain block, and into Socorro
Basin (similar to the cross-section in Figure 12). The cross section of the model
system is assumed to be parallel to ground-water flow in La Jencia Basin and the
Socorro mountain block. Ground-water flow in the Socorro Basin is largely per-
pendicular to the model system and therefore the model does not simulate hydro-
geothermal conditions east of the Socorro mountain block. The model extends

into the Socorro Basin solely to avoid boundary condition constraints at the
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eastern front of the Socorro mountain block, because hydrologic and geothermal
conditions in this area are highly uncertain and, if specified in the model, would
exert substantial influence on model results. Further discussion of the boundary

conditions of the system can be found in Figure 7, and Appendix E.

BASE MODEL

A. simple base model which simulates the most important hydrologic ele-
ments of the Socorro geothermal system is shown in Figure 14. Thermal conduc-
tivity is constant (1.5 W m® C™1) throughout this system, a reasonable assumption
for geologic materials found in the Socorro area (except for Precambrian rock).
The hydrogeology of the model has been greatly simplified, and consists of only
two basic units. Low permeability clays and claystones comprise an aquitard,
which is given an hydraulic conductivity (£z) of 107° m s™'. The primary sedi-
mentary aquifer and the secondary volecanic aquifer of the Socorro area are com-

bined into one with kg of 2 X10™7 m s71,

Onpe large aquifer block (unit A, Figure 14) extends from the top of the
model {which corresponds to the water table) to 1000 m depth. Unit A represents
the clays and claystones of eastern La Jencia Basin and the western part of the
Socorro mountain block. (Modeled here as a vertical discontinuity, the western
edge of the claystone is a transition from the permeable fanglomerate facies to low
permeability claystone facies of the upper Popatosa formation. The transition may
involve gradational change and intertonguing of the different units.) The more
permeable hydrologic window to the right of unit A represents upfaulted Tertiary
volcanic rocks. A smaller aquitard block (unit B), east of the hydrologic window,
represents the wedge of Popatosa claystone downfaulted into the subsurface on the

eastern side of the Socorro mountain block (more claystone undoubtedly exists
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east of this wedge in the subsurface but at unknown, probably great depths, and is
not included in this model; Sanford, 1981).

The base model has been constructed with a flat, impermeable bottom boun-
dary, at sufficient depth to allow a reasonable thickness (2 km) of Lower Popatosa
Formation and Tertiary voleanic rocks within Socorro Cauldron. No fopography
has been introduced into the impermeable basement of the base model because we
are not sure what form that topography should take. When included, basement
topography exerts considerable influence on model results, as will be discussed

later.

The results from the base model system are shown in Figure 15. The
hydraulic head field (Figure 15, bottom) shows distortion due to the presence of
the aquitard units. Ground-water flow is perpendicular to the hydrologic head
contours, and therefore we can state that fluid, in the model system, flows down-
ward under the upstream edge of unit A, upward from under the aquitard into the

hydrologic window between units A and B, and up and over unit B.

The temperature field is distorted by fluid flow (Figure 15, middle). Subsur-
face temperatures are elevated in the hydrologic window and depressed near the
upstream edge of unit A. Surface heat flows generated by the base model are
shown in Figure 15 (top). Surface heat flows are reduced from a background
value of 90 mW m™2 to as low as 15 mW m ™2 in and near the upstream end of
unit A. Swrface heat flows are elevated in the more permeable hydrologic window

to about 110 mW m™2, with a2 maximum of 177 mW m™2

There appear to be two components of upward fluid flow in the hydrologic
window. The maximum heat flow of 177 mW m™2 occurs at a spike directly
above the upstream edge of umit B. It appears that the heat-flow spike is caused

by a very local upflow of fluid associated with unit B. This spike does not appear
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in models from which unit B is absent (such as the Nogal Canyon model depicted
in Figure 20), strongly suggesting that the spike is a result of unit B forcing addi-
tional fluid upflow in the hydrologic window. Heat flows are somewhat elevated
throughout the hydrologic window (to =110 mW m™?) as the result of upflow of
ground water from underneath the umit A Popatosa aquitard. This broader heat-
flow anomaly occurs whether unit B is present or not (see Figure 20), suggesting
that this anomaly is not related to unit B. Instead, it appears that this anomaly is
caused by fluid upwelling in the hydrologic window caused by the absence of unit
A. Since we have not included thermal bouyancy in the model, it seems most
likely that the fluid beneath unit A is overpressured and flows upward naturally
where the confining layer (unit A) is absent. Examination of the hydraulic head
field in the lower part of Figure 15 shows that hydraulic heads are greater beneath
the right side of unit A than in the overlying claystones, and so the fluid confined

beneath unit A is overpressured.

The results from the base model are qualitatively in agreement with observed
heat flows in the Socorro area. The upstream edge of unit A corresponds to the
transition between Upper Popatosa fanglomerates and claystones in central La Jen-
cia Basin., We predicted that this transition could produce downward ground-
water flow, and this is the result produced by our numerical model. Depressed
subsurface temperatures and heat flows occur in the model near the upstream end
of unit A (Fig. 15) correspond to those observed in central La Jencia Basin, We
also suggested that hydrologic upflow occurs in the upfaulted voleanics rocks of
the Socorro mountain block, elevating subsurface temperatures and surface heat
flows. This model has shown that upflow is likely occur in such a hydrologic
window, and that elevated subsurface temperatures and heat flows would result.

These preliminary results are very promising, although the actual magnitude of the
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high heat flows in the Socorro Mountain block are not reproduced in this model.

The base model not only simulates the swrface heat-flow profile, but also
simulates important features of the observed subsurface temperature field. For
example, as mentioned earlier, temperatures measured in Popatosa claystone in
eastern La Jencia Basin increase linearly with depth, yielding constant but very
low heat flows. This is best demonstrated by the temperature-depth profile of
Well 15 (Fig. 11). The temperature gradient measured in Well 15 is constant
(18.3 °Cfkm) to 600 m depth, in (predominantly) Popatosa claystones. Numeri-
cally generated profiles, produced by the base mode! within the upstream half of
unit A are shown in Figure 16. The locations of these profiles within this base
model are shown in the middle part of Figure 15, and the location of P1 or P2
ought to correspond to Well 15 in eastern La Jencia Basin. These model-
generated temperature-depth profiles demonstrate constant, low temperature gra-
dients to at least 600 m depth (15 —23 ¢ C/km), just as is observed in Well 15 in

eastern La Jencia Basin (Fig. 11).

We consider the successful simulation of the subsurface temperature field in
eastern La Jencia Basin to be an important argument in favor of our model of
hydrologic flow in La Jencia Basin. The existence of low heat flows in La Jencia
Basin only suggests hydrologic downflow of some sort. The existence of con-
stant , low heat flow to depths of 600 m is more difficult to explain. The fact that
our base model also produces constant, low heat flows to such depth (in the
corresponding part of the model) strongly suggests that our model of flow is likely
to be correct, that is; that ground water is forced to flow downward near the tran-
sition between upper Popatosa fanglomerates and claystones in central La Jencia
Basin. Ground water is forced to flow down beneath Popatosa claystones into

more permeable materials below.
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The outputs from the base model are very similar to the subsurface head and
temperature fields and the surface heat-flow profiles produced by almost all of the
models generated as part of this study. For the most part, only the magnitude of
the surface heat-flow anomalies varied from model to model. Ground-water flow
patterns and subsurface temperature-depth profiles at given locations within the
model do not vary greatly between models. Similar geothermal anomalies occur in
corresponding locations in each of the models. Key features of the models
presented in this study are compared in Table 2. Table 2 lists the maximum and
minimum heat flow of each of the models presented in the following sections as
well as the net hydraulic flux through each system, as discussed in the following

section.

GROUND WATER FLUX CONSTRAINTS

An important constraint on the geothermal model is the net ground-water flux
through the system. We assume that the source of most of the ground water in
the Socorro hydrothermal system is recharge in and near the Magdalena Moun-
tains. Anderholm (1987) cites an estimate by Dewey of recharge to La Jencia
Basin from the Magdalena Mountains of 0.162 m3s~! (4150 acre-ftjr). As a first
order approximation, we assume that this recharge is spread evenly along the 15-
20 km of mountain front which faces La Jencia Basin., The result is an average
flux entering the system per horizontal distance perpendicular to the direction of
flow of 8.1 X107 to 1.1 X107° m? s71. This quantity is an estimate for the total

flux into the two dimensional cross-section of our numerical model.
This estimate of net hydrologic inflow is highly uncertain. The accuracy of
the recharge estimate is unknown and there are other possible components of

inflow to the system. Some recharge occurs in the Socorro mountain Hock. and
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Table 2, Comparison of Selected Models

Model Qn Sinin Qrnax
st X107 mWm? mWm?

Base Model (ks =2 x1077) 1.3 14.6 177
Vary kys
A (kgga =10 x 1077) 6.3 14.5 282
B (ks =5 x1077) 3.2 11.7 227
D (kga =1 X1077) 0.63 22.3 105
Vary as
qp = 180 mW m™2 1.3 16.3 190
Aquitard Geometry
Blue C. 1.2 20.2 272
Socorro C. 1.3 17.7 224
Nogal C. 0.92 18.9 117
Basement Topography
Pib 1.3 14.6 300
Pib22 1.1 18.1 241
Anisotropic kg
Sz 10 in Tv 1.3 16.1 199
kyz

Estimated @ from recharge: 0.81 —1.1 X107 »2 s~

Table 2. Comparison of Selected Models. This table contains abbreviated deseriptions and
results from the models discussed in the text and depicted in Figs. 15, 18, 19, 20, 21, 22, 23 and
24. Qy is the net hydraulic flux through the model, gy and gy are the minimum and max-
imum surface heat flows produced by the model.
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there may be ground-water underflow entering the system from the west, through
the Magdalena mountain block. The hydrologic inflow estimate assumes that the
recharge and subswface hydrologic flow are evenly distributed along the 15 - 20
km of Magdalena mountain front facing La Jencia Basin. Flow may be concen-
trated in more permeable pathways in La Jencia Basin and the Socorro mountain
block, so that flow through certain cross sections may be higher than through oth-
ers. There are also likely to be components of flow perpendicular to the system,

which the present model canmot consider.

The net flux (Qy) through the numerical model system is determined by
integrating the volumetric flux (determined by Darcy’s law) over the right-hand

boundary of the model system.
oh
QH = 'Ekl 'g AZ

where k; is the hydraulic conductivity of the % grid block, ¢ and 2z are the hor-
izontal and vertical coordinates, and the summation includes all the grid blocks on
the right-hand boundary of the model. Qp is not an input parameter for the
nurnerical model but is controlled by head boundary conditions and the kg distri-

bution.

The base model described above has a net ground-water flux of
1.3 X10™° m?s7 . We consider this value to be not unreasonably high in view of
the above uncertainties (estimated average influx from recharge in Magdalena
Mountains is 8.1 X107% 10 1.1 X1075 m?s 1),

The horizontal fluid flow rate (Darcy velocity) through the aquifer system of
the base model is typically 4 X107° m s~l. Assuming a porosity of 0.30 (30 per-
cent), the seepage veloeify is 1.3 X107% m 57!, indicating that the residence time

for water in this system (14 &m horizontal distance) is on the order of 30,000
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vears. {Note that the system and this residence time do not include recharge of
ground water in and near the Magdalena Mourntains. If the extra distance between
the recharge areas and the western end of the model system is included, we esti-

mate the residence time to be 86,000 to 42,000 years).

The maximum vertical Darcy velocity in the base model system is
'225%107% m s upward. The maximum vertical velocity occurs in the hydrolo-

gic window at the upstream edge of unit B.

SELECTED ADDITIONAL MODELS

VARIATION OF AQUIFER HYDRAULIC CONDUCTIVITY

The hydraulic conductivity of the aquifer system (kg,) is one of the most
important factors in our model. For a given aquifer/aquitard geometry, ground-
water flow rates are controlled by the kyy. Figure 17 shows surface heat-flow
profiles produced by the base model when kg, is varied (also see Table 2).
Increasing k4 produces more pronounced heat-flow anomalies, most by notably
elevating the heat flow in the hydraulic window between units A and B. When
ky4 is increased by a factor of five over the base model value, the maximum sur-
face heat flow generated by the model is increased from 180 mW m™2 to
280 mW m™2. The ground-water flux through the high kg, model is very large:
six times that of the hydrologic input estimated to derive from the Magdalena
Mountains, and therefore this model is probably not very realistic.

The models discussed above simulate the shape of the heat-flow profile
observed near Socorro fairly well. High heat flows are produced by the model in
the correct location (1. e., at the hydrologic window) and low heat flow are pro-

duced at the left hand edge of umit A, as desired. The anomalously low heat-flows
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produced by these models (=15 mW m~2) are comparable to heat flows observed
in La Jencia Basin. The high heat flow of Socorro Canyon and Blue Canyon
(2220 —290 mW m~%), and Socorro Peak (490 mW m~2) have not been repro-
duced, except by models with excessively high fluid fluxes (Models A and B in
Table 2). It may be that we have not matched the high heat flows of the Socorro
mountain block because free convection effects are not modeled, or it may be that

we need to make other adjustmenis to the model.

One simple adjustment to the model is to change the basal heat flow. We
find, however, that the base model is relatively insensitive to basal heat flow. A
system identical to the base model, with a basal heat flow (gp) of 180 mW m™2
(instead of 90 mW m™2), produces a maximum surface heat flow of 190 mW m 2
(instead of 177 mW m™2) (see Table 2). Increasing the model’s basal heat flow
above the typical background heat flow of the Rio Grande rift
(75 —100 mW m™2, Reiter et al., 1986) is roughly equivalent to introducing an
anomalous heat source below the base of the model. The insensitivity of the base
model to anomalous basal heat indicates that anomalous heat is swept out of the
model by fluid flow. This model does not, however, include free convection
effects, which could be very important in the case of anomalous basal heat flow.
Free convection would probably produce stronger fluid upflow, and might bring

more heat to the swface within the system.

VARIATION OF AQUITARD GEOMETRY

The size and shape of the aquitard units in the model has a great influence on
the hydraulic flux through the model and also on the magnitude of the geothermal
anomalies produced by the model. Altering aquifer/ aquitard geometry is one way

to enhance the geothermal anomalies produced by a model without increasing the
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net hydrologic flux through that system Unit B is an important factor in producing
the maximum heat flow in the hydrologic window of the base model. In the base
model, unit B extends from 0.3 km to 1.05 km. Deepening the base of unit B
increases fluid upflow in the hydrologic window and enhances the geothermal ano-
maly observed there. However, if the base of unit B extends all the way down to
the base of the model, almost all hydrologic flow is choked off, and almost no

geothermal anomalies result.

SIMULATION OF OBSERVED HEAT FLOWS

Figure 18 illustrates a model in which the aquitard geometry has been
adjusted in order to reproduce the heat-flow profile observed in Blue Canyon
(cross section BB’). In this model, unit B extends from 0.3 km to 1.95 km, and
unit A extends somewhat further to the left than it does in the base model. Heat

flows observed in Blue Canyon are denoted by crosses (heat-flow determinations)

and stars (heat-flow estimates).

Net fluid flux through this model is slightly less than the base model
(1.2 X107® m? s~ compared to 1.3 X107 m? s71). However, the maximum
heat flow produced by this model is much higher than in the base model
(272 mW m~2 as opposed to 177 mW m~2). The deepening of unit B appears to
causes a a greater quantity of water to flow upward, producing very high heat
flows. The heat flows generated by the model depicted in Figure 18 compare
favorable with observed surface heat flows, but it should be noted that these
models are poorly constrained, non-unigue, and do not include possible free con-
vection effects. We do not suggest that the geometry of aquifers and aquitards
shown in Figure 18, nor the values of hydraulic conductivity used in this model,

are those necessarily occurring in Blue Canyon. Instead, we wish to show that it
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is possible to reproduce the near-surface heat flows observed in the Socorro area

using this type of hydrothermal model.

A similar model has been used to simulate heat flows in Socorro Canyon
(Figure 19). In the Socorro Canyon model, unit B extends from 0.3 km to 1.95
km depth and unit A does not extent as far to the left as in the base model. The
heat-flow profile generated by the model matches the temperatures observed in

Socorro Canyon (cross section CC’, Fig. 3) fairly well.

The hydrogeology of Nogal Canyon appears to be somewhat different than
Blue and Socorro canyons. The Tertiary voleanic aquifer does not outerop but Ter-
tiary volcanic rocks are closer to the surface in an area of somewhat elevated heat
flows than in cooler areas further west. A simple model which simulates the heat
flows observed at Nogal Canyon is shown in Figure 20. The bottom boundary of
this model is shallower than in the base model because it is possible that much of
the flow to and near Nogal Canyon occurs outside of Socorro the cauldron (see
Fig. 5), where the Tertiary voleanic aquifer is relatively thin. No equivalent of unit
B is included in the Nogal Canyon model because no evidence suggests that a
subsurface flow barrier of this type exists in this part of Nogal Canyon. Neverthe-
less, the model-generated surface heat flows are elevated above the area where the

aquifer approaches the surface.

The net fluid flux through each of the three model systems described in this
section is listed in Table 2. These flux values are roughly consistent with the flux

we have estimated for the Socorro hydrothermal system.
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BASEMENT TOPOOGRAPHY

Surface heat-flow profiles of some of the previously discussed models are
manipulated by changing the depth to which unit B extends. Another technique
that increases the positive heat-flow anomaly without increasing the hydrologic
flux through the system is the introduction of topographic relief in the imperme-
able basement. If we assume that Paleozoic or Precambrian rocks (at depth)
approximate an impermeable basement for the Socorro hydrothermal system
(which is not necessarily true), then it is reasonable to expect some topography in
the basement. Offsets in the Paleozoic/ Precambrian surface are probably associ-
ated with cauldron margins, resurgent domes within cauldrons, and more recent
block faulting (Chamberlin, 1980). It is likely that the surface of the bedrock is
tilted, probably dipping to the west in most of the study area (Chamberlin, 1980).

A relatively simple system (Model Pib) which demonstrates the influence of
basement topography is shown in Figure 21. In this model, an upfaulted block of
impermeable basement intrudes into the base of the model, below the upfaulted
hydrologic window. The surface heat-flow profile produced by this model is also
shown in Figure 21. The shape of the heat-flow profile produced by this model is
similar to that of the base model, however the maximum heat flow produced by
this model is much higher (260 mW m™%), while the hydraulic flux is somewhat
lower than in the base model (Table 2). It appears that the basement block causes

more ground water to flow upward in the hydrologic window, thus further elevat-

ing heat flows.

A more complex system {Model Pib22) is shown in Figure 22, In this case
the basement and the base of the unit A aquitard are both given a westward dip.
Again, the model-generated heat-flow profile has not changed very much. The

maximum surface heat flow produced by this model is higher than the base model



Model Pib: Surface Heat Flows

300

.. 250

150

Heat Flow (mW m"z)
100

S0

- PP DPIPEFENE BFETETEE DI IPUPINIEN EPEPISR FUPATES DT WA EPUPEFEP BT BT AP AR AP AP
0 1000 2000 3000 4000 SO00C S000 7000 2 E0O0 900D  tODAO 11000 12000 13000 14000

b — — — —— — —
— — — — — — =
- — — e - — —
o — — e — L= —y .

. -..v.v.v.-'.
PIETRTE
ATAT L L L,

B e A I g
T AT AT
PR K R

Fig. 21. Numerically generated surface heat-flow profile of model Pib. Units A and B are the same as in the

base model but a block representing basement fopography has been added (cross hatched area,
ky =107 m s"‘l).

-€9_



Heat Flow (mW m™2)

250 300
LI B e 2 e

200

150

S0

Model Pib22: Surface Heat Flows

100

Skt s L f-...i..l..l....l.. Pl M| L L re ErSPRTEr {

—179—

1000 2000 3000 4000 sooo 6000 7000 8OO0 SDOO 10000 £1000 12000 13000 $4000

LML T TP W W WLV

Fig. 22. Numerically generated surface heat-flow profile of model Pib22. Unit B is the same as in the base
model. The bottom right side of unjt A now, slopes down to the left, representing west dip. The hatelnred
area (ky =107 m s71). represents basement lopography, also dipping west,



-85 -

(Table 2), but not as high as Pib, perhaps because some more hydrologic upfiow
occwss to the right of the hydrologic window (due to the dipping basement) and so
less upflow occurs in the hydrologic window itseif. The net hydrologic flow

through this system is the same as through Pib.

THERMAL REFRACTION

Thermal conductivity (kg) variation is also important in the Socorro geother-
mal system. As mentioned previously, the kg of the Precambrian rock at Wood's
Tunnel (Fig. 13) is twice that of surrounding materials, and the fracture hydraulie
conductivity of the Precambrian rock in this area may be fairly high. We suggest
that the extremely high heat flows of Wood’s Tunnel may be caused be a combi-
nation of hydrologic upflow and thermal refraction. We have modeled such a sys-
tem, and have compared the results with results from base model in Figure 23.
The new model combines the heterogeneous ky distribution of the base model
with a new heterogeneous kg distribution. The hash-marked high kg area in Fig-
ure 23 represents Precambrian rocks. The change in thermal conductivity distribu-
tion has no effect on the hydraulic model. The net hydraulic flux through this sys-

tem is the same as in the base model: 1.3 X 10™° m2s1,

The maximum surface heat flow generated by this model is in the hydrologic
window, as before. In this model the hydrologic window is also a high kg zone,
and the maximum heat flow is almost twice as high as that produced by the base
model (300 mW m™2 compared to 180 mW m~2). These results compare favor-
ably with observations in the Socorro area. The highest heat flows measured in
the Socorro area are in and near Precambrian rock. The heat flow observed at
Wood's Tunnel (490 mW m™2) is almost twice the magnitude of the high heat

flows observed in Blue and Socorro Canyons (9220 —290 mW m™2). We
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conclude that the extremely high heat flow of the Wood's Tunnel area could be
caused by a combination of ground-water upflow and thermal refraction. We con-
c¢lude that the highest heat flows in the Socorro area are found near Wood’s Tun-
nel because of the effect of thermal refraction in the upfaulted, high kg Precam-

brian rocks.

ANISOTROPY

The models previously presented all have isotropic hydrologic conductivity
distributions. We suggest that vertical cooling fractures in volcanic rocks in the
Socorro area could cause these volcanic rocks to have greater vertical hydraulic
conductivity (kgz) than horizontal (kgyy). The geothermal anomalies in Blue and
Socorro canyons occur in voleanic rocks, therefore enhanced kgyy in these rocks
could be an important effect. Figure 24 illustrates 2 model which is, in most
respects, identical to the base model except that in the parts of the system
representing volcanic rocks kgz is 10 times kyy. (The distribution of kgy in this
model is the same as the base model, only £y, in the voleanic rocks differs). The
total hydrologic flux through this model is about the same as the base model
(Table 2).

In the anisotropic model, heat-flow anomalies occur in the same locations as
in the base model, but The shape of the surface heat-flow profile in the hydrologic
window is somewhat different. The heat-flow profile of the base model has a sin-
gle peak with a "shoulder" on its left side, above the hydrologic window. The
anisotropic model has a double peak. The new peak {178 mW m™2) is at the left
hand edge of the hydrologic window, indicating that upflow of the ground water
from confinement beneath the unit A aquitard has been greatly enhanced. The

heat-flow peak at the upstream edge of unit B has been increased by amisotropy
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also, but only by =22 mW m™2, whereas the heat flow at the left edge of the

window has been increased by =63 mW m~2,

The net effect of anisotropy is to produce more uniformly elevated heat flows
in the hydrologic window, instead of a dominant heat-flow peak near unit B. This
is caused by enhanced hydrologic outflow throughout the hydrologic window. We
expect that the influence of thermal bouyancy, if included in the model, would be
similar, The relatively high temperatures of fluid beneath the unit A aquitard
would cause that water to be more bouyant, increasing the vertical hydraulic head
gradient and thereby increasing upward flow. We do not know what the magni-

tude of this effect would be,

HEAT BALANCE

Heat balance calculations are described in some detail in Appendix F. An
initial heat budget calculation was performed including the heat conducted out of
the surface of an "area of interest" (Q,,;) and the heat convected out of the area
by the thermal springs (Qg) (Figure 25a). We estimate that this heat could be pro-
vided by an average basal heat flow of 76 —82 mW m™2, Reiter et al. (1986)
suggest a background heat flow of 77 mW m™? for the Albuquerque-Belen Basin
(north of Socotro, within the Rio Grande rift) and 95 mW m™2 for the Rio Grande
rift south of Socorro. Therefore, a background heat flow of 76 —82 mW m™2
would be at the low end of the range. Thus, the observed surface heat output at
the Socorro geothermal system does not, of itself, suggest the necessity of
anomalous crustal heat sources in the Socorro area. Ingebritsen et al. (1989) came
to similar conclusions for part of the Cascade Range, based on heat budget
analysis; they found that ground-water circulation sweeps sufficient heat out of

recharge areas fto account for the anomalous heat observed in nearby discharge
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areas.

Heat advected out of the system in the subsurface has not been considered in
the simple heat balance calculations deseribed above. The volume and tempera-
ture of hydrologic underflow leaving the system is not kunown, but underflow into
the Socorro Basin could advect substantial amounts of heat out of the Socorro
mountain block and out of the system, masking the effect of thermal sources (Fig-
ure 25b), For example, if underflow is equal to the difference between local
recharge (as described in Appendix F) and spring discharge, and the underflow
undergoes a temperature increase of 20° C between entering and leaving the sys-
ter, that flow would carry =13 MW out of the system. If this extra heat is
included in the heat balance, a higher average heat flow of 120 mW m™2 is
required, which would be somewhat high for this part of the Rio Grande rift.

SUGGESTIONS FOR FURTHER RESEARCH

There are two directions that further investigation of the Socorro hydrogeoth-
ermal system can take: field studies and additional modeling. Field studies are
important because the hydrologic parameters of the Socorro area are very pootly
constrained. One of the most important units is the Tertiary volecanic aquifer,
about which we have almost no quantitative information. Testing of the Blue
Canyon Well might yield important constraints on the hydrologic properties of the
voleanic aquifer near the swface. It would be necessary to drill and test deeper
wells to determine the properties of the volecanic aquifer at depth, beneath the
claystone aquitard. The total thickness of the volcanic aquifer might be deter-
mined by analysis of seismic data, such as the COCORP profile through La Jencia
Basin (de Voogd et al., 1988).
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HEAT BALANCE (SIMPLIFIED)
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Fig. 25a. Simplified heat balance. This figure represents a generalized cross section
from the Magdalena Mountains to Socorro Basin. Long thin line represents
ground water flowing from the Magdelena Mountains to discharge at the Socorro
thermal springs. Fat arrows represent conductive heat flow. @,,, is the net heat
conducted out of the top surface of the system, @, is the net heat conducted into
the base of the system, @, is the heat convected out of the system by the thermal

Springs.
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Fig. 256b. More complete heat balance. ¢, is the heat convected out of the system
by hydrologic underflow.
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Forced convective heat transport in a steady-state, two-dimensional system
was modeled in this study. Thermal bouyancy could be incorporated into the
model, in order to determine whether or not free convection is likely to be impor-
tant in the system. We do not anticipate that thermal bouyancy will change the
model results in any important way. Thermal bouyancy will probably enhance
upflow in the hydrologic window, much as occurs in the anisotropic model (Figure

24), and lead to somewhat more elevated heat flows in that part of the model.

The next improvement to the model is to include thermal spring discharge in
the model. The model upper boundary conditions for hydraulic head and tempera-
ture will have to be altered. The location of spring discharge must be given a
constant head (or possibly a fixed fluid flow) boundary condition to allow spring
discharge. In order to model a thermal spring, the surface temperature at the loca-
tion of spring discharge can not be fixed. Instead, an energy flux boundary condi-
tion must be applied at this location. In order to model a thermal spring of the
discharge and temperature observed in the Socorro area (as well as modeling the
near surface heat flows), additional constraints on the model may be found, for

example: the depth to which ground water flows may be more closely constrained.

Hydrogeochemical modeling is another promising avenue for research. Ion
exchange processes in the secondary voleanic aquifer have been discussed, but not
modeled. The model of fluid low and temperatures presented in this study could
probably be used as a basis for modeling the hydrogeochemical evolution of

ground water in the Socorro system.
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CONCLUSIONS

Heat flow in the Socorro geothermal area varies profoundly over very short
distances, which suggests causes in the uppermost crust. Heat flow trends corre-
late with hydrogeologic controls on ground-water flow. It is most likely that the
subswface geothermal regime in the Socorro area is strongly influenced by subsur-

face hydrology.

Geothermal evidence suggests certain hydrologic flow patterns in the Socorro
area. Extremely low heat flows oceur in eastern La Jencia Basin where a fan-
glomerate aquifer changes into a claystone aquitard. We conclude that ground
water is forced to flow down from the fangiomerate aquifer into more permeable
materials beneath the claystone aquitard, reducing surface heat flows. Ground
water is confined beneath this aquitard in eastern La Jencia Basin and western

parts of the Socorro mountain block.

High heat flows occur in the Socorro mountain block where the aquitard has
been eroded away from upfaulted blocks and relatively permeable voleanics rocks
are exposed at the surface. We conclude that ground water flows upward in these
upfaulted permeable rocks, causing elevated heat flows, and that subswface hydro-
logic barriers probably act to enhance ground-water upflow in these areas. The
highest heat flows are observed in and near highly fractured Precambrian rocks.
We suggest that it is possible that the permeability of the Precambrian rocks is
sufficiently high to allow hydrologic upflow to elevate heat flows in this area. In
addition, thermal refraction caused by the relatively high thermal conductivity of

the Precambrian rocks contributes to the high heat flows in this area.

Finite difference, steady-state modeling supports these conclusions. We
modeled hydraulic heads in simple systems incorporating the most important

features of the Socorro hydrothermal system. The numerical models show that
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fluid flow in accordance with our predictions is consistent with the hydrogeology
of the Socorro area. Subsurface temperature modeling of the systems incorporates
heat conduction and advection of heat by hydrologic flow. The results of tempera-
ture modeling support the conclusion that 2 reasonable subsurface ground-water
flow system could produce geothermal anomalies of the magnitudes and locations
observed in the Socorro area. Basal heat input into the numerical models is a con-
stant 90 mW m~2, which is generally consistent with heat flows observed else-
where in the Rio Grande rift. Therefore it appears that anomalously high heat
input is not required to produce the geothermal anomalies observed in the Socorro
area. Numerical modeling suggests that it is possible for ground-water flow to
sweep anomalous heat out of the system, but the models do not include free con-

vection, which could be very important in the case of anomalous heat sources.

Heat balance estimates suggest that the surface heat output in Socorro (con-
ductive heat flow and advective thermal spring discharge) could be accounted for
by an inpus background heat flow of 76 —~82 mW m™2, Again, it appears thab
anomalous heat sources are not required to account for the heat observed ab the
surface in the Socorro area. The heat balance estimates neglect heat swept out of
the system by hydrologic underfiow, and therefore are minimum values. We con-
clude that if there are anomalous heat sources in the upper crust of the Socorro
area, the heat from these bodies does not cause anomalous heat output at the sur-
face in the Socorro geothermal area. These estimates of background heat flow

from heat balance caleulations are minimum values. Heat balance calculations
including estimated underflow show that considerable amounts of anomalous héat'

could be swept out of the system by underflow into the Socorro Basin.
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Appendix A

Temperature-Depth and Thermal Conductivity data

This appendix presents heat production data, well location data, temperature-
depth. data, plots and thermal conduetivity data kg from 49 industry geothermal
wells. Table Al contains the site elevation, latitude and longitude, and depth of
each industry geothermal well. The following pages contain temperature-depth
plots from the industry geothermal data sef, and tables of temperature depth data
and thermal conductivity data from each of these wells. (Note: the location of

well 40 is somewhat uncertain.)

All temperatures were measured by the industrial operators several months or
more after the well was drilled. Thermal conductivity values were either measured
in the lab as part of this study or measured by the operator. In a few cases, neither
samples nor any measurement of kg are available, and in these cases we estimated

kg from measurements in similar lithology in other wells.

The following thermal conductivity data are presented:

Depth Int Depth interval (in meters) from which the kgjs values were meas-

ured

Lith Lithology of the interval bhased om lithologic logs by Chapin or

Osburn, driller’s logs, and/ or our own observation of the samples.
ke Matrix thermal conductivity (mean value)

SSD Sample standard deviation of kg (no entry if there are fewer than

3 measurements)

N Number of measurements (0 indicated no sample)
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$ Tn-situ porosity: estimated using values in Table Cl unless measure-
ment noted.

Ad Estimated uncertainty in ®

ke In-situ thermal conductivity

JAVN Uncertainty in kg due to uncertainty in ® and kg,

The following abbreviations are used in summarizing lithology:

B Boulders

G Gravel

S Sand

SS Sandstone

M Mud

MS Mudstone

C Clay

CS Claystone

(p) Upper Popatosa Formation claystone
Conglom Indurated comglomerate rock

Bas And Basaltic Andesite
vV Tertiary volcanic rocks
W Tuff Welded Tuff

Sedimentary materials are described by listing components in descending

order of importance: e.g. C,S & G would be a sandy clay with some gravel.

Thermal conductivty measurement is deseribed in Appendix C, and heat-flow

determination is described in Appendix B.
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TABLE: Al: Well Locations

Well Depth | Elevation Location
Number | (M) (M) Latitude Longitude

min  sec min  sec

1 98 1875 34 05 57 107 07 56
2 89 1871 34 05 57 107 o7 44
3 87 2014 34 04 19 107 07 57
4 96 1950 34 03 18 107 06 25
5 154 1756 34 05 45 107 01 55
6 154 1780 34 05 05 107 02 23
7 116 1801 34 04 50 107 03 12
8 150 1737 34 04 46 107 01 08
9 1486 1716 34 04 55 107 00 36
10 810 1743 34 04 50 | 107 00 18
11 154 1682 34 05 06 | 106 59 42
12 151 1756 34 04 14 | 107 0Ot 24
13 152 1780 34 03 50 107 01 40
14 147 1780 34 03 35 | 107 01 05
15 610 1804 34 03 20 107 02 Q5
16 154 1728 34 02 34 107 00 24
17 60 1860 34 02 50 | 107 03 55
18 91 1938 34 00 52 | 107 03 37
19 415 1856 34 01 00 107 02 30
20 115 1856 34 00 18 107 02 10
21 140 1804 34 co 42 107 01 35
22 152 1829 34 01 09 | 107 01 35
23 610 1725 34 01 27 107 00 45
24 1406 1707 34 01 00 107 00 15
25. 152 1701 34 00 32 | 106 59 42
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TABLE A1, Continued

Well Depth | Elevation Location
Number | (M) (M) Latitude Longitude

min  sec min sec

26 610 1725 34 02 04 | 106 59 05
27 810 1707 34 02 02 | 106 58 13
28 151 1676 34 02 02 |106 58 00
29 146 1570 3 01 28 | 106 56 26
30 115 1643 34 00 22 | 106 59 05
31 61 1634 34 00 08 | 106 58 35
32 73 1622 34 00 22 106 58 31
33 152 1622 34 00 11 | 106 58 18
34 152 1622 33 50 56 | 106 57 55
35 146 1590 33 59 50 | 106 57 43
36 72 1585 33 58 22 106 57 22
37 440 1579 34 00 13 106 56 38
38 123 1582 34 00 18 106 56 35
39 79 1509 34 01 18 | 106 55 37
40 117 1470 34 03 46 | 106 56 15
34 04 10 106 58 15

41 a8 1494 34 06 44 166 56 2b
42 79 1536 | 3¢ 06 50 | 106 57 04
43 152 1603 3¢ 06 48 | 106 58 32
44 70 1500 34 07 30 106 56 53
45 76 1634 34 08 40 106 h8g 38
46 134 1588 34 10 52 1086 57 23
47 76 1487 34 13 20 | 106 56 28
48 g1 1472 34 05 17 106 50 15
49 91 1408 |33 59 23 | 106 50 37

Teble Al. Locations of industy geothermal sites. Latitude North and Longitude West are accurate
to =5". Location of Well 40 is questionable, the operator plofted it at two different locations,
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Heat Production

The concentrations Uranium and Thorium in Socorro area Precambrian and
Tertiary volcanic rocks were measured by M. Wilks using Instrument Neutron
Activation. The results are found in Table A2. In general, we observe that the
Tertiary voleanics have greater radiogenic heat production from U and Th than
the Precambrian rocks. We do not consider radiogenic heat production to be
important in the Socorro area, compared with the strong hydrothermal effects
that are observed. The modeling done in this study does not include radiogenic
heat production.

Concentration of U and Th were measured by Neutron Activation. A is the

sum of the heat production from U and Th, -calculated wusing

6.10 X108 cal em™s! for U and 1.66 X102 cal em—3s™! for Th.

Table A2: Heat Production from Uranium and Thorium
Sample U (ppm) Th(ppm) A {HGU)
Wood’'s Tunnel, P€ 0.87 2.89 1.0

0.70 2.73 0.9
Well 10, TV (Lemitar Tuff) 4.31 19.03 5.8
Well 23, TV (Luis Lopez Fm.) 3.48 14.6 4.5

(TV =Tertiary volcanics, P€ =Precambiian)
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Well Number: 1

Subsurface Temperatures

Z T z T z T z T
m (°C) | (m} (°O) | (m) (°C) | (m) (°0O)
30 17.97 27.4 17.14 51.8 18.07 76.2 18.95
6.1 17.28 30.5 17.23 54.9 18.21 79.2 19.15
9.1 16.56 33.5 17.39 57.9 18.31 82.3 19.28
12.2 16.31 36.6 17.49 61.0 18.42 85.3 19.37
15.2 16.47 38.6 17.61 64.0 18.49 884 19.49
18.3 16.68 42.7 17.71 67.1 18.60 914 183.62
213 16.83 45.7 17.84 70.1 18.69 945 19.75
244 16.98 48.8 17.95 732 18.32 975 19.86
Thermal Conductivities
Depth Int Lith kopr + SSD N d + AD kg + Aig
W W
(@) (m) 2] 2]
3.0 49.0 Soil,B & S 3.13 * 0.00 1 0.30 0.05 1.92 0.25
49.0 61.0 | MSS & G 3.13 * 0.00 0.30 0.10 1.92 0.40
81.0 98.0 | S &M 387* 037 4|1 040 005 | 179 021
Comments:

Lithologic logs: Chapin and driller’s log

* ke: operator values (ok)
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Well Number: 2

Subsurface Temperatures

z T Z T Z T b4 T
(m) (°C) | (m}) (°C}) | (m) (°C) | (m} (°0O)
6.1 15.28 24.4 16.72 54.9 17.90 85.3 19.08
9.1 15.24 305 17.13 61.0 18.11 £9.0 19.22
12.2 15.74 36.6 17.26 67.1 18.34
15.2 16.17 42.7 17 .43 73.2 18.60
18.3 16.35 48.8 17.68 79.2 18.86
Thermal Conductivities
Depth Int Lith kopy + S5D N ¢ + AP ky £ Akg
w W
(m) (m) [m“ C’] [m" G]
0.0 59.0 | G 3.20 0.30 030 005 | 1.95 0.21
59.0 910 | M£&S 3.22 0.25 030 010 | 1.95 0.39
Comments:

Lithologic log: Chapin
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Well Number: 3

Substurface Temperatures

z T z T z T z T
(m) (°C) (m) (°C) | (m) (°C) m  (°C)
3.0 16.71 274 15.95 51.8 16.79 76.2 17.44
6.1 15.81 30.5 16.00 54.9 16.86 792 17.52
9.1 15.27 33.5 16.22 57.9 16.94 82.3 17.60
12.2 14.99 36.6 16.30 61.0 17.01 85.3 17.68
15.2 15.16 39.6 16.47 64.0 17.10 87.2 17.68
18.3 15.35 427 16.57 67.1 17.19
21.3 15.55 45.7 16.61 70.1 17.27
244 15.74 48.8 16.71 73.2 17.36
Thermal Conductivities
Depth Int Lith ko + SSD N ¢ + AP kg + Ak
w w
() (w) (2] )
0.0 300 | G 270  0.00 1] 030 005 1.73 021
30.0 830 | MS &S 285> 012 030 010 [ 1.79 0.32
85.0 870 [ MS &S 273 *  0.00 1 030 010 | 1.74 0.35
Comments:

Lithologic logs: Chapin and driller’s log

* kg: operator values {ok)
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Well Number: 4

Subsurface Temperatures

z T 2 T z T b T
m) ()| m (€| W (0| (@m (°0)
3.0 17.36 274 15.65 51.8 16.19 76.2 16.68
6.1 15.72 30.5 15.73 54.9 16.24 79.2 16.74
9.1 14.94 33.5 1581 57.9 16.30 823 16.82
12.2 14.39 36.6 1591 61.0 16.36 85.3 16.89
152 15.11 39.6 16.00 64.0 16.42 884 16.96
18.3 15.30 42.7 16.05 67.1 16,48 91.4 17.04
21.3 15.46 45.7 16.09 701 16.55 94,5 17.11
24.4 15.56 48.8 16.15 ‘732 16.60 96.0 17.15
Thermal Conductivities
Depth Int Lith koy + S5D N d + AD ke £ Akg
w w
() () B 5]
27.0 960 | S&M 304*% 011 5040 005 | 1.60 0.18
Comments: -

Lithologic logs: Chapin and driller’s log
* kgo: operator values (ok)
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Well Number:

5

All

Subsurface Temperatres

z T Z T 7 T z T

m (°C) | M} (°C) | (m} (°0) m) (°0)

3.0 17.25 45.7 16.90 88.4 17.97 131.1 19.40

6.1 15.43 48.8 16.99 914 18.05 134.1 19.51

g.1 15.77 51.8 17.06 94.5 18.16 137.2 19.62

12.2 16.09 54.9 17.14 97.5 18.29 140.2 19.71

15.2 16.27 57.9 17.22 100.6 18.38 143.3 19.79

18.3 16.30 61.0 17.28 103.6 18.46 146.3 19.87

21.3 16.36 64.0 17.36 106.7 18.59 149.4 20.05

24.4 16.41 67.1 17.43 109.7 18.66 152.1 21.06

274 16.48 70.1 17.50 112.8 18.76

305 16.53 73.2 17.57 115.8 18.91

335 16.61 76.2 17.65 118.9 19.01

366 16.69 79.2 17.75 121.9 19.09

39.6 16.75 82.3 17.81 1250 19.21

42.7 16.82 85.3 17.88 128.0 19.31

Thermal Conductvities
Depth Ins Lith koy = SSD N ¢ £ AP ko £ Akg
w w

(m) ) ) 7]
37.0 91.0 | C& G (p?) 0.30 010 | 154 0.28
910 1520 | G& C(ph) 0.31 41030 005 | 163 0.16
Comments:

Lithologic log: Osburn and Chapin




Well Number;

6

Al2

Subsurface Temperatures

7 T zZ T Z T Z T
m) (°C) | (m) (°0) (m) (°C) (m) (°0)
30 1574 [ 48.8 1652 945 1718 | 1402 1791
6.1 1545 | 51.8 1649 | 975 17.18 | 1433  17.97
9.1 15.85 54.9 16.51 100.6 17.23 146.3 18.03
122 1608 | 579 1654 | 1036  17.27 | 1494  18.09
152 1613 | 61.0 1659 | 1067 17.32 | 1524 1815
183 1618 | 64.0 1663 | 1097  17.37 | 1536 18.16
213 1623 | 67.1 1667 | 1128  17.43
244 16.29 70.1 18,71 1158 17.47
274 1631 | 732 16768 | 1189 1753
305 1631 | 762 1682 | 1219 1759
335 1636 | 79.2 1687 | 1250 1764
366 1645 | 823 1693 | 1280  17.69
306 1655 | 853 1698 | 1311  17.74
427 1655 | 884 17.03 | 1341  17.80
457 1659 | 914 17.00 | 1372 1736

Thermal Conductivites
Depth Int Lith koyy £8D N | @ £ A0 | ke & Oko

w L4

m ) ) 2]
B0 1520 | CS &G (p) 246 0.22 6 {020 005 |18 019
Comments:

Lithologic log: Osburn
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Well Number:

7

Al4

Subsui'fa,ce Temperatures

Z T z T z T z T
(m) (°C) | (m} (°0) (m) (°C) (m) %
3.0 18.21 36.6 16.18 70.1 16.33 103.6 16.58
6.1 16.53 35.6 16.20 73.2 16.34 106.7 16.62
9.1 15.59 427 16.22 76.2 16.33 109.7 16.54
12.2 15.58 45.7 16.26 79.2 16.37 112.8 16.52
15.2 15.77 48.8 16.23 82.3 16.39 115.8 16.74
18.3 15.91 51.8 16.24 85,3 16.40
21.3 16.00 54.9 18.26 RR.4 16.44
244 16.03 57.9 16.18 914 16.48
274 16.08 61.0 16.18 94.5 16.51
305 16.12 64.0 16.31 97.5 16.53
335 16.15 67.1 16.32 100.6 16.55
Thermal Conductivities
Depth Int Lith koy + SSD N d + AD kg = Hkg
W w
(@ (] ]
12.0 116.0 CSMS &G 2,89 * 0.44 9 030 0.10 1.81 0.38
Comments:

Lithologic logs: Chapin and driller’s log

* kg: values from our lab and from the operator (ok)




Well Number: 8

Alb

Subsurface Temperatures

z T % T z T z T
(m) (°C) | (m) (°C) () (°C) (m) (°C)

3.0 17.05 45.7 17.06 88.4 18.15 131.1 19.48

6.1 15.44 48.8 17.13 914 18.25 134.1 19.57

9.1 15.83 51.8 17.19 4.5 18.34 137.2 19.66

12.2 16.07 54.9 17.27 97.5 18.41 140.2 19.97

15.2 16.17 57.9 17.34 100.6 18.50 143.3 19.88

18.3 18.30 61.0 17.41 1036 1860 146.3 19.97

21.3 16.39 64.0 17 .48 106.7 18.69 149.4 20.06

24.4 16.49 67.1 17.57 109.7 18.78 150.3 20.09

274 18.57 70.1 17.64 1128 18.88

305 16.67 73.2 17.73 115.8 18.98

335 16.74 76.2 17.80 118.9 19.08

3686 16.80 79.2 17.89 121.9 19.17

39.6 16.87 82.3 17.97 1250 19.28

427 16.99 85.3 18.06 128.0 19.36

Thermal Conductivities
Depth Int Lith koy + SSD N & + Ad ko + Akg
w w
m v
(m)  (m) 2] ]
6.0 152.0 | CS &G (p) 2.45 0.25 81020 005 1.8 019
Comments:

Lithologic log: Osborn
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Well Number: 9

Subsurface Temperatures

z T % T z T 2 T
m) (°C) | m (°C) | (m) (°O) (m) (°0)
3.0 16.21 39.6 17.97 76.2 19.64 112.8 21.54
6.1 15.84 42.7 18.05 79.2 19.81 115.8 21.70
3.1 16.12 45.7 18.27 32.3 19.92 118.9 21.89
12.2 16.41 48.8 18.40 85.3 20.07 121.9 22.07
15.2 16.64 5l1.8 18.55 884 20.24 125.0 22.23
18.3 16.84 54.9 18.67 014 20.38 128.0 22.42
21.3 16.99 57.9 18.76 94.5 20.51 131.1 22.58
244 17.14 61.0 18.91 975 20.69 134.1 22.78
274 17 .40 64.0 19.05 100.6 20.84 137.2 22.93
305 17.60 67.1 19.22 103.6 21.01 140.2 23.09
335 17.69 70.1 19.35 106.7 21.16 143.3 23.23
366 17.88 73.2 19.48 109.7 21.34 146.3 23.29
Thermal Conductivities
Depth Int _Lith kopse = SSD N P + AP ke + Akg
w w
m
m  (m) ] )
180 1400 { G& M (p?] 2.69 21030 005 1.72 0.21
140.0 152.0 | Basalt 1.79 21020 005 144 0.14
Comments:

Lithologic logs: Osburn and Chapin
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Al9

Well Number: 10

Subsurface Temperatures

Z T z T Z T Z T
m (O m ()| (m ()] m (°0)
6.0 24.50 158.5 21.50 310.9 27.40 4683.3 31.80
6.1 24.70 164.6 21.90 317.0 27.50 469.4 31.80
12.2 24.50 170.7 22.30 323.1 27.50 475.5 32.00
18.3 24.50 176.8 22.50 329.2 27.60 481.6 32.20
244 16.15 182.9 22.80 335.3 27.70 487.7 32.40
30.5 15.60 189.0 23.20 341.4 27 80 493 .8 32.60
36.6 15.65 195.1 23.50 347.5 27.90 499.9 32.80
42.7 15.80 201.2 23.85 3563.6 28.20 506.0 33.00
549 16.40 207.3 24.10 359.7 28.40 512.1 33.20
61.0 16.70 213.4 24.50 365.8 28.50 518.2 33.40
67.1 16.90 219.5 24.80 371.9 28.60 524.3 33.50
73.2 17.20 225.6 25.10 378.0 28.80 5304 33.70
79.2 17.50 231.6 25.40 384.0 29.00 536.4 33.90
85.3 17.80 237.7 25.70 390.1 24.20 542.5 34.10
914 18.18 243.8 25,90 396.2 2940 548.6 34.30
97.5 18.50 249.9 26.10 402.3 29.60 554.7 3440
103.6 18.70 256.0 26.40 408.4 29.80 560.8 34.60
109.7 19.00 262.1 26.60 414.5 30.00 566.9 34.90
115.8 19.30 268.2 26.80 420.6 29.20 573.0 35.10
121.9 19.70 274.3 26.90 426.7 30.50 579.1 358.30
128.0 20.00 2804 27.00 4328 30.60 585.2 35.50
134.1 20.562 286.5 27.10 438.9 30.80 591.3 35.60
140.2 20.60 292.6 27.20 445.0 31.00
146.3 21.00 208.7 27.20 451.1 31.20
1524 21.30 304.8 27.30 457.2 31.40




Well Number: 10

A20

Thermal Conductivities

Depth Int Lith koy £ SSD N ® + AP ko + Okg
w

@ @ %) [++5)
76,0 114.0 | Basalt 1.62 0.07 31020 010 | 133 0.17
114.0 168.0 | SS 1.97 0.09 3| 025 0.05 147 0.13
191.0 229.0 | Mudflow 2.36 0.19 5|02 005 |18 018
2290 434.0 | W Tuff 247 0.10 6 [ 020 005 | 187 0.19
434.0 518.0 | Bas And 1.79 0.10 4 [ 0.20 0.05 144 0.12
518.0 610.0 | W Tuff 2.58 0.16 81020 0051193 019
Comments:

Lithologic log: Chapin




A21
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Well Number: 11

A22

Subsurface Temperatures

b3 T A T z T z T

(m) (°C) | (m) (°0C) (m) (°C) | m (°0)

6.1 16.49 48.8 17 .68 914 19.18 134.1 21.59

9.1 16.84 51.8 17.76 94.5 19.36 137.2 21.77

12.2 17.08 54.9 17.81 97.5 19.51 140.2 21.95

152 17.13 57.9 17.89 100.6 18.69 143.3 22.16

18.3 17.13 61.0 17.95 103.6 19.86 146.3 22.32

21.3 17.17 64.0 18.04 106.7 20.01 1494 22.55

24 .4 17.21 67.1 18.12 109.7 20.18 1524 22.71

274 17.25 70.1 18.21 1128 20.36 153.6 22.76

305 17.32 73.2 18.32 115.8 20,52

33.5 17.38 76.2 18.48 1189 20.68

36.6 17.45 79.2 18.60 121.9 20.85

39.6 17.51 82.3 18.72 125.0 21.03

427 17.57 85.3 18.88 128.0 21.20

45.7 17.64 88.4 19.03 131.1 21.39

Thermal Conductivities
Depth Int Lith koy + SSD N P 4 AP ko + Akg
w w

m m

o ) )
0.0 73.0 | Basalt 2.12 020 005 | 165 0.18
730 154.0 | CS {p} 2.13 0.14 020 005 | 166 0.15
Comments:

Lithologic log: Osburn




A23

Well Number: 12

Subsurface Temperatures

z T z T z T z

m)y (°O) | (m (°0) (m) (°cy | (m) ()

3.0 17.16 45.7 17.13 884 18.20 131.1 19.47

6.1 15.70 48.8 17.19 014 18.29 134.1 19.56

9.1 16.04 51.8 17.24 94.5 18.38 137.2 19.67

12.2 18.32 54.9 17.33 97.5 18.47 140.2 19.76

15.2 16.41 57.9 1741 100.6 18.55 143.3 19.84

18.3 16.47 61.0 17.47 103.6 18.65 146.3 19.94

21.3 16.52 64.0 17.57 106.7 18.76 1494 20.03

244 16.60 67.1 17.63 109.7 1884 151.2 20.05

274 16.68 70.1 17.71 112.8 18.89

30.6 16.73 73.2 17.79 1168 18.98

33.5 16.84 76.2 17.88 118.9 19.10

36.6 16.91 79.2 17.97 121.9 19.20

39.6 16.98 82.3 18.04 125.0 1929

427 17.08 25.3 18.13 128.0 19.38

Thermal Conductivities
Depth Int Lith koy =+ SSD N & 3 AP ko + Akg
w W
m

(m)  (m) 2] )
0.0 152.0 | CS &S (p) 2.47 0.12 4 1026 005 1.74 0.17
Comments:

Lithologic log: Osburn,
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‘Well Number:

A25

13

Subsurface Temperatures

z T z T Z T g T

(m)y (°C) | (m} (°C} (m) (" C) (m) (°0)

3.0 17.06 30.5 16.22 85.3 1745 140.2 18.72

6.1 16.45 36.6 16.33 91.4 17.61 146.3 18.83

9.1 16.06 42.7 16.45 97.5 17.72 1524 18.95

12.2 15.83 48.8 16.56 103.6 18.06

15.2 16.00 54.9 16.72 109.7 18.00

18.3 15.95 61.0 16.83 115.8 18.11

21.3 16.06 67.1 17.00 121.9 1828

24.4 16.33 73.2 17.11 128.0 18.39

274 16.22 79.2 17.28 134.1 18.56

Thermal Conductivities
Depth Int Lith kepsy £ SSD N ® + AP ke + Akg
w w

(m)  {(m) [',;—C] [m"C]
120 116.0 CS—(p) 2.37 0.15 3 0.20 0.05 1.81 0.18
1160 1520 | S &G 2.60 2 030 005 | 1.68 0.20
Comments:

Lithologic logs: Chapin, driller’s log




Well Number:

A28

14

Subsurface Temperatures

2 T z T A T z T

m) (°C) | (m) (°0) (m) (°C) (m) (°C)

3.0 15.64 42,7 1821 823 19.87 121.9 21.53

6.1 15.91 45.7 18.34 85.3 19.99 125.0 21.63

9.1 16.34 48.8 18.48 88.4 20.15 128.0 21.80

12.2 16.64 51.8 18.59 914 20.34 1311 21.94

15.2 16.78 54.9 18.70 94.5 20.42 134.1 22.07

18.3 16.98 57.9 18.834 97.5 2047 137.2 22.21

21.3 17.15 61.0 18.96 100.6 20.62 140.2 22.35
244 17.35 64.0 19.09 103.6 20.78 143.3 22.49
274 17.51 67.1 19.21 106.7 20.91 146.3 22.59
30.5 17.69 70.1 19.34 109.7 21.03 146.6 22.61

33.5 17.81 73.2 1948 112.8 21.19

36.6 17.94 76.2 19.61 115.8 21,35

39.6 18.07 79.2 19.73 118.9 21.45

Thermal Conductivities
Depth Int Lith ko £ 5D N | & £ AD | ke + Ok
w w

(m)  (m) ] ]
00 152.0 | CS(p) 202 0325 61020 005 ]| 159 017
Comments:

Lithologic log: Osburn




Well 14
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Well Number: 15

A28

Subsurface Temperatures

z T 2 T Z T z T
m)  (°C) | (m}  (°C) | (m) (°C) | (m) (°0)
0.0 28.50 152.4 15.72 304.8 18.61 457.2 21.28
6.1 28.34 | 1588  15.78 | 310.9 1878 | 4633 2139
183  28.11 1646 1589 | 317.0 1895 | 4694 2150
183 27.78 170.7 16.11 323.1 19.00 475.5 21.61
24.4 27.61 176.8 16.22 329.2 1911 481.6 21.78
305 27.50 182.9 16.28 335.3 19.22 487.7 21.89
36.6 27.22 189.0 1639 | 3414 1928 | 4938 2200
42.7 27.00 195.1 16.50 347.5 19.39 4999 22.11
488 2689 | 201.2 18.72 | 3538 1961 | 5060 2222
549  16.39 | 207.3 16.78 | 359.7 1952 | 5121 22.28
61.0 15.11 2134 16.89 365.8 19.78 518.2 22.39
67.1 14.72 | 2195 17.00 | 371.9 1989 | 5243 2250
73.2 14.50 225.6 17.11 378.0 20.00 5304 22.67
79.2 14.50 231.6 17.28 384.0 20.11 5364 22,78
85.3 14.50 237.7 17.39 390.1 20.22 542.5 22.89
914 1461 243.8 1750 | 3962 2028 | 5486  23.00
g7.5 14.72 249.9 17.61 402.3 20.39 554.7 23.11
103.6 1478 | 256.0 17.72 | 4084 2050 | 5608  23.17
109.7 1489 | 2621 17.78 | 4145 2061 | 566.9  23.28
115.8 15.00 268.2 18.00 420.6 20.72 573.0 23.50
121.9 15.11 274.3 18.00 | 426.7 20.78 | 579.1 2361
128.0 1522 | 2804 18.11 4328 2089 | 58.2 23861
134.1 15.39 | 2865 1828 | 4389  21.00
140.2 1550 | 292.8 1839 | 445.0  21.11
146.3 15.61 298.7 1850 | 451.1 21.22




A29

Well Mumber: 1%

Thermal Conductivities

Depth Int Lith ko = 855D N d + AP ke + Olg
W w
(m) (m) [-;nTC] [m“c]
61.0 404.0 | CS(p) 2.10 016 15 { 015 0.05 | L.74 0.186
4040 533.0 | CS,SS(p) | 2.26 0.03 51020 005 | 174 017
5330 6100 | SS 258 0.14 6 {025 005 | 180 018
Comments:

Lithologic logs: Chapin
Porosity of CS measured in our lab




A30

Well 15
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Well Number:

A3l

16

Subsurface Temperatures

z T b4 T 2z T z T

(m) (°C) | (m) (°0) (m) (°0) (m) (°0)

3.0 17.56 30.5 17.22 85.3 19.33 140.2 21.61

8.1 15.67 36.6 17.50 814 19.56 146.3 21.89

9.1 16.17 427 17.72 97.5 19.83 1524 22.11

12.2 16.45 48.8 17.95 103.6 20.00

15.2 16.56 54.9 18.22 109.7 20.28

18.3 i6.72 61.0 18.45 115.8 20.56

21.3 16.89 67.1 18.67 121.9 20.83

244 17.00 73.2 18.89 1280 21.11

274 17.11 79.2 19.11 134.1 21.34

Thermal Conductivities
Depth Int Lith koy = SSD N ¢ + AD ke + Akg
w w

(m)  (m) [m—g] [m"C]
6.0 1400 | CS (p) 2.03 0.14 8 1020 005 160 0.14
Comments:

Lithologic logs: Chapin, driller’s log




Well Number:

17

A32

Subsurface Temperatures

z T z T z T Z T
m) (O | (@ (°0) | (m (°0) (m) (°0)
0.0 30.00 20.0 15.11 40.0 15.80 60.0 16.30
5.0 15.22 25.0 15.19 450 16.00
10.0 14.80 30.0 15.54 50.0 16.14
15.0 15.01 35.0 15.72 55.0 16.22
Thermal Conductivides
Depth Int Lith kopy £ SSD N | & £ Ad ke <+ Oko
w w
@ () Ea 2
0.0 60.0 S & M? 0 1.60 0.20
Comments:

Temps measured in water well

No lithologic log, no samples
kg value from well #4.
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Well Number:

A34

18

Subsurface Temperatures

z T zZ T z T z T
(m) (°C) | (m) () | m (°0) (m) (°C)
3.0 17.70 30.5 16.58 57.9 17.56 85.3 18.69
6.1 16.78 33.6 16.67 61.0 17.67 884 18.84
9.1 15.54 36.6 16.79 64.0 17.77 914 18.95
12.2 15.70 39.6 16.91 67.1 17.90
152 15.96 427 17.01 701 18.03
18.3 16.11 45.7 17.12 732 18.17
21.3 16.24 48 .8 17.24 76.2 18.31
244 16.36 51.8 17.35 79.2 18.43
274 16.33 54.9 17.45 82.3 18.56
Thermal Conductivities
Depth Int Lith key = SSD N $ + AP ke + Akg
w w
) () ] ]
21.0 910 | MSS & G 2.16 * 0.16 8 0.30 0.10 1.48 0.23
Comiments:

Lithologic logs: Chapin and driller’s log

* kg: values from our lab and from the operator (ok)




Well 18
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A36

Well Number: 19

Subsurface Temperatures

2 T z T z T Z T
mj (0| m (O | m (°0)| m (0O
3.0 28.29 79.2 21.01 1554 22.14 304.8 28.16
6.1 27.69 82.3 20.86 158.5 22.85 3109 2841
9.1 27.46 85.3 20.78 164.6 22.60 317.0 28.70
12.2 26.14 884 20.75 170.7 22.76 323.1 29.03
15.2 25,74 814 20.72 176.8 23.04 329.2 29.36
18.3 25.27 94.5 20.71 182.9 23.24 3353 29.61
21.3 24.57 97.5 20.70 189.0 23.49 341.4 29.85
244 24.30 100.6 20.70 195.1 23.74 3475 30.11
274 24.20 103.6 20.73 201.2 23.95 353.6 30.32
30.5 24,01 108.7 2097 207.3 2424 359.7 30.54
33.5 23.82 108.7 20.78 213.4 24 .44 365.8 30.82
36.6 23.66 112.8 20.84 219.5 24.71 371.9 31.08
39.6 23.53 115.8 20.90 225.6 24 .80 378.0 31.45
42.7 23.35 113.9 20.95 2318 25.05 384.0 31.67
45.7 23.18 121.9 21.00 237.7 25.23 390.1 3191
488 23.00 125.0 21.06 243.8 2540 396.2 32.20
51.8 22.79 128.0 21.09 249.9 25.61 402.3 32.51
54.9 22.62 1311 21.11 256.0 25.92 408 .4 32.79
579 22.46 134.1 21.55 262.1 26.14 414.5 33.03
61.0 21.55 137.2 21.59 268.2 28.39
64.0 21.45 140.2 21.66 274.3 26.54
67.1 21.39 143.3 21.76 2804 26.99
70.1 21.23 146.3 21.87 286.5 27.35
73.2 21.15 149.4 22.36 2926 2797
76.2 21.09 152.4 22.04 298.7 27.88




A37

Well Number:

18

Thermal Conductivities

Depth Int Lith ko =+ SSD N ¢ + AD ko £ Ako
(=) ) =)
2020 4330 | G& CS 358* 019 7030 005|210 025
Comments:

Lithologic logs: Chapin and driller’s log

* ko: operator values (ok)




A38

Well 18
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A39

Well Number: 20

Subsurface Temperatures

Z T Z T 2 T Z T
m (¢} | (m) (°C) (m) (° ) (m) (°C)
3.0 19.69 36.6 17.56 701 17.99 103.6 18.57
6.1 17.51 39.6 17.568 73.2 18.03 106.7 18.63
g.1 16.86 42.7 17.62 76.2 18.09 109.7 18.70
12.2 16.95 45.7 17 .66 79.2 18.15 112.8 18.80
152 17.10 48.8 17.70 823 18.18 115.2 18.79
18.3 17.20 51.8 17.73 85.3 18.25
21.3 17.30 54.9 17.78 334 18.30
244 17.36 57.9 17.83 914 18.32
274 17.44 61.0 17.87 04.5 18.38
30.5 17.47 64.0 17.89 97.5 18.45
336 17.62 67.1 17.96 100.6 18.52
Thermal Conductivities
Depth Int Lith koy £ SSD N b 4+ AD kg £ DNkg
W W
(m)  (m) 2] ]
340 1160 | MS & S 252* 0.11 5030 010 1.85 0.28
Comments:

Lithologic logs: Chapin and driller’s log

* ko: operator values (ok)




Well Number:

A40

21

Subsurface Temperatures

z T Z T Z T 2 T
{m) ey | (m (°C) (m) (°c) {m) (°0)

30 18.90 42.7 17.67 82.3 1852 121.9 19.67

6.1 17.80 45.7 17.71 85.3 18.60 125.0 19.97

8.1 17.60 48.8 17.80 884 18.68 128.0 19.86
12.2 17.80 51.8 17.86 914 18.74 131.1 19.96
15.2 17.80 54.9 17.90 94.5 18.83 134.1 20.08
18.3 17.70 57.9 17.95 87.5 18.91 137.2 20,19
21.3 17.68 81.0 18.02 100.6 19.01 140.2 20.25
244 17.64 64.0 18.08 103 .6 19.11

274 17.64 67.1 18.14 106.7 19.20

30.6 17.64 70.1 18.23 109.7 19.28

33.5 17.64 3.2 18.29 112.8 19.38

366 17.65 76.2 18.37 1158 19.48

39.6 17.66 79.2 18.44 118.9 19.58

Thermal Conductivities
Depth Int Lith koy =+ S5SD N ¢ + AP
w

o) ()

0.0 610 | G 1.96 * 030 0.05 1.38
610 1520 | CS &G (p) 1.67 * 030 005 | 123
Comments:

Lithologic log: Osburn
* No samples, operator values of kg (probably low)




Well 21

Well 20

A4l

LANLENL AL N R T R N TNL LI L RNLENL N N A BN B R s T e

TSN SN SR WO JANT JOOY SN T N TN TN WU (NN SN Y OO TN AT VAN SN Y U0 DO S W AN VO N O

- ++..TT —
ekttt
ettt ]

L,
-f%Iii+Iii+¥1i+¥1+ ]

0] G2 0s Se oot gel 0ST SZ1
(W) Yadeq

rrTr T rrr [ rrre [T T T T

T Y TN A S N N T SN N SO0 OO OO T S OO A TS T N M N A SO O

+1i+¢t+1ii+1i+$i+¢t+
||_..++ o

0 52 as =74 0ot 1A 0St 541

(W) yrdeq

15 20 235

Temperature (C)

10

25

20

15
Temperature (L)

10



A4

‘Well Number: 22

55

P

Subsurface Temperatures

z T Z T z T 2
(m) ()| (m} (°C}) | (m} (°0) (m) (°C)
3.0 17.13 457 17.79 88.4 18.38 131.1 19.53
6.1 16.44 48.8 17.77 914 18.44 134.1 19.62
9.1 16.64 51.8 17.79 G945 18.50 137.2 19.67
12.2 16.88 54.9 17.82 97.5 18.58 140.2 19.77
15.2 17.11 57.9 17.38 100.6 18.64 143.3 19.88
18.3 17.17 61.0 17.92 10386 18.70 146.3 19.98
213 17.21 64.0 17.97 106.7 18.77 1494 20.08
24.4 17.25 67.1 18.03 109.7 18.86 151.5 20.15
274 17.34 70.1 18.08 112.8 18.95
30.5 17.49 73.2 18.13 115.8 19.03
33.5 17.69 76.2 18.17 118.9 19.11
36.6 17.69 79.2 18.22 1219 19.21
39.6 17.63 82.3 18.27 125.0 19.30
42.7 17.71 85.3 18.32 128.0 19.40
Thermal Conductivities
Depth Int Lith koy + SSD N P L+ AP ke 4 Akg
w w
CRE () s
0.0 980 | G&C 2.44 030 005 161 019
98.0 1520 | CS (p) 2.21 0.22 0.20 0.05 171  0.15
Comments:

Lithologic log: Osburn
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Well Number: 23

Ad4

Subsurface Temperatures

z T z T z T 7 T
(m)  (°C) | (m} (°C) | (m) (°0) | (m) (°0)
0.0 39.00 1524 20.72 304.8 26.39 457.2 30.89
6.1 39.00 158.5 20.89 3109 26861 463.3 31.00
12.2 38.39 164.6 21.22 317.0 26.89 469.4 31.11
183 37.78 170.7 21.50 323.1 27.11 475.5 31.11
244 37.50 176.8 21.72 329.2 27.28 481.6 31.28
30.5 37.23 182.9 21.89 335.3 27.50 487.7 31.39
36.6 36.89 189.0 22,11 341.4 2761 493.8 31.50
42.7 36.61 195.1 22.28 347.5 27.78 499.9 31.61
48.8 36.39 201.2 22.61 353.6 28.00 506.0 31.72
54.9 20.89 207.3 22.78 359.7 28.28 512.1 31.78
61.0 18.11 2134 23.50 365.8 28.60 518.2 31.89
67.1 17.61 219.5 23.22 371.9 2872 524.3 32.00
732 17.61 225.6 23.50 378.0 28.89 530.4 32.06
79.2 18.00 2316 23.78 384.0 29.00 536.4 3211
85.3 18.11 237.7 24.00 390.1 29.22 542.5 32.22
91.4 18.28 243.8 24.22 396.2 29.39 548.6 32.28
97.5 18.50 249.9 24.39 402.3 29.50 554.7 32.39
103.6 18.72 256.0 24.72 408.4 29.72 560.8 32.50
109.7 18.89 262.1 24.89 414.5 28.78 566.9 32.50
115.8 19.22 268.2 25.22 420.6 30.00 573.0 32.61
121.9 19.50 274.3 25.39 426.7 30.22 579.1 32.61
128.0 19.72 280.4 25.61 432.8 30.28 585.2 3272
134.1 20.00 286.5 25.78 438.9 30.50
140.2 20.22 292.6 26.00 445.0 30.61
146.3 20.39 208.7 26.22 451.1 30.78




A4S

Well Number: 23

Thermal Conductvities

Depth Int Lith Foy £ 550 N | @ + 80 | ko + Ok
w w

(@  (m) [m,c] [mc]

84.0 404.0 CS (p) 1.86 0.13 38 0.20 0.05 1.49 0.13

404.0 450.0 Mudflow 2.52 0.09 4 0.20 0.05 1.90 0.19

450.0 610.0 Rhyodacite 2.31 0.28 11 0.20 0.05 1.77 0.18

Comments:
Lithologic log: Chapin
Porosity of CS measured in our lab




A46
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Well Number:

A47

24

Subsurface Temperatures

% T 2z T % T 4 T

m  (°6) | (m (°C) (m) (°C) (m) (°C)

6.1 16.52 42.7 18.43 79.2 19.74 115.8 21.28

9.1 18.75 45.7 18.54 823 19.80 118.9 21.41

12.2 17.24 48.8 18.66 85.3 20.03 121.9 21.55

15.2 17.45 51.8 18.75 884 20,12 125.0 21.67

18.3 17.56 54.9 18.90 91.4 20.27 128.0 21.78

21.3 17.84 57.9 18.97 94.5 20.40 131.1 21.91

24.4 17.77 61.0 19.04 975 20.50 134.1 22.03

27.4 17.91 64.0 19.15 100.6 20.64 137.2 22.15

30.5 18.02 67.1 19.30 103 .6 20.75 140.2 22.27

335 18.14 70.1 19.43 106.7 20.87

35.6 18.25 73.2 16.51 108.7 21.02

39.6 18.33 76.2 19.65 112.8 21.14

Thermal Conductivities
Depth Int Lith kop £ SSD N d + AD ke + Akg
W w

() s =)
30.0 152.0 Cs (p) 2.03 0.25 4 020 0.05 1.60 0.14
Comments:

Lithologic log: Osburn




‘Wejl Number:

A48

25

Subsurface Temperatures

Z T z T z T z T

(m} (°C) | (m} {°0O) (m) (°C) (m) (°C)

30 18.07 45.7 19.35 88.4 21.38 131.1 23.25

6.1 16.54 48.8 19.50 91.4 2151 134.1 23.36

9.1 16.91 51.8 19.64 945 21.66 137.2 23.47

12.2 17.37 549 19.80 97.5 21.74 140.2 23.60

15.2 17.73 57.9 19.96 1¢0.6 21.90 143.3 23.70

18.3 17.86 61.0 20.10 103.6 22 .06 146.3 23.82

213 18.00 64.0 20.25 106.7 22.28 146.4 23.96

24 .4 18.14 67.1 20.39 109.7 2242 1524 24.16

274 18.31 70.1 20.57 112.8 22 54

30.5 18.53 73.2 20.69 115.8 22.64

33.5 18.76 76.2 20.83 1189 22.74

366 18.92 79.2 21.00 121.9 22.87

3986 19.04 82.3 21.25 125.0 23.00

427 19.19 85.3 21.28 128.0 23.13

Thermal Conductivities
Depth Int Lith koy =+ SSD N ¢ 4+ AP kg #£ Akg
W w

@ (] )
0.0 37.0 | CS? 1.80 * 1020 005 | 145 0.14
910 1520 | CS? 2.34 * 21020 005|179 021
Comments:

No Lithologic log
* No samples, operator values of kg (probably low)




Well 25

Well 24

A49
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ABO

Well Number: 286

Subswrface Temperatures

z T z T z T z T
(m} (°0) (m) (°C) (m) (°C) m  (°0)

0.0 29.89 158.5 26.50 317.0 32.78 475.5 37.61
6.1 31.61 1646 26.28 323.1 33.22 481.6 37.61
12.2 31.78 1707 24.39 329.2 33.50 487.7 3761
183 31.89 176.8 24.39 335.3 33.89 493.8 37.61
244 31.72 182.9 24.72 341.4 34.28 499.9 37.50
30.5 31.72 189.0 25.00 347.5 34.61 506.0 37.50
36.6 31.50 195.1 25.28 353.6 35.00 512.1 37.50
42.7 31.39 201.2 25.78 359.7 35.39 5182 3751
488 31.22 207.3 26.11 365.8 3573 5243 3761
54.9 30.89 213.4 26.39 371.9 36.11 5304 37.78
61.0 30.72 219.5 26.89 378.0 36.39 536.4 38.00
67.1 30.50 225.6 27.28 384.0 36.61 542.5 38.11
73.2 30.22 231.6 27.61 390.1 36.78 548.6 38.28
78.2 29.89 237.7 28.00 396.2 37.00 554.7 38.39
86.3 29.61 243.8 28.28 402.3 37.23 560.8 38.73
91.4 29.39 249.9 28.72 408.4 37.39 566.9 38.73
97.5 29.22 256.0 26.11 414.5 37.39 573.0 38.78
103.6 29.00 262.1 26.50 420.6 37.50
109.7 28.78 268.2 29.89 426.7 37.50
1158 28.61 274.3 30.39 432.8 3761
121.9 28.39 280.4 30.72 438.9 37.61
128.0 28.00 286.5 31.11 445.0 37.61
134.1 27.78 292.6 31.50 451.1 37.61
140.2 27.39 208.7 31.89 457.2 37.61
146.3 27.56 304.8 32.28 463.3 37.61
1524 26.89 310.9 32.50 469.4 3761




A5l

Well Number: 26

Thermal Conductivities

Depth Int Lith key + SSD N ¢ 4+ AP ke + Ak
w w
(m) (m) [m"C’] [m"G’]
9.0 375.0 s (p) 2.00 * 0 0.20 0.05 1.58 0.17
375.0 539.0 8,58 (p) 220 = 0 0.25 0.05 1.60 0.18
539.0 567.0 Cs (p) 200* 0 0.20 0.05 1.58 0.17
567.0 610.0 5,38 (p) 2.20%* 0 0.25 0.05 1.60 0.18

Comments:
Lithologic logs: Chapin

* No samples available, kear % SSD measured in similar lithology, different well
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Subsurface Femperatures

Ab3

Well Number: 27

oz T A T Z T z T

m) (°C) | m) (O | (m (°C) | (m) (°0)
0.0 30.00 152.4 21.50 298.7 28.29 445.0 35.11
6.1 29,72 158.5 21.72 304.8 29.22 451.1 35.39
12.2 14.89 164.6 22.00 | 3109 29.39 457.2 35.50
18.3 15.00 170.7 22,39 { 3170 29.72 463.3 35.73
244 15.28 176.8 2272 | 3231 3000 | 4694 35.89
30.5 15.50 182.9 23.00 329.2 30.28 475.5 36.11
36.6 15.78 188.0 23.39 335.3 30.61 481.6 36.28
42.7 16.00 195.1 23.72 341.4 3089 | 4877 36.50
48.8 16.28 201.2 2400 3475 31.11 493.8 36.73
54.9 16.50 207.3 24.28 353.6 31.3¢ | 499.9 36.78
61.0 16.78 213.4 2472 359.7 3172 506.0 37.00
73.2 17.39 219.5 25.00 365.8 32.00 512.1 37.23
79.2 17.72 225.6 25.28 371.9 32.28 518.2 37.39
85.3 18.00 231.6 25.61 378.0 3250 524.3 37.50
91.4 18.28 237.9 25.89 384.0 3272 5304 37.73
97.5 18.50 243.8 26.22 390.1 33.00 536.4 37.78
1036 18.78 249.9 26.50 396.2 33.22 5425 37.89
109.7 19.22 256.0 26.78 | 402.3 33.50 548.6 38.00
1158 19.50 262.1 27.11 | 4084  33.78 554.7 38.11
121.9 19.89 268.2 27.50 | 4145 34.00 560.8 38.11
128.0 20.22 274.3 27.78 | 4206 34.22 566.9 38.11
134.1 20.50 280.4 28.00 | 426.7 34.39 573.0 38.00
140.2 20.89 286.5 28.28 | 4328 34.61 579.1 38.00
146.3 21.11 292.5 28.61 438.9 34.89 585.2 38.00




Ab4

Well Number: 27

Thermal Conductivities
Depth Int Lith key = SSD N & + AP ke £+ Ako
w w
W 2] 25
270 4940 | CS (p) 2.00 * 0.20 0.05 158 017
4940 533.0 | Bas And 1.80 * 0|02 005 | 145 0.15
533.0 610.0 | W Tuff 250 * 0 0.20 0.05 1.89 0.23
Comments:

Lithologic log: Chapin
Only contaminated samples available

* kg measured in similar lithology, different well
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Well Number:

A56

28

Subsurface Temperatures

z T z T Z T % T

(m) (°¢) | (m) (°0C) (m) (°C) (m) (°C)

9.1 16.56 48.8 20.56 91.4 24.22 134.1 27.42

122 16.96 54.9 21.15 87.5 2471 140.2 27.84

18.3 17.58 61.0 21.68 103.6 25.20 146.3 28.20

244 18.22 67.1 22,22 108.7 25.64 1506.9 28.65

30.5 18.90 73.2 2271 115.8 26.13

36.6 19.43 79.2 23.17 121.9 26.61

42.7 20.02 85.3 23.67 128.0 27.04

Thermal Conductivities
Depth Int Lith koy + SSD N ¢ + NP ko £ Akg
w

(m) (m) {m"C] [m"C‘]

00 850 | C3(p) 227 0256 5| 020 005|175 018
850  98.0 | CS &S (p) 2.60 2 1025 005|195 023
98.0 1160 | CS (p) 2.03 21 020 005 160 0.18
1160 1280 | CS &S (p) 278 036 3 | 025 005 | 190 025
1280 1520 | CS (p) 2.33 2 | 020 005 | 178 021
Comments:

Lithologic log: Chapin




‘Well Number:

29

ABT

Subsurface Temperatures: "Instrument acting goofy”

A T Z T z T z T
(m) (°C) | (m) (°O) 1 (m (°C) | (m) (°0)

6.1 17.96 42.7 22.29 91.4 46.72 140.2 27.16

9.1 17.94 48.8 22.58 97.5 25,44 148.3 27.33

12.2 18.52 54.9 22.80 103.6 25.68

15.2 37.13 61.0 23.28 108.7 25.96

18.3 19.72 67.1 44.55 115.8 26.20

244 39.63 73.2 24.10 121.9 50.33

30.5 21.22 79.2 2447 128.0 26.72

36.6 21.93 85.3 24.82 134.1 26.92

Well Number: 29
Subsurface Temperatures: Spikes removed: data highly suspect

2z T % T z T Z T
m )| @ (0| @ 0| @ (o

6.1 17.98 42.7 22.29 835.3 24 82 134.1 26.92

9.1 17.94 48.8 2258 975 25.44 1402 27.16

122 18.52 54.9 2280 1036 25.68 146.3 27.33

183 19.72 61.0 23.28 109.7 25.96

30.5 21.22 73.2 24.10 1158 26.20

36586 21.93 79.2 24 .47 128.0 26.72

Thermal Conductivites
Depth Int Lith koy =+ SSD N & + AP kg £+ Akg
W W
() () (5] (5]
00 146.0 | TV? 0.00 0.00 0000 000 | 160 040
Comments:

No lithologic log

No samples




Well 29

Well 28
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Well Number:

30

A59

Subsurface Temperatures

4 T z T Z T Z T

m ()| m (O m (0| m (0O

30 20.67 274 18.89 70.1 21.00 109.7 23.22

6.1 17.56 30.5 18.78 73.2 21.17 115.8 23.50

9.1 17.67 36.6 19.11 792 21.45 121.9 23,78

12.2 18.17 42.7 16.61 85.3 21.78 1280 24.11

15.2 18.28 48.8 19.89 914 2217 1341 24.50

19.8 18.50 54.9 20.22 97.5 22.50 1402 2472

24 .4 18.78 61.0 20.56 1036 22.89 144 .8 24.95

Thermal Conductivities
Depth Int Lith koy =+ SSD N d 4+ AD ko + Akg
w W

@ (] 2]
9.0 1460 | CS (p) 222 007 7|02 005|171 0.15
Comments:

Lithologic logs: Chapin, driller’s log




Well Number:

31

AB0

Subsurface Temperatres

z T z T % T Z T
m ()| m (0| m (°0) | (m) (°C)
6.1 19.05 30.5 22.25 54.9 26.00
12.2 19.08 36.6 23.17 61.0 27.37
183 20.25 427 24.12
24.4 21.27 488 25.00
Thermal Conductivities
Depth Int Lith kop £ SSD N d + AP ko £ kg
w w
(m) () ] ]
9.0 55.0 | Conglom 241 0.06 4 | 020 0.05 183 0.18
Comments:

Lithologic Log: Chapin
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Well Number:

AB2

32

Subsurface Temperatures

Z T z T z T Z T
m ()| (m) (°C) | m) (°O) | (m) (°C)
3.0 19.91 21.3 22.00 39.6 25.34 57.9 27.84
6.1 18.57 24.4 22.53 427 25.81 61.0 28.28
9.1 19.91 274 23.22 45,7 26.17 64.0 28.72
122 20.68 30.5 23.94 48.8 26.56 67.1 29.13
152 21.14 33.5 24 .41 51.8 26.98 70.1 29.56
18.3 21.56 36.6 24 91 54.9 27 .44 73.2 26.93
Thermal Conductivities
Depth Int Lith kop = 550 N ¢ £ AP ke £ Akg
w w
(m) () [mﬂc] [m"c]
15.0 450 C8 2.33 % 0.00 2 0.20 0.05 1.78 0.21
45.0 73.0 | Rhyoliwe 203*% 0.18 5 1020 0.05 160 0.14
Comments:

Lithologic logs: Chapin and driller’s log

* kg: values from our lab and from the operator (ok)




AB3

Well Number: 33

Subsurface Temperatures

z T A T z T z T
m (°C) | (m) (O (m (0| m (0O

3.0 17.50 457 22.18 88.4 2542 1311 27.01

6.1 17.54 48.8 22.46 914 25.54 134.1 27.07

9.1 18.22 51.8 22.70 94.5 25.66 137.2 27.12
12.2 18.78 54.9 22.93 97.5 25.82 140.2 27.16
15.2 19.15 57.9 23.20 100.6 25.95 1433 27.19
183 19.49 61.0 23.45 103.6 26.09 146.3 27.21
21.3 19.99 64.0 23.68 106.7 26.23 149.4 27.22
244 20.09 67.1 23.90 109.9 26.31 1524 27.23
274 20.41 70.1 24.13 112.8 26.47
30.5 20.69 73.2 24.37 1158 26.59
33.5 21.04 76.2 24.57 118.9 28.70
36.5 21.33 79.2 24.79 121.9 26.80
39.5 21.62 82.3 24.97 125.0 26.87
42.7 21.88 85.3 25.20 1280 26.94

Thermal Conductivities

Depth Int Lith kop + SSD N d + AD kg =+ Ao
w W
(@) (m) [moc] [M]
6.0 152.0 V7 1.80 * 0.15 4 0.20 0.05 1.45 0.15

Comments:
No lithologic log
* No samples, operator values of kg (probably low)
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Well Number:

AB5

34

Subsurface Temperatures

z T 4 T zZ T 4 T

(m} (°C) | (m) (°O) (m) (°C) () (°0)

3.0 18.82 45,7 19.82 884 21.14 131.1 22.38

6.1 17.67 48.8 19.62 91.4 21.20 134.1 22.49

9.1 18.09 51.8 20.01 94.5 21.26 137.2 22.59

12.2 18.54 54.9 20.11 975 21.34 140.2 22.69

15.2 18.75 57.9 20.20 100.6 2142 143.3 22,78

18.3 18.86 61.0 20.28 103.6 21.50 146.3 22.87

21.3 19.01 64.0 20.39 106.7 21.58 146.4 22.96

244 19.14 67.1 2047 109.7 21.66 152.4 23.01

274 19.22 70.1 20.56 112.8 21.75

305 16.33 73.2 20.65 115.8 21.86

33.5 15.42 76.2 20.76 118.9 21.96

36.6 19.52 79.2 20.84 121.9 22.07

38.6 19.61 82.3 20.92 125.0 22.18

427 1974 85.3 21.06 1280 22.29

Thermal Conductivities
Depth Int Lith kopy =+ SSD N & 4+ AD ke + Dkg
w w

m m U
(m)  (m) 2] 2]
0.0 1520 | TV? 1.87* 026 31020 005|149 018
Comments:

No lithologic log

* No samples, operator values of kg (probably low)




A66

Well Number: 35

Subsurface Temperatures

z T Z T z T z T

m) (°C) | (m} (°C) | (m) o) | m (°C)

3.0 21.00 39.6 19.94 76.2 21.54 112.8 23.39

6.1 17.797 42.7 20.07 79.2 21.68 1158 23.56

9.1 18.07 45.7 20.21 82.3 21.83 118.9 23.71

12.2 18.45 48.8 20.31 85.3 21.98 121.9 23.86

15.2 18.63 51.8 20.42 884 22.12 125.0 24.03

18.3 18.78 54.9 20.59 914 22.29 128.0 24.20

21.3 18.98 57.9 20.71 94.5 22.44 131.1 24.33

24.4 19.16 61.0 20.82 97.56 22.59 134.1 24 .47

274 16.36 64.0 20.98 1006 29.77 137.2 24.65

30.5 16.54 67.0 21.13 103.6 2294 140.2 24.84

33.5 19.67 70.1 21.28 1066.7 23.09 1433 24.90

36.6 15.79 73.2 21.38 109.7 23.21 146.3 25.05

Thermal Conductivities
Depth Int Lith kgpy + SSD N ¢ 4+ AD ko £ Akg
w W

@) ] (5]
12.0 1520 | CS (p) 2.13 0.19 61020 005 ]| 1668 0.15
Comments:

Lithologic log: Osbum
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Subsurface Temperatures

AB8

Well Number: 36

z T % T % T Z T
m) (¢} | m (O | (m (O |m ((°C)
3.0 20.80 21.3 18.63 48.8 20,08
6.1 17.75 244 18.80 54.9 20.30
9.1 17.34 27.4 18.97 61.0 20.56
12.2 17.69 30.5 19.19 67.1 20.88
15.2 18.20 36.6 18.51 70.1 21.09
18.3 18.37 427 19.80 71.6 21.15
Thermal Conductivities
Depth Int Lith koy =+ SSD N P 4+ AD ko + Ao
w w
() () a [
0.0 41.0 G 2.56 0.19 3 030 005 1.66
41.0 69.0 | Tuff 2.62 0.18 4 | 0.20 0.05 | 1.95
Comments:

Lithologic Log: Chapin




Well 36

Ab9

0s
(W) yideg

25

20

15
Temperature (C)

10



A70

Well Number: 37

Subsurface Temperatures

z T Z T Z T Z T
(m) (°C) | (m) (°C) (m) (°C) (mm) (°C)

0.0 37.00 109.7 22.11 2195 28.78 329.2 35.89
6.1 37.00 115.8 22.39 225.6 29.22 335.3 36.00
122 36.78 121.9 22.78 2318 2661 341.4 36.23
18.3 36.61 128.0 23.11 2377 30.11 347.5 36.23
244 36.39 134.1 23.50 243.8 30.50 353.6 36.28
30.5 36.23 140.2 23.72 249.9 3078 359.7 36.39
36.6 35.89 146.3 24.22 256.0 31.28 365.8 36.50
427 35.39 152.4 24.61 262.1 31.72 371.9 36.50
48.8 35.11 158.5 25.00 268.2 32.22 378.0 36.61
54.9 34.78 164.6 25.39 274.3 32.61 3340 36.61
61.0 34.50 170.7 25.72 220.4 33.22 390.1 36.73
67.1 21.39 176.8 26.11 286.5 33.72 396.2 36.73
73.2 20.89 182.9 26.50 292.6 34.39 402.3 36.73
792 20.89 189.0 26.78 298.7 34.89 408.4 36.73
85.3 21.11 195.1 27.22 304.8 35.23 414.5 36.61
91.4 21.28 201.2 27.72 310.9 35.50 420.6 36.28
97.5 21.61 207.3 28.11 317.0 35.73 426.7 36.00
103.6 21.78 2134 28.39 323.1 35.78 432.8 35.89

Thermal Conductivities

Depth Int Lith ko =+ SSD N D 4+ AD ke + Lkg
w §
(m) (m) [m“C‘] [m"C’]
0.0 91.0 | S 2.96 11040 005 | 157 0.20
910 2790 | CS (p) 2.00 * 0 {020 005|158 017
279.0 389.0 | Rhyolite 1.98 11020 005 | 156 017
3890 405.0 | Bas And 1.80 = 01020 005|145 015
4050 436.0 | Mudfiow 2.10 i 1020 005 | 164 0.18
Comments:

Lithologic log: Chapin
Very little sample available.

* No samples available, kg measured in similar lithology, different well.
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Well Number: 38

Subsurface Temperatures

z T A T z T 4 T
(m) (°C) (m) (°0) (m) (°C) | (m) (°O)

19.8 19.17 61.0 21.89 109.7 24.39
244 19.56 70.1 22.45 115.8 24.67
274 19.72 73.2 2261 121.8 25.00
30.5 19.95 79.2 22.95 128.0 25.34
36.6 20.39 85.3 23.34 134.1 25.84
427 20.83 91.4 23.61 140.2 26.17
48.8 21.17 97.5 23.84 141.7 26.17
549 21.56 103.6 24.11

Thermal Conductivities

Depth Int Lith oy £ SSD N | & 208 | ko = Ake
W W
) (2] ]
9.0 500 | CS &G 264 0.19 4 {030 010 | 170 031
550 1310 | S&M 2.89 0.24 4 [ 040 0.05 { 149 0.15
1330 1420 | C &S 2.46 0.00 21030 010 | 182 031

Comments:
Lithologic log: Chapin, driller’s log




Well Number:

A73

39

Subsurface Temperatures

Z T Z T Z T Z
(m) (°C) | (m) O | (m) (") m) (°0)
3.0 21.00 19.8 18.11 427 19.72 73.2 20.89
6.1 19.72 24 4 19.28 48.8 19.95 79.2 21.11
9.1 19.06 27.4 19.33 54.9 20.22
12.2 15.00 30.5 19.39 61.0 20.39
15.2 19.00 36.6 19.56 70.1 20.72
Thermal Conductivites
Depth Int Lith kopy + SSD N d 4 AD kg =+ ONkg
w w
- )
0.0 740 | S,G& M 296 0.28 6 | 0630 005 | 175 0.19
Comments:

Lithologic logs: Chapin, driller’s log
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AT5

Well Number: 40

Subsurface Temperawres

Z T z T z T z T
fm) (C) | (m (°O) | m) (°0) (m) (°C)
3.0 20.28 24.4 21.28 54.9 24.11 914 27.39
6.1 18,33 27.4 21.56 61.0 24.84 97.5 27.89
9.1 18.78 30.5 21.89 701 25.56 103.6 28.22
12.2 19.67 36.6 2267 73.2 25.95 109.7 28.78
15.2 20.00 42.7 23.22 79.2 26.61 115.8 26.00
19.8 20.72 48.8 23.56 85.3 27.06 121.9 28.22
Thermal Conductivities
Depth Int Lith koy =+ SSD N d 4+ AP ke = Akg
w w
@ ) aa 2]
0.0 610 | S&M 2.77 21 040 0.05 1.51 0.21
61.0 730 | S 3.46 21| 040 005 1.72 024
91.0 104.0 | S 3.69 0.27 3 0.40 0.05 1.80 0.25
122.0 1280 | S - 3.87 2 0.40 0.05 1.84 0.26
61.0 142.0 | S 3.68 0.24 7 0.40 0.05 1.79 0.21
Comments:

Lithologic logs: Chapin, driller’s log
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Well Number: 41

Subsurface Temperatures

z T z T z T Z T
my (°C) | (m (°C) | (m) (O] (m (°0)

3.0 18.60 274 12.83 51.8 19.96 76.2 20.90
6.1 16.81 30.5 18.98 54.9 20.04 79.2 21.02
9.1 17.47 33.5 19.12 57.9 20.13 823 21.16
122 17.92 36.6 19.27 61.0 20.27 85.3 21.29
15.2 18.16 39.6 1942 64.0 2041 384 21.41
18.3 18.36 42.7 19.53 67.1 20.52 914 21.56
21.3 18.53 45.7 19.70 70.1 20.66 94.5 21.68
24 .4 18.687 48.8 19.83 73.2 20.78 97.5 21.80

Thermal Conductivities

Depth Int Lith ke + S5D N d 4+ AP ke £ Akg
w w
(m) () s (2]
15.0 97.0  MSS & G 2.67 * 0.26 5 0.30 .10 1.71 0.31
Commenis:

Lithologic logs: Chapin and driller’s log
* keo: operator values (ok)
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Well Number:

AT8

42

Subsurface Temperatures

z T Z T Z T % T

(m) (O | m (°C) | m ()| @ (‘O

3.0 18,42 274 19.38 51.8 20.66 76.2 22.00

6.1 17.35 30.5 19.53 549 20.82 79.2 22.16

9.1 18.08 33.5 19.70 57.9 21.00

12.2 18.44 36.6 19.85 61.0 21.16

15.2 18,87 39.6 20.02 64.0 21.31

18.3 18.87 42.7 20.17 67.1 21.47

21.3 19.07 45,7 20.35 70.1 21.66

244 19.21 48.8 20.50 73.2 21.82

Thermal Conductivities
Depth Int Lith koy + SSD N ® + AP ko + Dkg
W w

() (m) ] ]
0.0 790 | MS3 & G 2.38*% 015 7103 010 | 159 0297
Comments:

Lithologic logs: Chapin and driller’s log
* kot operator values (ok)




‘Well Number;

AT9

Subsurface Temperatures

z T 2 T T T

(m}j (°¢) | (m) (°0) (°C) (°0)

9.1 17.83 48.8 19.78 2248 25.32

12.2 18.28 54.9 20.11 22.81 25.61

15.2 18.18 61.0 2047 23.20

18.3 18.30 67.1 20.76 23.66

244 18.60 73.2 21.05 23.90

30.5 18.89 79.2 21.32 24,28

36.6 19.18 856.3 21.76 24.65

42.7 19.50 91.4 22.10 24 .97

Thermal Conductivities
Depth Int Lith koy + SSD N ko + Hkg
W

()  (w) ]
120 1520 | CS (p) 2.16 5 1.68  0.15
Comments: -

Lithologic log: Chapin




Well 43
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Well Number:

44

A81

Subsurface Temperatures

% T Z T z T % T
(m}  (°C) (m)  (°C) | (m} (°C) | @m (°0)
30 19.83 274 19.92 51.8 20.86
6.1 17.92 305 20.04 54.9 20.98
9.1 18.67 33.6 20.13 57.9 21.09
12.2 19.08 36.6 20.27 61.0 2122
15.2 19.27 39.6 20.38 684.0 21.33
18.3 19.42 42.7 20.50 67.1 21.43
21.3 19.58 45.7 20.62 70.1 21.56
24.4 19.75 48.8 20.74
Thermal Conductivities
Depth Int Lith koyr £ S5D N ¢ £+ AD ke £ Akg
w w
(m)  (m) _ ]
12.0 46.0 | MSS & G 2.23 * 0.06 4 | 0.30 0.10 1.51 0.24
46.0 760 | MS & S 2.27 * 0.19 6 0.30 0.10 153 0.24
Comments:

Lithologic logs: Chapin and driller’s log

* ko values from our lab and from the operator (ok)




Well Number:

A82

45

Subsurface Temperatures

z T z T Z T z T
(m} (°¢) | (m ()| m (6| m (°0)
3.0 19.53 24 .4 19.36 457 20.90 B87.1 22.45
6.1 17.92 274 16.56 48.8 21.12 70.1 22,66
9.1 18.23 30.5 19.79 51.8 21.356 73.2 22 .86
12.2 18.53 33.5 20.02 54.9 21.57 75.9 23.03
15.2 18.71 36.8 20.23 57.9 21.82
18.3 18.91 39.6 20.46 61.0 22.06
21.3 18.14 42.7 20.68 64.0 22.28
Thermal Conductivities
Depth Int Lith koyu =+ SSD N $ + AD ko + Okg
W w
(m)  (m) 2] 2]
00 760 | GS &M 207* 017 10 | 030 005 | 143 0.13
Comments:

Lithologic logs: Chapin and driller’s log

* ko operator values {ok)
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Well Number:

As4

46

Subsurface Temperatures

Z T z T z T A T

@ ol m (o @ 0| @ (o

3.0 21.21 36.6 21.49 70.1 23.50 103.6 25349

6.1 18.83 39.6 21.68 73.2 23.67 106.7 25.56

g.1 19.32 42.7 21.86 76.2 23.85 109.7 25.73

12.2 19.75 45.7 22.03 79.2 24.04 112.8 25.91

15.2 20.02 48.8 22.22 82.3 2421 115.8 26.08

18.3 20.23 51.8 22.41 85.3 24.37 1189 26.25

21.3 20.45 54.9 22.59 884 24.55 121.9 26.42

244 20.66 57.9 2297 014 2472 125.0 26.59

274 20.90 61.0 22.96 94.5 24.89 128.0 27.31

30.5 21.10 64.0 23.14 97.5 25.08 131.1 26.67

33.5 21.31 67.1 23.31 100.6 25.22 134.1 27.07

Thermal Conductivities
Depth Int Lith koy + SSD N d 4+ AP ke + Akg
w w

(m)  (m) ] 2]
27.0 134.0 S&G 297 % 0.09 5 040 005 1.58 0.17
Comments:

Lithologic logs: Chapin and driller’s log

* kg: operator values {ok)




‘Well Number:

AS85

47

Subsurface Temperatures

Z T z T 2 T % T
m) (0| m) (O} (m (O | m (0
3.0 19.88 24.4 19.34 45.7 19.85 67.1 20.37
§.1 17.99 27.4 19.42 488 19.92 701 20.42
9.1 18.67 30.5 19.49 51.8 20.00 73.2 20.50
12.2 18.96 33.5 19.58 54.9 2007 76.2 20.56
15.2 19.05 36.6 19.64 57.9 20.15
18.3 18.14 39.6 19.71 61.0 20.23
21.3 19.25 42.7 19.78 64.0 20.31
Thermal Conductivities
Depth Int Lith kep + SSD N & 4 AD ka £ Okg
w w
@ 2] 2]
0.0 460 | G & MS 216 * 016 4 | 030 005 | 148 0.13
48.0 760 | MS & S 211 * 0.14 4 0.30 0.10 1.45 0.22
Comments:

Lithologic logs: Chapin and driller’s log

* kg: values from our lab and from the operator (ok)
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A87

Well Number: 48

Subsurface Temperatures

z T Z T Z T 2z T
mj (°C) | m (O} m (O] m (0O

6.1 16.49 24.4 17.50 54.9 18.74 85.3 19.76
9.1 16.22 30.5 17.76 61.0 18.90 914 19.93
12.2 16.70 36.6 17.99 67.1 19.16
15.2 17.00 42.7 18.25 732 19.37
183 17.17 48.8 18.53 79.2 19.57

Thermal Conductivities

Depth Int Lith koy =+ SSD N ¢ £ AP ko £ bLko
w W

@ () ] e

0.0 91.0 | SM&G 3.06 0.14 61030 010 | 186 036

Comments:
Lithologic Log: Chapin




‘Well Number:

49

A88

Subsurface Temperatures

z T % T Z T Z T

(m) (°C) | (m) (CC)y | m (°C) | (m) (°C)

8.1 17.75 21.3 18.46 427 19.08 73.2 19.88

9.1 17.32 24 .4 18.55 48.8 18.40 792 20.02

122 17.79 274 18.64 54.9 19.40 85.3 20.16

15.2 18.14 30.5 18.74 61.0 19.66 014 20.35

18.3 18.29 35.6 18.90 67.1 19.71 91.7 20.39

Thermal Conductivities
Depth Int Lith kgy =+ SSD N d 1L AD ko + Lky
w w

) () (] ]
0.0 910 | GS &M 2.99 0.03 31030 005118 0.20
Comments:

Lithologic Log: Chapin
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Appendix B

Heat-Flow Determinations

Heat flow determinations and estimates from this study are shown in Table 1

(in text) and in Figure BI.

The heat flow (q) across an interval is equal to the product of the thermal
conductivity of that interval (kg) and the temperature gradient across that interval
(I"). Geothermal studies are most often concerned with the vertical temperature

gradient as measured from a temperature well log.

o]
q =k9 —Z‘:JIG@P

3 (B1)

In this study, intervals of relatively constant temperature gradient are selected
within the temperature log of each site. The temperature gradient and in-situ ther-
mal conductivity of each interval are determined in order to obtain the heat flow
of that interval. If the heat flow of a site is constant with depth (within the uncer-
tainty of the heat-flow determinations), then that value (or a median vaiue of simi-

lar heat flow) is recorded in Table 1 for that site.

There are a number of sites in which heat flow varies with depth beyond the
limits of measurement uncertainty. It is possible that fluld flow either in the
borehole or in the formation is responsible for variation of heat flow with depth,
but it is difficult to determine which. Details of well construction are unknown for
most wells. We assume that the annulus between the casing and the well bore is

not grouted, in which case significant borehole flow is possible.

Some teroperature depth profiles are extremely distorted. In wells such as 10,
26, 27 and 33, temperature gradients change dramatically within each well, and

some wells contain isothermal zones. We assume that these wells are perturbed
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Fig. B1. Heat-flow contour map. Heat flows given in mW m™ (1 IFU = 41.84 mW m™2). Note magnified inset of Wood’s Tun-
nel area. The uncertainties of the heat-flow determinations range Nlom 10% to 2095, except for heat-flow estimates (indicated by
*} which have higher uncertainty. Circled numbers are contour labels and contows are dashied where data is sparse. Note that
contour interval varies between 25 and 150 mW m™ depending on location.
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by borehole flow. Similar temperature-depth profiles were observed at the Beoware
Geothermal field, Nevada; Smith (1983) suggested that these temperature distur-
bances are produced by thermal fluids welling up in the well bore anpnulus. It is
difficult to determine a representative temperature gradient for such wells. We
assume that the bottom-hole temperature or (in one case) the maximum measured
temperature is the least likely to be severely perturbed (not unreasonable since
these wells generally appear to be perturbed by upward fluid flow). An average
geothermal gradient (marked by astericks in Table 1) is calculated for these wells
from the bottom hole temperature of the well and an estimated swface tempera-
ture. Heat flows estimated from these average gradients are denoted by astericks in

Figure B1 and Table 1 (in text).

We have determined surface temperatures in the Socorro area as a function of
elevation by extrapolating temperature-depth profiles which appear to be relatively
undisturbed and well-behaved near the surface. Temperatures at depths greater
than 30 m were used to avoid the effects of annual temperature fluctuation. When
a linear temperature-depth profile below 30 m could be readily extrapolated to the
surface, the resultant surface temperatures were determined. These temperatures
(for the geothermal wells of this study) have been plotted in Figure B2, and a
least-mean-square fit line through the data is used to estimate surface temperature

as a function of elevation.

In a number of other wells, heat flows vary with depth but without the
extreme distortion discussed above. Shallow heat flows are lower than deep heat
flows in a number of wells in La Jencia Basin (e.g. 5, 11, 21 and 22), suggesting
hydrologic perturbation. Lithologic logs of these wells often indicate that the low
heat flows occur in more permeable material which overlies relatively imperme-
able claystone, suggesting that some nearsurface ground-water flow may be

influencing temperatures in the uppermost material. It is possible that hydrologic
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square linear fit plotted also:
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recharge infiltrates into the upper material (reducing temperature gradients), and
then flows laterally on top of the claystone aquitard. Another possibility is thab
lateral flow of water recharged elsewhere may cool these upper, more permeable
rocks. In either case, as discussed in the text, it is unlikely that any significant
amount of near surface water flows down into the underlying claystone, and we
look to another cause to explain the low heat flows observed in the underlying

claystone.

Heat flows in other wells are higher at shallow depths than at greater depths.
These higher heat flows tend to be measured in coarse, unsaturated material which
is located a substantial distance above the water table. Coarse materials at a given
elevation above the water table tend to be drier than fine grained materials (see
discussion in Appendix D). We suggest that it is possible that these coarse materi-
als are so dry that their thermal conductivity has been substantially overestimated,
and therefore the heat flow in these intervals is actually lower than we have deter-

mined,

In all cases where heat flows vary with depth but are not extremely distorted
(as in the examples discussed in the two preceding paragraphs), we have assumed
that the heat flow from the lowest part of the well is most representative, This is a
fairly common assumption in the study of heat-flow. Typically an investigator will
assume that the temperatures measured in the deepest part of the well are the least
perturbed by near surface hydrologic and other shallow phenomena and that deep
temperatures are the most representative of the geothermal regime. Heat flows

determined using this assumption are marked by the letter "D" in Table 1.
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Uncertainty and error in heat-flow determinations

There are uncertainties and errors associated with both the temperature gra-
dient and the thermal conductivity (kg) of an interval. In order to quantify the

uncertainty we use the relationship:

_ 89 29 |
A2 = Ggg Yo T r (B2)

from Young (1962), which can be written

N
Ag — k:’ + Zi;r (B3)

Temperature Gradient

The uncertainty in the temperature gradient is comprised of the uncertainty in

the temperature measurement and in the calculation of the gradient.

The aceuracy of temperature measurerﬁents made by industry investigators is
unknown, so we assume their measurements are as accurate as those in another
geothermal studies for which such information in available. In a study of heat
flow in Arizona, Shearer (1979) states that the error introduced into temperature
gradient determinations by error in his temperature measurements is less than 1%.
In addition, a possible systematic error may be introduced by stretching in the
cable used to lower the temperature probe, causing temperature gradients fo be
systematically high by less than 3% (op. cit.). We do not include the systematic
cable-~stretching error in our uncerteinty calculations, instead noting the possibility

of such a systematic over-estimation of heat flow.

Temperature gradients are calculated by determining the least-mean-square
linear fit to measured temperatures and depths. The uncertainty of this gradient

determination is assumed to be the standard deviation of the gradient. We assume
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that the random error in the temperature measurement is incorporated into the

standard deviation of the gradient.

Thermal conductivity

The uncertainty in kg consists of the uncertainty in the matrix thermal con-
ductivity (keps) and in porosity (®). In-situ thermal conductivity is determined by
the formula

ke =ko," kep'™" (B4)
where kg, in the thermal conductivity of water.

The uncertainty of kg is determined by

Okg Akg
JAV:PN _WA(I’ +mﬂkeM (B5)
and therefore
Akg AP Akgpr
k‘e —(hlkew —lnk@M)T +(1 *—‘1}) keM (Bﬁ)

Matrix thermal conductivities (kgjs) of samples from most sites were measured in
the lab as described in Appendix C. The uncertainty of our kg)s measwrement
(Akgys) is assumed to be equal to the reproducibility of the measurements: 34 %
(Reiter and Hartman, 1971). Where measurements of samples from the site in

question are not available, or are of poor quality, higher uncertainties are assigned,

as deseribed in Table C1.

The uncertainty in porosity is very difficult to determine. The porosity of
claystones has been measured in the lab, but we only have estimates of the poros-
ity of unconsolidated material or substantially fractured rocks in the Socorro area.

Uncertainty in porosity introduces most of the uncertainty in the determination of
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Table B1: Uncertainty in kgps Data

ANy Type of kg data
(percent)
4% At least 3 measurement by our lab or by operator

whose measurements of kg, are consistent with our lab.

6% 1 or 2 measurements in our lab, or
No samples, only measurement available from operafor
whose kgjs values are inconsistent with our lab, or
No samples, no measurements available, so we chose typical

value for lithologic unit described in lithologic log.

10% No samples, no measurements, no lithologic logs.

kg. Values of  and AP (the uncertainty in ®) used in this study are listed in
Appendix C (for each litholigic unit) and in Appendix A (and for each well).
These values were estimated for each type of lithologic unit using tabulated values
of ® from assorted references. (Note the high uncertainties in the porosity of

unconsolidated muddy or clayey units.)
Heat-Flow Corrections

The possible influences of a variety of other perturbations upon heat flow in

the Socorro area have been considered.

Diurnal and annual periodic swface temperature variation is negligible
(0.1 %) for depths greater than 22 m (Minier, 1987). In this study, we usually

neglected any data from depths shallower than 30 m. The effect of long term
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climatie changes could be of greater magnitude (Minier, 1987), but would tend to
systematically effect all data, without changing the nature of the anomalies

observed in the Socorro area.

The influence of loeal topography was modeled (for a purely conductive sys-
tem, with no heat advection by fluid). We found that the terrain correction near
the east front of the Socorro mountain block is about 10 - 15%, which is far
smaller than the heat-flow variation observed in the Socorro area. The only areas
at which the terrain correction is significantly greater is near the tops of local
peaks, where no heat-flow data have been obtained. Terrain corrections have not

been applied to data from the Socorro area in this study.

The effects of thermal refraction were also modeled (for a purely conductive
system). Thermal refraction was found to have a substantial effect. It was found
that the upfaulted block of Precambrian rocks in the Socorro mountain block, at
Wood's Tunnel, could produce a variation in conductive heat flow of about a fac-
tor of two. Thermal refraction has been included in our modeling of conduction

and advection in the Socorro hydrothermal system.

We also considered the effects of sedimentation and erosion on heat flow.
The natural effect of these processes would be to reduce heat flows in aress of
extensive sedimentation, such as La Jencia Basin and the Socorro Basin, and
elevate heat flows in areas of uplift and erosion, such as the Socorro mountain
block. The thermal effects of sedimentation and erosion are determined using the
solution for transient heat conduction in a moving solid (Carslaw and Jaeger,
1946, second edition, Chapter 15.2). We found that a reasonable erosion or sedi-
mentation rate for the Socorro area of about 1000 m in 5 million years would pro-
duce a variation in heat flow of less than 10%. (Note that most of the lowest heat

Hows of eastern La Jencia Basin are found in areas where subsidence has been
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negligible in the last 5 million years.) No erosion or sedimentation corrections

have been applied to the Socorro area data in this study.
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Appendix C

Thermal Conductivity

Thermal conductivities of lithologic samples were measured in the laboratory
using the system presented by Reiter and Hartman (1971). This system is applied
to drill cutting fragments by the technique of Sass et al. (1971). Drill cuttings are
packed into cells and vacuum flooded with water. The thermal conductivity of the
packed cell is measured. and a correction is made to account for the influence of
the cell and the influence of water in the voids within and between chips (Sass et
al., 1971). The resultant value (ko) is the thermal conductivity of the sample’s
matrix material (without porosity). It is necessary to apply a correction for the in-
situ porosity of the geologic material in order to determine the in-situ thermal con-
ductivity (kg).

If it is assumed that the in-situ pore space is entirely filled vwith water of ther-

mal conductivity kg (0.61 W m® C~1), then the relationship between in-situ and

matrix thermal conductivities is as follows:

ko = (ko)™ (kow)® (C1)
where ® is in-situ porosity (Woodside and Messmer, 1961).

Both matrix porosity (intergranular porosity) and fracture porosity may con-
tribute to in-situ porosity. In-situ porosity is often obtained from geophysical logs,
but none exist for the Socorro geothermal sites. Porosity is very difficult to deter-
mine for geologic units in the Socorro area, and is a source of considerable uncer-

tainty in thermal conductivity determinations for this study.

In this study we assume that matrix porosity is dominant in unconsclidated
sediments and moderately indurated claystones of the Upper Popatosa Formation

(these claystone become ductile when wet, so presumably most fractures would
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close). We assume that fracture porosity is dominant in Tertiary volcanic rocks

and the well indurated sediments of the Lower Popatosa.

The matrix porosity of competent rock can be measured in the lab. Relatively
large samples are best, such as pieces of core, but measurements can be made on
drill cuttings. In this study the matrix porosity of claystone cutfings was measured
by flooding the claystones with oil in a density bottle. Oil was used because the
claystone cuttings showed a strong tendency to swell in water. Swelling in sita
would be suppressed by lithostatic pressure, and swelling in thermal conductivity
measurement is inhibited by applied pressure. Therefore, porosity measured from a
swelled sample would probably not be representative of in situ conditions, or
appropriate for corrections to our thermal conductivity measurements. Porosities of
11-22 9% were measured in moderately indurated claystone chips. Morris and
Johnson (1967) list porosity ranges of 41.2 to 45.2 95 for claystone and 1.4 t0 9.7
% for shale. If our measurements are correct, Popatosa claystones must be consid-
erably more consolidated or altered than the claystones measured by Morris and

Johnson.

We did not oven-dry samples as part of our porosity measurement process
because we had not done so as part of the thermal conductivity measurement.
Perhaps measured porosities would have been higher had we done so, but the
results would not have been applicable as a porosity correction for our thermal

conductivity measuremenis.

The in-situ matrix porosity of incompetent materials is not well estimated by
laboratory measurements of drill cutting samples. There is likely to be preferential
loss of certain materials from the samples, and the in-situ compaction would be
very difficult to duplicate. In situ porosity of near-surface sediments in the

Socorro area has been estimated at 40-45% (Ibrahim, 1962), and we use this as an



upper limit for the porosity of unconsolidated sediments.

Fracture porosity cannot be measured in the laboratory, unless sample pieces
are large enough to contain a representative number of fractures. Drill cuttings
give no information about fracture porosity. We could find no measurements of
the porosity of volcanic rocks in the Socorro area, so we obtained representative

values and ranges of values from the general literature.

Lithologic logs by Chapin and Osbourn were used in conjunction with our
own observation of euttings and operator lithologic logs to determine the lithology
of drill cuttings. We have summarized the lithology by listing the lithologic com-
ponents of the interval in descending order of contribution. For example: ’Sand,

Mud and Gravel’ would be a muddy sand with some gravel.

Porosities used in our porosity corrections, and the estimated uncertainty in

porosity values are listed in Table C1.

We were forced to to assume a fairly wide range of possible porosities for
clayey unconsolidated materials, which introduces considerable uncertainty info

heat-flow determinations for sites in such material.

In addition to the problem of in-situ porcsity, there also remains the problem
of saturat';on. Equation (C1) was obtained assuming that the pore space is entirely
filled with water in-situ. Thet is not necessarily the case; the water table in the
Socorro area is quite deep in places (up to 120 m) and large depth intervals of
some geothermal wells are above the water table (unfortunately water levels are
not known in most of the geothermal wells in this study). We find, however, that
the variation of thermal conductivity with saturation is probably not important,
except in a few wells at shallow depths. The value of in-situ thermal conductivity
that Sanford (1977) estimated for unsaturated volcanic brecela using thermal

diff usivity is very close to the value we obtain for voleanic breccia from the same
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Table Ci: Assumed Porosity of Geologic Materials

Material Porosity (%5)
Gravel
Boulders
Gravel, sand and mud
Gravel, mud and sand 30 £5

Sand, gravel and mud
Sand, mud and gravel

Sand
Sand and mud 40 £5

Clay

Mud

Mudstone (poorly indurated)

Clay and sand 30 +10
Mud and sand

Mudstone and sand

Claystone

Claystone and gravel 20 +5
Sandstone

Claystone and Sandstone 25 5
Claystone and Sand

Well-indurated

Conglomerate or Mudflow 20 45
Lava flow
Welded Tuff 20 5

location using the technique of Reiter and Hartman (1971), assuming complete
saturation (=17 W m® C~1). Therefore, it seems likely that little error is intro-
duced by calculating and using the saturated thermal conductivity for these materi-
als. In addition, temperature gradients measured in many Socorro geothermal
wells do not appear to change greatly above and below the water table and so

thermal conductivities probably do not vary greatly either.

De Vries (1963) has found that vapor transport of heat in the unsaturated

zone can act to keep the thermal conductivity of soils relatively constant with
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moisture content, and relatively close to the saturated kg unless the soil is very
dry. In general, fine-grained materials tend to have a higher moisture content at a
give elevation above the water table than coarse materials (Freeze and Cherry,
1979). Many of the heat-flow sites of this study are drilled in clays and clayey
materials which would tend to have relatively high moisture contents, and there-
fore saturation variation would tend to have less influence on thermal conductivity.
However, there are a few sites drilled in very coarse material where the water
table is quite deep, in which temperature gradients are significantly higher at shal-
low depths. Temperature gradients in these wells (e.g. 3 and 4) are higher in the
shallow gravels and sand above the water table than temperature gradients below
the water table. In these cases the heat flows determined above the water table are

considered suspect.

Thermal conductivities had previously been measured for two sets of industry
geothermal data by the industrial operator, We measured the thermal conductivities
of test groups of samples from these data sets to compare our thermal conductivity
values to those measured by the operator. For one set of data, the kg)s we meas-
wred were in agreement with those measured by the operator. We used operator
data from this data set in our results, and did not measure the kg, of all available
samples ourselves. Values of kg), measured by the other operator were not as
reliable, tending to be low. We measured the thermal conductivity of all the sam-
ples available for this set of data, but in some ease we had no samples from these
wells, and were forced to rely on operator values. These operator values which

we suspect to be low are so marked in Appendix A.

The thermal conductivities we measured were generally quite low. Except
for the Precambrian rock of Wood's Tunnel (thermal conductivity of 3.1
W m° C™! measured by Reiter and Smith, 1977), all samples were of Tertiary

volcanic and sedimentary rocks. The thermal conductivities of these Tertiary
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rocks are almost all less than 2.0 W m®° C~1, and more than half are less than 1.7

W mo ¢

Porosity measurement

Matrix porosity of Popatosa claystones was measured using a density botile
with a medium of oil (Mazola). A density bottle has a tight fitting top with a fine
hole through which excess fluid escapes. When the top is properly fitted (sealed)
the volume of its contents are known with a very high degree of accuracy, and

therefore density calculations can be made with corresponding accuracy.

Oil was used because the claystones swell in contact with water, and also
because it appears that oil soaks into claystone chips more slowly than water does.
The largest drill cuttings of claystone were selected in order to reduce errors due
to surface effects. The samples were placed in a density bottle and weighed. Oil
was poured in rapidly filling the bottle completely, and the bottle sealed without
allowing time for oil to soak into the pores (the mairix porosity) of the claystone
chips. The bottle full of samples and oil was weighed. These measurements, com-
bined with the known volume of the bottle, yield the bulk density of the chips,
assuming that only negligible amounts of oil soaked into the maftrix porosity of the
chips. We cut open chips that had been soaked in oil for a short amount of time

and observed that only a very thin layer of the chip was saturated by the oil.

In order to determine bulk porosity from bulk density it is necessary to know
the solid density of the material (we use the term "solid density” in this discussion
instead of "matrix density” to avoid confusion with "matrix porosity’™"). We meas-

ure solid density in two different ways.

After performing the bulk density measurement described above, we left the

chips in oil for several days until oil soaked all the way through the chips. The
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density bottle was then topped off with more oil, sealed and reweighed. The solid
density of the material can be determined from these measurements, by assuming
that the pore space of the chips has been entirely filled with oil. A second tech-
nique for measuring solid density is to grind dry chips into a very fine powder
(presumably eliminating all matrix porosity). The powder is put in the density
bottle and weighed. The density bottle is filled with oil and the bo&le is agitated to
release trapped air. When all the air has escaped from the sample, the density bot-
tle is topped off with oil, sealed and weighed. These two methods yield compar-

able values for solid density.
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APPENDIX D

Numerical Modeling

Finite difference techniques have been applied to model the Socorro hydroth-
ermal system in steady state. First, the ground-water flow system is modeled.

The governing equation is

1) oh o Sh
gm"(kﬁxgg) +5;(kHZ"§;) = 0 (D1)

where A is the hydraulic head, and kyy and kyz are the hydraulic conductivities

in the x (horizontal) and z {vertical) directions.

Hydraulic conduetivity is allowed to vary with position, and to be anisotro-
pic. Water density and viscosity are assumed to remain constant, and not to vary
with temperature; the free convection and temperature-caused viscosity variation
are not modeled. The governing equation is applied to a block-centered grid (illus-
trated in Figure D1). Note that the first index, 1, denotes the vertical coordinate,
and j denotes the horizontal. We obtain

Oh Gh

(kgx jg):‘,jwz — (kpx E‘):‘,J‘——’é
+
Az
oh oh
(kg 5 i+wi — (Faz E)i—’/a,j
- ~ 0 (D2)
where
2 kyx(1,7) kgx(4,7£1)
k firte = T a— D3a
(o), s kax(1,7) +kgx{i,741) (D32)
2 kyg(4,7) by (v £1,7)
(kuzdisn,j = —o il (D3b)

kgg(i,3) +kyz(i£1,5)
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D1. Block-centered grid used in finite difference modeling.
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and
(B DD o
(%)ii%,j _ i(h(i:i:l,il—-»’t(%’ﬂ')) (D4b)

Heads are caleulated at each point by direct solution, using the heads from the
previous iteration and the heads calculated at the current iteration, where available.
Iteration continues until the convergence criterion is met. The convergence cri-
terion is:
m n . - . »
S A =R 1 < € (Ds)
fel =1
where k is the iteration number, and C is a convergence factor chosen fo be less

than 19% of the total head change across the systemn.

When the head distribution has converged, finite difference techniques are
employed to model the temperatures of the system, in steady state. The governing

equation is
8 ., aT., &, or ar | aT, _
B (’Ceja';) + 5, Uﬂegz—) - Pp Cp (’ngx" +'UZE) =0 (D6)

where pp and cp are the density and specific heat of water (asswmed constant in
this model) and kg is the thermal conductivity of the saturated porous medium
(which may vary with position but is assumed isotropic in this formulation). vy
and vy are the volumetric fluid fluxes in the x (horizontal) and z (vertical) direc-

tion, which are determined by Darcy’s law:

oh oh
vy = —kyx 5 vz = —kag 2~ (D7)
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In terms of the block centered grid of Figure D1, the governing equation is

oT oT oT aT
(ko a;c—)f,ﬂ% — (ke jg)i,j—% . (ko E)i-&-‘é,j ~(keo E‘)z’—‘é,j
Az Az
PFeCF [(vx'—’lu)f,j—m —(UXTw)i,j-»s]
B Az
PRCp [(vZTw)f'f"&,j “‘('UZTw)i—‘/a,j]
— e - 0 (D8)

where the fluid flow rates (vy and vy) are defined by equation D7 and D4a and

D4b, and where

2 ke (1,5)ke(i,y£1)
k‘ LRI == ) ) Dga
(kedijsk = T T o7 E1) o

2 ko (4,7)ke(i£1,7)
o ob
(ke)ld: e, ke(7,7) +ke(i+1,7) b5

("‘%xT"‘)i,j:i:‘/ﬁ =+ [T(i’jilﬁ)\x_ n&0) (D10a)
(%Z_T)&%J =+ [T(@.ﬂ:l,.?g; T(4,5)] (D10b)

T, is an upstream weighted temperature, used in advective terms to improve con-
vergence. We have developed a system which allows us to apply weighting only

when modeling a system for which the temperatures will not converge otherwise,
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and allows us to apply just enough upsiream weighting to obtain convergence.

The upstream weighted temperatures are calculated by

(L) jmwe = T(i,5—1)Bx +T(2,5)[1 —Fx] (D11a)
(T,)ijen = T(5+1){1 =Byl +T(i.7) Bx (D11b)
(To)imw,; = T(i—1) Bz +T(.5)[1 —6;] (D11c)
(Todivw; = T(+1)[L=Bz] +T1(:,7) Bz (D11d)
where
By = a + .5 (D12a)

Bz = a + .5 (D12b)

If @« =0, no upstream weighting is applied; and o = .5 for full upstream
weighting. When temperatures did not converge with & =0, inereasing values of

« were tried until convergence was obtained.

Temperatures are calculated at each point, by direct solution, using the tem-
perature values of surrounding grid points from the previous iteration and the
present iteration where available. Iteration continues until convergence is
achieved, using the same type of criteria given in Equation D5, applied to tem-
peratures.

Model Verification

The numerical codes developed as part of this study were verified by testing
against a number of analytical solutions. First, the code was tested against the
analytical solution for one dimensional conduction/ convection presented by
Bredehoeft and Popadapolous (1965). We found that the temperature field and

temperature gradients produced by the numerical model matched those of the
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analytical solution for fluid flow velocities less than 107%m s~! (using a grid
spacing of 100 m). (Velocities obtained in modeling of the Socorro hydrothermal

system are generally <10™8m s~1))

Additional verification used more complex analytical solutions. The numeri-
cal code was tested against an analytical solution that we developed for the hor-
izontal flow of anomalously cool fluid in the presence of a basal heat-flow boun-
dary condition, and upper-boundary constant temperature (1.e. the fluid flow is per-
pendicular to basal heat flow). We also tested our program against an analytical
approximation for the temperature field produced by two-dimensional heat and
fluid transport in a closed basin, developed by Domenico and Palauskias (1973)
which is only valid at low velocities and temperature gradients. In both cases, the
numerical code reproduced the analytical solutions quite well, and we were

satisfied that the numerical code accurately simulated heat and fiuid transport.

The computer code presented here is based on a code written by Gerry Clark-
son for transient heat conduction. A copy of the fluid flow and heat transport
numerical code developed in this study follows. These codes were developed by

M. Barroll in 1988 and 1989.
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¢ g3ha.f
¢ finite difference, block centered grid
c solution to head equation, double precision.
¢ Hydraulic conductivity (k) may vary with position and be anisotropic.
¢ Boundaries may be fixed flow, fixed head, or a ccmbination of the two.
c
¢ Input files from gfa.f
c gfa.dat
c boundh.dat
c Qutput files
Q gin.dat (updated version of gfa.dat: to restart program
c where you left off and continue iteraticns, mv gfn.dat
c to gfa.dat and then restart g3ha.)
e g3ha.out ( commented@ output: this is what you look at)
¢ contour.out { data file containing system dimensions and head
c data which can be contoured by contour.f)
c
real k(105,205),1,pi,ky(105,205)
dimension t{105,205),h{105,205),xh(105,205)
dimension tn{105,205)
common/aa/m,n,delx,dely,acon, beon, np,alf
common,/bb/gam, to
double precision h,t,delh,ts
character *10 filnx,filny,tkf
open{unit=21,file="'gfa.dat")
open{unit=-15,file="'g3ha.out')
c input: md: § of grid points vertically, nd: § of horizontally,
c both md and nd exclude mirrox points, so the system the computer
¢ deals with is md+2 by ndi2
¢ yo: height of true system {m) (excluding
c mirror points), 1: width, excluding mirror points
¢ niterlr: max number of additional h iterations per run of g3head,
¢ conv: h convergence criteria (<.01) sum{abs{delh between steps))
C niter2r: max number of ad@itional t iterations per run of g3temp,
¢ conv2: t convergence criteria (<.01) sum{abs{delt between steps))
¢ to: temp at surface (C), gamm: background temp gradient (Cskm), tcond: thermal
¢ conductivity (W/mC}
c np: output ¢riteria, np =1 to output all values, np=2, ever other val, etc
c acon,bcon: head parameters used in analytical head soluiions for test cases
¢ iterl: number of head iterations already performed before this run.
c h(m,n): initial hydraulic head distribution (m) mxn matrix
¢ k(m,n): hydraulic conductivity matrix (m/s}
¢ t(m,n): temperatures (c)
c iter? number of temp iterations,already performed before this run.

read(21,*)md,nd,yo,1,niterlr,conv,niter2r,conv2
read(21,*)to,gamm,tcond, np, acon,bcon, iterl,del
read(21,*)tkf
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read( 21, * ynakx, naky
write(ﬁ,*)md,nd,yo,l,niLerlr,conv,niterZr,convz'

c true number of grid points needed including mirror points
re=red+ 2
n=nd+2
if(nakx.eq.1)then
read{21,*)xkx
write(*,*yxkx
do 105 i=1l,m
do 105 j=1,n

105 k{i,jr)=xkx
else
read({21,*)filnx
openf{unit~22, {file=filnx)
do 106 i=1,m

106 readf22,*)3{k(i,j).j=1.n)
close{unit=»22)
end if
write(*,*)' entered kx'
if (naky.eq.l)then
read(21,*)xky
write{+, *)xky
do 107 i=1,m
do 107 j=1,n

107 ky(3,3)=xky
else
read(21,*)}filny
open({unit=22,file=~{ilny}
do 108 i=1,m

108 read(22,*y(ky(i,j),j=1.,n})
end if
write(*,*)' entered ky'
do 15 i=l,m

15 read(2l,*)(h{i,j),J=1,m)
do 17 i=1,m

17 read(21,*)(t(i,j),3=1,m)
read(21,*)iter2
close{unit=21}

c maximum total number of head iterations allowed
niter=iterl+niterir
write(*,*}' entered all data’

c AERKARKA A AT RARAARARRARRRRRA AR AR AR R A A AR kR k%

¢ convert C/km to C/m
gam= gamm/1000.
¢ block widths
delx=1/nd
dely=-yo/md
hydraulic conductivity

]

4a
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pi=3.14159
density of water kg m~3
rho=1000,
c specific heat of water
¢=4185,
alf=tcond/(rhox*c)
c a constant that may be used in analytical sclutions

n

C FRERAFAXXAARRAAAKRAR A A AR AZ R A AT ARk hrh R kA AR aA kR

oo

grid points
ts={t(1,1)+t(2,2))/2.

write(15,*)' surface temp: ',ts
write(15,*)"
write(15,*)' temperature gradient (C/km)} ', gamm
write(15,%)"' *

write(15,*)' thermal conductivity (W/C*m**2): ',tcond
write(15,*)' thermal diffusivity (m*22/5): ',alf
write(15,%)" '

write(15,*)' hydraulic conductivity: ',k{1,1}
write(15,%*)" '

write(15,*3' horiz x: ',1,' m ; dx= ',delx,’' m; n= *
write(15,#*)"'

write(15,*)' vert y: ',yo,'m ; dy- ',dely,' m; m= ',m

write(15,%)' '
write{15,*)' acon,bcon (m) ',acon,bcon
write({15,*)" '

c bb=cosh(pi*yo/1)

c write(l5,*)"' cosh(pi*yo/x1) = ',bb
write(15,*)" °
write(15,*)" !
write{l15,%)" °*

o KA KRARRAK A AR KR AR R RRARRANA X AR R AR AREARRR IR XK A A AL &
c set head boundary conditions
call boundh(1,h,1,k, Ky}
[+ do 888 i=1,m
cB8g write(6,*)(h(i,J),j=1,n)
¢ Numerical soln for head distribution

¢ Start iterating, stop when heads have converged (stopped changing)
c or when number of iterations performed this run exceed niterlr

iter=iterl
10 continue
c write(15,*)' call solveh'

call solveh(h,k, ky,delh)
jter~itertl

calculate surface temperature: half way between top & 2nd row of
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¢ set boundary conditions for head

c

write(15,*)' call boundh 2'
call boundh{2,h,1,k,ky}
mm=mod{iter,100)
if({mm.eqg.0)then

¢ check against analytical solution {simple test cases)

<

c¢all anliyt(l,h,1,yo,iter,delh)

¢ mass convergence calculations

88

89

Xleft=0.0

xright=0,0

do 88 i~2,m-1
xleft=xleft-k(i,1)*(h{i,2)-h(i,1})*dely/delx
xright=xright-k(i,n}*(h{i,n)=h(i,n-1))*dely/delx
xtop=0.0

xbot=0.0

do 85 j=2,n-1
xtop=xtop-ky(2,3)*(h{2,35)-h(3,7))*delx/dely
whot=xbot-ky{m-1,j)*(h{m, j)-h(m-1,j))*delx/dely
dsum=xleft-xright+xtop-xbot

¢ left is the net mass coming into system through the left hand side
¢ right is the the mass leaving the system through the right hand

¢ side, dsum is the difference. If top and bottom have nc flow

o boundary conditions, dsum should be very small

aooan

write(*,*}' left= ',xleft,' right= ',xright,' dsum-',dsum
write(*,*}' top ',Xtop,' bot ',xbot

write(15,*}" left= ',xleft,' right= ',xright,' dsum=',dsum
write(15,*)' top ',xtop,'! bot ',xbot

end if

mn=mod(iter,50)

if{mn.eq.0)then

write(6,*)' iter: ',iter,' delh= ',delh

end if

if(delh.gl.conv.and.iter.lt.niter)goto 10

AERAKRERA XK R R RA AR A AR I AR A A AR A AR AKX I AR A Ak hhk ko
output to file gflow33n.dat which is identical to gflow33
except that it contains updated h values and iter value
so calculations can be continued from where the last
run left off by moving gflow33n.dat to gflow33.dat

open{unit=22,file='gfn.dat")
write{22,+*)md,nd,yo,] ,niterlr, conv,niter2r,convz
write(22,*)to,gamm,tcond, np,acon,beon, iter,delh
write({22,*)tkf .

write(22, *}nakx, naky

if (nakx.eq.1l)then

write(22,*)xkx

else

write{22,*)filnx

end if

8d
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42

45

47

48
52

if(naky.eq.1)then
write(22,*)xky
else

write(22 *yfilny
end if

do 42 i=1,m
write(22,*)(h{i,3),j=1,n)

do 45 i=1,m
write(22,*)(t{i,j),5=1,n)
write(22,*)iter2
close(unit=22)

open(unit—]? file='contour.out’)
ymin=0.0

xmin=0,0

mo=m—1

no=n-1
write{1l7,*)mo,no,ymin,xmin,yo,1
do 47 i=1,m-1

do 47 ji=I,n
tn(i,j)y=(h(i,J)+h(iil,§))*.5
do 48 i=1,m-1

do 48 j=1,n-1

xb(d, J)=(h(i,3)1+h{i,j+1))*.5
do 52 i=1,m-1
write(17,*)(xh(i,3),j=1,n-1)
close{unit=17)

c output to regular output file

50
[

<

99

c
[+]

write(l5,*)" !

write(15,%)' iter: ',iter,' delh= ',delh
write(15,*)'

write(15,*)' hydraulic heads: numerical!'
do 50 i=2,m-1,np

write(15,*)' !
write(15,*}(h(i,5).5=1,n,np)

call anlyt(2,h,),yo,iter, delh)

AEARERARAR AR RKARRA AR A AR R AR R KA RARKR KRR AR A AL AR

continue
close(unit=15)
stop

end

ARERARKF AR RARIAAARRRR AR AR AR RAZ AR AR AR
** Numerical calculations *#a*xxagxrzxas
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200

kx kR

na? =

?h{ }
nh??
tried

subroutine solveh(h,k,ky,delh)
common,/aa/m, n,delx,dely, acon,bcon,np,alf
real k({105,205),ky({105,205)

dimension h(1035,205)

double precision h,kkk,dx2,dy2,delh,xh, kip, kim, kjp,kim,a

delh=0,0

dx2=delx*delx

dy2=dely*dely

do 200 i=-2,m~-1

do 200 j=2,n-1

xkx=k(i,3)

xky-ky(i,3)
kip=dble({2.*xky*ky(i+1,])/((xky+ky(i+1,]))*dy2))
kim~dble{2.*xky*ky(i-1,3)/((xky+ky(i-1,7))*dy2))
kjp~dble(2.*xkx*k(i,§+13/((xkxtk(i, +1))*dx2))
kim=dble(2. *xkx*k(i,j-23/((xkxtk(i,31-1))*dx2))
kkk=kipikimikjptkim

xh=h{i,3)
askip*h(i+1,3)+kim*h(i-1,3)+k3p*h(i, j+1)+kjmeh(i, j-1)
h(i,j)=a/kkk

delh=dabs{xh-h(i,j))#¢delh

continue

return
end

head boundary conditions *x#raziizadakiksdiins

subroutine boundh(nc,h,l,k, ky)
common/aa/m,n,delx,dely, hl hr,np,alf
real pi,hl,hr,1h(205),rh{205),th{205)
real k{105,205},ky{105,205)

double precision h({105,205)

real bh{205),1

set boundary conditions

open{unit=16, file~'boundh.dat')

1 for fixed head bc

2 for fixed flow bc

are arrays containing the fixed head or flow values

are indexes for use with mixed boundary conditions (I haven't

to use these)
read(16,*)nal,nhll, nh2],n{l1]1,nf2]
read(16,*){Ih{i),i=1,m)
read({l6,*ina2,nhl2,nh22,nf}2,nf22
read(16,*)(rh{i),i=1,m)

6a
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c
c
c
50
60

70
72

o right

B0
90

95
92

c top:

100

read(16,*)na3,nhl3,nh23,nf13,nf23
read(16,*)(th(i),i=-1,n)
read(16,*)na4,nhl4,nh24,nf14,nf24
read(16,*)(bh(i),i=1,n)
close{unit=16)

write(6,*)nal,lh{1),1h({m),na2,rh{1),rh(m)
write(6,*)nad, th{l),th(n),na4,bh{1),bh(n)

left hand sid

if(nal.eq.1)then

do 50 i=1,m
h{i.,13=2.*Yh{i)-h{i,2)

end if

if(nal.eq.2)then

do 60 i=1,m
h{i,1)=h{i,2)+delx*1h{i)/k(i, 1}
end if

if{nal.eqg.3)then

de 70 i=nhll,nh2]
h(i,1)=2.*1h(i)-h{i,2)

do 72 i=nfll,nf2l
h{i,1)=h(i,2)+delx*1h{i) k(i 1}
end if

hand side

if{na2.eg.l)then

do 80 i=},m
hi(i,n)=2.*rh(i)-h(i,n-1)

end if

ii(naZ.eq.2}then

do 90 i=1,m
h{i,n)y=h(i,n-1)-delx*rh(i)/k(i,n)
end if

if{na2.eq.3)then

do 95 i=nhi2,nh22
h{i,ny=2.*rh(i)y-h{i,n-1)

do 92 i=nfl12,nf22
h(i,n)=h{i,n-1)-delx*rh{i)/k({i,n)
end if

if(na3.eq.1)then

do 100 i=1,n
h(l,i)-2.*th(i)-h{2,1)

end ii

if(na3.eq.2)then

do 110 i=1,n
h(i,i)=h{2,iy+th(i)*dely/ky(1,i)
end if

if(na3.eq.3)then

"Aug 21 14:53 1989 g3ha.f Page 8

do 120 i=-nh13,nh23

120 h(l,i)=2.*th(i)-h(2,1i)
do 121 i=nfi3,nf23

121 h(l,;)-h(2,i)+th(i)*dely/ky(l,i)
end if

c bottom

if{na4.eq.l)then
do 130 i~1,n
130 h(m,i)=2.*bh(iy=~h(m-1,i)
end if
if(na4.eq.2)then
do 140 i=1,n
140 h{m,1)}=h{m~1,1)}-bh(i)*dely/ky{m, i)
end if
if{na4.eq.3)then
do 160 i=nhl4,nh24
160 h(m,1)=2.*bh{i)=h{m-1,1)
do 162 i=nfld,nf24
162 h(m,i}-h(m—],i)—bh(i)*de]y/ky(m,i)

end 1

return
end

0Ta
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naoaooafgaoaooanoQoNfNaanNOnNen

QOO0 anNOoaoconNnoG

g3ta.f
finite difference, block centered grid, solution to temperature
equation. double precision,
Hydraulic coenductivity and thermal conductivity can vary
Hydr. cond. can be anisotropic
Upstream weighting optional
Input files:
gflow3d3.dat, General info input: dimensions, initial conditions
The original gflow33.dat file is created by gflowf.f
and then altered by g3head.f to contain the correct
steady state heads.
mv gflow33n.dat gflowi3.dat and then run g3temp.
boundh.dat, Head boundary data (just for output)
boundt.dat, Temperature boundary data (created by gflowf.f)
tk.dat: contains thermal conductivity matrix
Qutput files
gflow33n.dat: updated gflow33.dat. To continue iteration of
temperature solution mv gflow33n.dat gflow33.dat
and run g3temp.f again
g3temp.out: Commented output: this is what you look at
contt.out: Data file containing system dimensiohs and
temperatures. This can by contoured by contour.f
gs.dat: Data file containing surface temperature gradients
These can be plotted using david.f

real k(105,105),1,pi, ky¢105,105)

dimension t(105,105),h(105,105),vx(105,205),vy(105,105)
dimension gsn(105),xx{105),yy(105),tc(105,105),te(105,105)
dimension tk(105,105)

common/aa/m,n,delx,dely,np

common/bb/tk

double precision deli,h,t,delh,ts,vx,vy,gsn

character *10 filnx,filny,tkf

open{unit~21,file='gfa.dat’')
open{unit=15,file='g3ta.cut")

input: m: # of rows, n: # of cols, (excluding mirror points)

yo: height of true system (m) 1: width, (excluding mirror points)
niterlr: max number of iterations per run of g3head.f,

Qonv: convergence criteria (<.1)

niter2r: max number of iterations per run of g3temp.f{

conv2: convergence criteria (<.01)

to: temp at surface (C), gamm: background temp gradient (C/km), tcond:

conductivity (W/mC)

acon,bcon: head parameters used in analytical solutions
iterl: number of head iterations already performed
delh: convergence of heads achieved (must be small)
h{m,n}): hydraulic head distribution {m) mxn matrix
ki{m,n): hydraulic conductivity matrix (m/s)

Output from g3head is gflow33n.dat.

thermal
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c t{m,n): initial temperatures (C}

c iter2: number of temperature jterations performed
read(2l,*)md, nd,yo,1,niterlr,conv,niter2r,conv2
read(21,*)to,gamm, tcond,np,acon,bcon,iterl,delh
read(21,*)tkf
read(21,*)nakx, naky

c write(6,*)md,nd,yo,},niterlr,conv,niterar,conv
m~md+2
n=nd+2

if{nakx.eq.l)then
read(2]1,*)xkx
do 105 i=1,m
do 105 j=I,n

105 k(i,})y=xkx
else
read({21,*)}filnx
open{unit=22,file=£filnx)
do 106 ji=1,m

106 read(22,*)(k{i,j),j=1,n)
close{unit=22)
end if
if{naky.eq.l}then
read(21,*)xky
do 107 i=1,m
do 107 j=1,n

107 ky{i,Jy=xky
else
read({21,*)filny
open{unit=22, file=filny)
do 108 i=1.m

1o8 read(22,*)(ky(i,j),j=1,n)
end if
do 15 i=i,m

15 read(21,*)(h{i,j),j=1,n)
do 17 i=1,m

17 read(21,*)(t(i,J),j~1,n)
read(21,*)iter2
closef{unit«21)

open(unit=2],file= 'weight')
¢ bet is upstxeam weighting factor,

< weighting, .5 is fully upstream weighting, Upstream weighting

c will improve convergence of solution when convection is dominant.

read(21,*)bet
close{unit=21)

¢ Thermal conductivity data
cpen{unit=21, file=tkf)
do 200 irl,m

0 ¢ bet ¢ .5, 0 is no upstream

Tna



Feb 18 15:09 1989 ¢3ta.f Page 3

200

read(21,*)(tk(i,§),J=1,n)
close{unit=21)

c allow temp iteration to progress for niter2r more beyond the
¢ previous iter2

it

c

887
668

niter2=iter2+niter2r

KARKRKRARRKAI A AR A KR ARKARARRRRRRRR AN AR T AR KA ARk AR

gam=gamm/I 000 .
delx=1,/nd
dely=yo/md
pi=3.24158

RERARUI AR AN ARARKRA A RARRAN KRR AR R A AR AR AR AR R AR

Output to regular output file

te=(t({1,1)4£{2,2))/2.

write(lS,*)' output g3ta.out!

write(15,%)" '

write(i15,*)' upstream weighting, bet= ', bet
write(15,*)' (0<bet<.5, O mean no weighting)'
write(15,+3' !

write(15,*)' surface temp: ',ts

write(15,+)"

write(15,*)' temperature gradient (C/km) ',gamm
write(ls,*)' '

write(15,*)' thermal conductivity (W/C*m#**2): ', tcond
re=4185000.0

alf=tcond/re

write(15,*)"' thermal diffusivity (m**2/s): ',alf
write(l15,+)" *

RARRAXXAKAKAARR AR AKX A KRR KA RRRAK AR AR RI AR AR R KK A

write(15,»)" '
write(15,*)' horiz x:
write(15,*)' *
write(15,*)' vert y: ',yo,' m ; dy- ',dely,’ m; m~ ',m
write{15,*)"' !

write(IS,*)' acon, bcon (m) ',acon,bron

write(15,*)!'

do 887 j=2,n-1

XxX{J)=(J~2)*delx+.5*delx

do 888 i=2,m-1

yy({iy=(i- 2)*de1y+ S5xdely

write(15,*)' hydravlic conductivity: *

write(ls,*y' !

write(ls,*)' kx !

write(l5,#y !

write(15,919) (xx(i),i=2,0=1,np)

'Jl,'m; dx= ',delx,' m; n= ',n
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919 format(7(f10.1,x))
do 14 i=2,m-1,np
write(l5,*)"' '
14 wr:tetls 9)(k(i,j),j-2 n~1,np)
write(15,%)’
write(15,+)' ky'
do 18 i=2,mw-1,np
write(15,%)' °

ig write(15,9)(ky(i,3),3=2,n-1,0p)
9 format(7(el0.3,x))
write(15,*)"' !
write(15,%}

write(15,%*)' thermal conductivity'
do 899 i=2,m-1,np

899 write(15,*)(tk(i,4},5=2,n-1,np)
write(l5,*)" '
wr:te(lS,*)' Solutlon for Heads: iter: ',iterl,
write{l5,*
wrlte(IS,*)' hydraulic heads: pumerical'
xe=0,

write(15,908)xe, (xx({j),j=2,n-1,np)
do 44 i=2,m~1,np
write(l15,*)" !
44 write(15,908)yy(i),(h(i,3),J=2,n-1,np)

o KEARKAKRAAKRRARARAEAARREARXRRAFIRARRXR R ARA AR RXRRARARAR AR R
c FRERERARAR R AKX A X AKX AR AR R A AR AR kA2 2 d A Rk hkkh k%

c output to restart file, gflow33n.dat.
c it must be renamed 'gflow33.dat': dinput file
cpen{unit=22,file="'gfn.dat")
write(22,*ymd,nd,yo,1,niterlr,conv,niter2r,conv2
write(22,*)}to,gamm, tcond, np, acon, beon, iterl, delh
wylte(22,*)tk{
write(22,*)nakx,naky
if¢nakx.eq.1)then
write(22,*)xkx
else
write{22,*y{ilnx
end ii
if(naky.eq.l}then
write(2, *x)xky
else
wr1Le(22 *3filny
end if

do 42 i=1,n
42 write{22,*)(h(i,j),3=1,n)

delh~

to use restart file

' delh

AN
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C REXIRRARKRF A AR RRAR RN R AR R AR IR R AR AR R AR AR AR R R AR write(lS,BOB)xiter,(xx(j),j=2,n—1,np)
do 909 i~2,m
c use darcy's law to find velocities given the heads and hydraulic write(l15,*})' !
¢ conductivities 209 write(15,908)yy(i),(t{i,3),3-2,n-1,np)
call vell(h,k, ky,vx,vy) write(15,*)' !
¢ boundary conditions for temperature . .
call boundt(l,t,ts) c put surface temp grad and heat flow into an output file for plotting

¢ by david.f and into regular ocutput file

O AERRARAKAFIRRARAA AR I KRR R AR AR AR ARk Rk AR A IRk kR open{unit=17,file='gs.dat’')
¢ Start iterating temperature solution where restart (if any) left off c write(17,*)n-2
write(15,*)" suriace grad, degC/km'
iter-iter2 do 913 i=2,n-1
call gradn{t,gsn) 913 write(17,*)xx(i),gsn{i)
60 continue write(17,*)" *
iter=iter+l write(15,2)" x grad x grad X
¢ solve for temperatures numerically c grad'
call solvet2(iter,t,vx,vy,delt, bet) do 912 i=2,n-1,3 A . X
¢ set boundary conditions 912 write(15,902)xx{i) . gsn(i), xx(i+1),gsn{i+l),xx(i+2),gsn{i+2)
call boundt(2,t,ts) do 914 i=2,n-1
. gsn(iy=-gsn{iy*tk({l,iy
O O RERERAXRKRAREA AR R KR AR AR AR KA ARA R LA R AR RN AT RRAR AR R 914 write(l?,*)xx(:i),gsn(i)
write(17,*)"
mm=mod{iter,10) close(unit~17)
if{mm.eq.0)then write(15,#%)' *
o pumerical surface grad write(15,*)' *
call gradn{t,gsn) write(15,*)' surface heat flow, mW/m#*2'
write(15,*)"' x HE X HF X
. ] HF
write(15,*}" ' do 915 i=2,n-1,3 . .
write(15,+*)' surface grad, numerical'’ 815 write(15,902)xx(1i),gsn{i), xx(it1),gsn{idl),xx(it2),gsn(ii2)
write(15,908) (gsn(¢i),i=2,n-1,np) g02 format{3(2x,£f9.2,x,.£9,2))
end if 908 format(7(f10.3,%x))

close(unit=15)
o] KRR A REA KRR KA RAARR KA R AKX R AR AARRRAR AR A X AR R K AR R

call gradn(t,gsn)

c write(6,*)delt,conv2,iter, nitexr?
c Check convergence: if we have not converged and have not yet c adjust temperature mairix for contour output, and cutput to
¢ exceded maximum allowed iteration, iterate again, goto 60 ¢ data file set up to use in 'contour,f’
if{delt.gt.conv2.and.iter.lt.niter2)goto 60 open{unit=17,file="'contt.out")
c Otherwise, write out present results and stop xmin=0.
write(15,*)" ' ymin=0.
write(15,*)" ' mo=m-1
Write(ls,*) ¥ AAEXAEEA KRR KA XAR AR A RARAKR A AKX R AR AR AR AR AR RN A KR A A A% ' nonn-—l
write(15,*)' Iteration: ',iter,' Convergence factor:',delt write(17,*)mo, no,ymin,xmin,yo,}
write(15,%)' do 82 i=1,m-1
do 82 j=1,n
BBY continue 82 te(d, J)y=(t(d,J)et(i41,4))*.5
do 83 ji=1,m-1
xiter-float{iter) do 83 j-1,n-1

write(15,*)' Temps: numerical solution * 83 te(i,j)~(tc(i,j)+tefd, j+1))*.5

£Ta
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do 85 i-1,m-1 : vXo=vipieps
85 write{l7,*)(te(i,j),3=1,n"1) sx=vxo/abs(vxo)
close{unit=17) c=, 5+sx*bet
Xc=1.-¢
c last parameters for restart file aime2.*tk{i, j 1 k(i-1,3)/((tk{i,3)+tk(i-1,3))*rey
do B6 i=I,m aip=2.*tk(1,3)*tk(i+1, 3)/({tk(i, J)+tk(i+1,3))*rc)
86 write(22,%)(t(i,3).i=1,n) ajm=2.*tk(i, J)*tk(i,J-1)/((tk(i,I)+tk(i, j-1))*re)
write(22,*)iter ajp 2. *tk{i, 3 k(3,34 1)/ (tk(i,J)+tk(i,J+1))*xc)
close(unit=22)
teoni=(ajmiajp)/delx2+(aimtaip) /dely2
99 continue teon=teconi+ (vipre-vim*xc) /dx+ (vip*b-vim*xb) /dy
stop L] thl=ajm*t(i,j-1)+ajp*t(i,j+1)taimrt(i-1,5)+aip*t(i+l, )
end thll=tajm*t({i,§-1)+aip*t(i,j+1))/delx2

thl2={aim*t{i~1,j)+aip*£{i+1,5))dely2
th2=(-vip*xcrt(i, j+1)+vimecrt (i, j~1)) /dx

© ARARRXRARRNRRARANRAR AR AR R ANk AR AR KA AR AR AR AR th3=(-vip*xb*t(i+l,j)+vim*b*t(i—1,j))/dy
¢ Numerical ecalculation of temperature values tht=thll+th12+th24th3
#(i,j)=tht/tcon
subroutine solvet2({iter,t,vx,vy,delt, bet) delt=dabs(th-t(i,j})+delt
dimension tk(105,105) 700 continue
dimension t(105,105),vX(105,105),vy(105,105} mn=mod(iter,10)
common/aa/m,n,delx,dely, nh if(mn.eq.0)then
common,/bb/tk write(6,*)' iter = ',iter,* delt = ',delt
double precision t,delt,tcen,tht,th,thil,thl2,th2,th3 Write(15, %) RARRAARKARRAR AR AKX AL ARK AR AR MM AR AR R !
double precision teoni ,dx, Ay, vx, vy, vim, vip, vim,vip WELEE(15, %) ARk r A A AR AR R AR KA NR AR AR R RARA RNk
c density of water 1000 kg m-3 write(15,*)' iter = ',iter,’ delt = ',delt
c specific heat of water 4185 write(15,*}' last line of t'
re=4185000.0 write(15,908) (t{m-1,3),j=2,n-1,np)
delx2=delx*delx 908 format(7(f10.3,x))
dely2=~dely*dely end if
dx=dble({delx) return
dy=dble(dely) end
¢ eps is an small adjusiment to avoid zerc velocities 0 AARARAARARRRARKARARARRRAR AR AR A AR AR AARARRAK
eps«.ie-15 ¢ numerical calculation of groundwater velocities using Darcy's law
delt=0.0
do 700 i=~2,m-1 subroutine vell (h.k, ky,vx,vy)
do 700 j=2,n-1 dimension h{105,10%),vx(105,105},vy{105,105)
thet(1,]3) common/aa/m,n,delx,dely,np
real k({105,105),ky(105,105)
vim=vy(i-1,3) double precision h,vx,vy, kkk,vr,vl,vu,vb,vt
vip=vy{i,j) ¢ calculate velocities
vim=vx(i,j-1) ¢ units: m
vip=vx(i,3) [+ write{6,*)m,n,delx,dely,alf,k(1,1)
do 50 i=1,m
vyorvipieps do 50 j=1,n
sy=vyo/abs{vyo} wx(i,j)=0.0
b~.5+sy*bet 50 vy(i,§)~0.0

xb=1.-b

H1a
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do 51 i=1,m-1

do 51 j=1,n-1

kkk=dble(2.*k(i,3)*k{1,341)/(k({i,3)+k(i,341)))
51 va(i,j)=-kkk* (h(1,3+1)~h(i,3))/delx

do 52 i~1,m1

do 52 j=1,n-1

kkk=dble(2.*ky(i,J1*ky(i+1,31/(ky(i,3)+ky(i+1,5)))
52 vy(i,jy=—kkk* th(i+1,§)-h(i,3})/dely

write(15,*}* *
write(15,*)' wx *
do 55 i=1,m-1,np
write(15,*)' !
55 write(l5,9)(vx(i,j),3=1.0-2,np)
write{15,%)* *
write{15,*)' vy
write(15,*)*' °*
9 format(7(el0.3,x))
do 56 i=1,m-1,np
56 write(15,93)(vy({i,J),9~1,n-1,np}
¢ mass conservation check
vr=0.0
vi=0.0
vi=0.0
vb=0.0
do 58 i=2,m-1
vi=vl+vx(i,1)*dely
58 vr=vr+vx(i,n-1)*dely
do 59 j=2,n-1
vu=vudvy(l,ji*delx
59 vh=vb+vy({m-1,j)+*delx
vi=vr-vl-vuivh
write{15,*) *
write(15,*)' mass conservation !
write{15,*}' fluxes: left side: *,vl
write(l5,%)" right side: ',vr
write(i15,*)’ top side: ',vu
write{15,*}' bottom side: ',vb
write(15,*)' sum: (pos: source) : ',vt
write(15,%)" °
return
end

[o4 **1*****’!!i!i***t**i***t***itxﬂ*a**t*******
€ ** Numerical calculations of temp gradient

subroutine gradn{t,gsn)
dimension t(105,105),gsn(105}
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000 o

c

REKk*K

commen/az,/m,n,delx,dely, np
double precision t,gsn

do 80 j=1,n

de=sngl (t{2,7)~t(1,3))

gsn{j)=dt*1000. /dely

write(15,*}" !

write(15,*)' surface grads (C/km) numerical'
write{15,*){gsn{j},j=2,n"1 1p)

retuxn

end

temp B C calculation subroutines #ttsxasxazaasaikdsaszxa

subroutine boundt{nc,t,ts)
dimensicn tk{105,105)
cemmon/aa/m,n,delx,dely,np
common,/bb/tk

real pi,1h(105),rh(105),th(105}
double precision t(105,105)
real bh({105)

if{nc.eq.1)then
open{unit=16, file="'boundh.dat")
read(16,*)nal,nhll,nh21,nfll,nf21
read(16,*){Ih{i),i=1,m)
read(16,*)na2,nhl2,nh22,nf12,nf22
read{1i6,*}(xrh{i),i=1,m)
read(16,*)na3,nhl13,nh23,nf13,nf23
read(16,#*){th(i),i=1,n)
read(16,*)na4,nhl4,nh24,nfld,nf24
read(16,*)(bh(i),i=1,n)

close{unit~16)

write(15,*)" !

write(15,*)"' head boundary conditions °*
write(15,*)'a,b,c,d,e: a=1 for fixed h, 2 for fixed grad'
vrite(15,*)" b-e are indices for mixed b.c. s'
write{15,*)' vector = values for h or grad along boundary'
write(15,*)'

write(15,*)' left hand side’
write(15,*)nal,nhll,nh21,nfi1,nf21
write(15,*){1h{i),i=1,m}

write(l5,*)' right hand side'
write(lS,*}na2,nhl2,nh22,nfl2,nf22
write(15,*y(rh(i},i=1,m)

write(15,*)' top '
write{15,#*)na3,nhl3,nh23,nfl13,ni23
write{15,*)(th{i),i~1,n}

write(15,*)' bottom!*

q1d
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write(15,*)na4,nhl4,nh24,nfl4,nf24
write(15,*)(bh(i),i=1,n)
end if

c set boundary conditions
open(unit=16, file«"boundt..dat ")
read({16,*)nal,nhll,nh21,nf11,nf21
read(16,*)(1h{i), i=1,m)
read(16,*)na2,nhl12,nh22,nf12,n£22
read(16,*)(rh{i),i=1,m}
read(16,*)na3,nhl3,nh23,nf13,nf23
read(16,*}(th{i), i=1,n}
read(16,*)na4,nhl4 ,nh24,nfl4,nf24
read(16,*)(bh(i),i=1,n}
close({unit=16)

if{nc.eq.l)then

write(15,*)' '
write(l5,*)' temperature boundary conditicns '
write(lS,*)'a,b,c,d,e: a=! for fixed %, 2 Ior fixed grad®
write(15,*)' b-e are indices for mixed b cs'
wr:te(JS *)' vector = values for t or HF along boundary'
write(15,*)"
write(15,*)' left hand side'
write(15,*)nal,nhll,nh21,nfll,nf21
write(15,*)}(1lh(i),i=1,m)
write(15,*)' right hand side'
write(15,*na2,nhl12,nh22,nf12,nf22
write(15,*)(rh(i),i=1,m)
write(l15,+*)' top °*
write(15,*)na3,nhl13,nh23,n{13,nf23
write(15,*)(th{i),i=1,n)
write(15,*)' bottom'
write(15,*)na4d,nhl4,nh24,nfl4,nf24
write(15,*)(bh{i},i=1,m)
end if

¢ left hand side
if{nal.eq.l)then
do 50 i=1,m

50 t{i, 1)=2 *1lh{iy-t(i,2)
end i
Lf(nal eq.2)then
do 60 i=1,m

60 t{i,1)=t(di,2)-delx*1h(i} tk(i,2)
end if
if(nat.eq.3)then
do 70 i=nhll,nh21

70 t(i,1)=2.*Ih{i)~t{i, 2}
do 72 i=nfll,nf21
72 £(1,1)=t{i,2)-delx*1h{i) tk(i, 2)
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end if

¢ right hand side
if(na2.eq.1)then
do 80 i=1,m

80 t{i, n)-2 *rh(ij)~t(i,n-1)
end i
1f(n32 eq.2)then
do 90 i=1,m

90 t(i, n)-t(i,n-l}+de]x*rh(1)/tk(: n-1)

end i
1f(na2 eq.3)then
do 95 i=nhi12,nh22

95 t{i,n)y=2, *rh(l) t(i, n-1)
do 92 i=nf12,nf22

92 t(i,n)-t(L,n~ y4delx*rh(i)/tk{i,n-1)
end

< top: constant head
if(na3.eq.l)then
do 106 i=1,n

100 t(l i)-z th(iy-t¢z,1i)
end
11(na3 eq.2)then
do 110 i=1,n

110 t(1,1)-t(2,i)-th(i)*dely /tk(2,i)
end if
if{na3.eq.3)then
do 120 i=nhl3,nh23

120 t(1,1)=2.*th(i)—t(2,1i)
do 121 i~nfl13,nf23

121 t(1,1)=t(2,4)~th(i)*dely/tk(2,1)
end if

¢ bottom

if(na4. eq.1)then
do 130 i=1,n
130 t(m,i) 2.*bh(i)-t{m-1,1)
end if
if({na4.eq.2}then
do 140 i=1,n

140 t(m,i)-t(m 1,i)y+bh(i)rdely/ tk(m-3,i)
c wréte(* H*){tk{m~1,1),i=1,n)
en

if(na4.eq.3)then
do 160 i=nhl4,nh24

160 tim,ijy=-2. *bh(l)‘t(m 1,1}
do 162 i=nfi4,nf24

162 t(m, i)=t(m-1,i)+bh(i)*dely/tk(m-1, iy
end if
return

end

91a



APPENDIX E

Model System

The system modeled is shown in Figure 14, in the test, and Figure E1. The
model is a simplified, generalized, cross section of La Jencia Basin and the
Socorro mountain block, extending into the Socorro Basin. The cross-section is
taken approximately perpendicular to water table elevation contours (see Figure 7
in text) and therefore should roughly parallel the major ground-water flow direc-
tion {except in the Socorro Basin in which ground water flows southward,
roughly perpendicular fo the cross section). Temperatures and heads produced
by the model for the “Socorro Basin" (to the right of unit B) should be disre-
garded. The system has been extended into Socorro Basin solely to avoid placing
potentially restrictive head, temperature, or flux boundary conditions at the
eastern {rontal fault zone of the Socorro mountain block, an important but highly
uncertain boundary. Setting boundary conditions a few kilometers away from
the frontal fault, out in the basin where we assume that temperatures are largely
controlled by the Rio Grande flow system, places fewer unnecessary constraints

on the Socorro hydrogeothermal system.

Boundary conditions

The boundary conditions for the system are somewhat complex, partly
because we are not modeling a complete, closed hydrologic system (Fig Ei1).
Boundary conditions for closed systems are often "no flow" of water and "no
flow" of heat. In this study, water (and probably heat as well) enters the system
through the western boundary in central La Jencia Basin, Most recharge in the

Socorro area ocews further west in and near the Magdalena Mountains. Water



Hydrolegic Boundary Conditions

No Flow

H: 1770 m H: 1390 m
No Flow
Thermal Boundary Conditions
T: 15+40-2°C T: 15°C
q,: 90 mW/m* T: 15+40-2°C

Fig. E1. Boundary conditions {or head and temperature used in the majority of the

models presented in this study.



leaves the system through the eastern boundary into the Socorro Basin (and in
reality, leaves the system in the third dimension, flowing southward, once it

reaches the Rio Grande ground-water flow system in Socorro Basin).

Head boundary conditions

Fixed head boundary conditions are applied to the right and left-hand boun-
daries of the system; the heads are constant with depth and equal to the water
table elevation. This may not be entirely accurate, heads in La Jencia Basin near
the western recharge zone probably decrease with depth, but sensitivity analysis
shows that the model is not greatly influenced by these boundary conditions.
No-flow boundary conditions are assumed on the top and bottom (dh/idz ==0),
equivalent to an impermeable bottom boundary and a top surface with no hydro-
logic recharge. (When a reasonable--i.e. small-- amount of surface recharge is
incorporated, surface heat flows are slightly reduced throughout the model, but

the trends in the swface heat flows and subsurface temperatures are unchanged).

Temperature boundary conditions

Temperatures at the upper boundary of the system are fixed at 15° C. Any
variation of temperature with elevation is neglected. The lower boundary condi-
tion is constant basal heat flow. Generally, 90 mW m™2 was employed as the
basal heat flow, a reasonable value for the Rio Grande rift (Reiter et al., 1986).
Sensitivity analysis indicates that the surface heat-flow profile is relatively insen-
sitive to the basal heat flow, indicating that any extra basal heat input into the

system is swept out of the system by advection in the subsurface.

‘When modeling temperatures, we do not wish to restrict heat irom entering

and leaving the system through the left and right-hand boundaries. In order to
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allow this, these boundary are given fixed temperatures which vary linearly with
depth. Temperatures along the eastern and western boundaries inerease with
depth at a gradient of 40 °C/km, equivalent to a2 vertical heat flow of
80 mW m~? (given the system thermal conductivity of 1.5 W (m°K)™). This is
a reasonable heat flow for the locations in the Socorro area to which the boun-
daries correspond: west-central La Jencia Basin, and central Socorro Basin. Note
that this heat flow (60 mW m™%) is lower than the basal heat-flow boundary con-
dition of the model. This is because the heat flows observed in west-central La
Jencia Basin and central Socorro Basin are lower than typical Rio Grande rift
heat flows (75 —100 mW m™2, Reiter et al, 1986). Heat flow in these areas is
probably perturbed by ground-water flow elements not modeled in the present
system such as recharge at and near the Magdalena Mountains and ground-water
flow associated with the Rio Grande. These boundary conditions have little
influence on model results, and the difference between the vertical heat flow on
the sides and input at the base (30 mW m™2) is much smaller than the variation

in heat flow we are attempting to model.

Thermal conductivity (ko)

Thermal conductivities in the model are chosen to be consistent with values
measured in the study area. All Tertiary material in the Socoiro area appears to
have fairly similar kg, within the range of about 1.4 —2.0 W (m°K)™. Sim-
plifying, we chose a value of 1.5 W (m°K)™! to represent all Tertiary material,
including volcanic rocks, sedimentary rocks and unconsolidated sediments. Reiter
and Smith (1977) measured the kg of Precambrian rock at Wood’s Tunnel to be
3.07 .28 W (m°K)™1. In this study we use a value of 3.0 W (m° K)™! for all

Precambrian rock.
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Hydraulic conductivity (kz)

The only hydraulic conductivity information available for the Socorro area
is from pump tests in Socorro Basin alluvial fill, for which Hantush (1961)
obtained values between 1.0 —2.0 X10™* m s™1. No ky data exist for the allu-
vium, fanglomerates or claystones of La Jencia Basin, or for the Tertiary vol-
canic rocks or for Precambrian rocks of the Socorro area, Hawkins and Stephens
(1980) provide an extensive list of ky data for materials similar to those found in
the Socorro area, from numerous other studies; there are a very wide range of

values for each type of material.

Because so little hydrologic and subsurface structural information are avail-
able from the Socorro area, we were forced develop a greatly simplified hydro-
geologic model of the hydrologic system. For the purposes of our model, the
system is divided into two types of material. Relatively permeable aquifer
materials form one group. This group includes fanglomerates, gravels, sands and
muds of the upper Popatosa Formation fanglomerate facies, the Sierra Ladrones
Formation and Quaternary alluvium. Also included among the relatively perme-
able materials are the fractured, well-indurated sediments and volcanics of the
lower Popatosa Formation, cauldron-related voleanic units and any other volcan-
ics rocks, and (possibly) fractured Precambrian rocks. The second type of
hydrogeologic material consists of less permeable clays and claystones, which
are considered to act as an aguitard unit in the Socorro area. The larger part of
this aquitard is comprised of the upper Popatosa claystone facies; however, there
are some more recently deposited clays in central La Jencia Basin (Anderholm,

1987).

We obtained ky values for clay from Freeze and Cherry (1979, Table 2.2)

and Morris and Johnson (1967). These sources give a value of ~107° m s~ as
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an upper limit for the hydraulic conductivity of clays. Numerical modeling sensi-
tivity analysis shows that the choice of ky for the aquitard has no influence on
the model results, as long as the aquitard kg is less than 0.01 times the kg of the
aquifer.

The kg of the aquifer materials could easily range from 10~* m s~ (the
value obtained by Hantush (1961) for Socorro Basin) to 107%m s~! (the low
end of the range of ky for fractured igneous rocks, from Freeze and Cherry,
1979, Table 2.2). In choosing a single value, kg, , for the aquifer materials in our
model, we considered the fact that the net hydraulic conductivity of a system of
units in series is controlled by the units of the lowest ky. The system we
hypothesize (Figure E1) involves a sedimentary aquifer in series with a volcanie
aquifer (flow in the aquitard in negligible), so the net kyy of the combined
aquifer is controlled by the kg of the voleanic rocks. Numerical modeling shows
that the choice of kg, is very important to the model results (as shown in Figure
17 of the text). In most models we used a value of 2.0 X1077 m s for kg,

because this value usually produced 2 net hydraulic flux through the system com-

parable with that expected from recharge estimates (see text).

Model output

The model generates hydraulic heads and temperatures at each nodal point
in the model. These nodal points are not on the boundary of the system, because
boundaries are halfway between nodal points (see Figure D1). Head and tem-
perature fields are contoured after readjusting the field so that heads and tem-

peratures are defined at the system boundaries.

The model-generated surface heat flows that are plotted in Figures 15 and

17 - 24 are the heat flows at the upper surface of the model. These heat flows
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are calculated using the difference between temperatures at nodes just below the
top surface and just above the top surface of the model system. The top swface
of the model system corresponds to the water table, so the heat flow at the top
surface corresponds to the heat flow at or above the water table. We suggest
that it is reasonable, in most cases, to compare these model-generated surface
heat flows to the heat flows observed in the Socorro area. In most areas (in the
model and in the Socorro area) heat flows do not vary substantially with depth,
and therefore the exact depth in the model at which the heat flow is calculated is
unimportant. Model generated heat lows vary most with depth in the hydrologic
window. Corresponding data from the hydrologic window of the Socorro area
are from wells that are almost entirely above the water table, therefore it is
appropriate to model these heat flow with heat flows from the water table of the

model system.

Additional Models

Results from additional model variations (illustrated in Figure EZ2) are
shown in Tables E1 and E2. These tables are similar to Table 2 in the text.
Brief descriptions of the distinguishing features of each model are given in the
first column, followed by the net hydiologic flow through each model, and then

the minimum and maximum heat flow produced in each model simulation.

The variation of the base model tabulated here include the addition of
recharge to the model system, variation of the hydraulic head boundary condi-
tion, variation of hydraulic conductivity within the aquifer, variation of the aqui-
tard thickness, variation of the total thickness of the system, and variation in the
basement topography and aquifer geometry. The majority of these models pro-

duce surface heat-flow profiles that are very similar fo the surface heat flow



profile produced by the base model. The most notable exception is case Beta in
which unit B is extended downward to the base of the model, cutting off most of

the fluid flow.
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Table El1, Further Comparison of Selected Models

Model Qu min Umax

o’ s X107 mWm™ mW m?
Base Model (ks =2 x1077) 1.3 14.6 177
Add recharge (a and b)
(0.25 in yrt =2 x107° m s71) 1.3 10.6 ~155
(050 in yrt =4 X107 m &%) 1.4 7.5 120
(050 in yr =4 X107 m 5s7)
On left quarter of model 1.4 7.1 156
Head on left boundary
varies: 2% =66 X107 (¢) 1.2 10.5 143
Thinner Unit A
750 m (d) 1.4 15.9 169
600 m (e) 14 24.2 154

Sediments have higher
kg than volcanices (f)
ks 1x107®

= 0.92 11. 113
key  1X1077 ? s
ks  1x107°
e 1.7 10.2 143
Smaller system, Depth: 2km
Same aquitards as base (g)
kga =2 X107 m s7! 0.68 26 148
kiga =5 X107 m 57 1.70 25 198
ks =8 X107 m s 2.70 26 223

Estimated Qg from recharge: 0.81 —1.1 X107% m? s~}

Table El. Further Comparison of Selected Models. This table contains abbrevi-
ated descriptions and results from a set of additional variations upon the base
model. The models are illustrated in Figure E2; the letters in parenthesis refers to
the figure labels in E2. @y is the net hydraulic flux through the model, ¢, and
Imax are the minimum and maximum surface heat flows produced by the model.
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Table E2, Further Comparison of Selected Models

Model Qu Drmin Amax

m? sy 107 mW m 2 mW mi 2

Base Model: kys =2 X107 ms™ 1.3 14.6 177

Beta: Constrictive unit B
ks =1 X107 ms~ (h) 0.0002 60 60

Del: Short system, No Unit B,
ks =2 X107 ms (i)

q, =80mW m? 1.1 18.2 109
ap = 75mW m™2 1.1 18.2 110
qp = 90mW m— 1.1 18.2 112
Eps: Del with finer grid,

Az =Az =75m (i), q, =60 mW m™ 11 18.0 112
Theta: 5 km deep system,

No Unit B, k4 =2 X107 ms™ (j) 20 17.1 108
Kap: 7 km deep system,

basement topography,

No Unit B, kys =2 X107 ms™ (k) 2.1 19.8 173
Lam: Kap with Unit B,

kya =1 X107 ms™ (1) 1.1 23.8 246
Mu: 5 km deep system,

basement topography,

Unit B, kga =2 X107 ms™ (m) 2.1 28.3 141

Estimated Qy from recharge: 0.81 —1.1 10~ m? st

Table E2. Further Comparison of Selected Models. This table contains abbrevi-
ated descriptions and results from a set of additional variations upon the base
model. The models are illustrated in Figure E2; the letters in parenthesis refers to
the figure labels in E2. @y is the net hydraulic flux through the model, ¢, and
Jmax 2T the minimum and maximum surface heat flows produced by the model.
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Caption for Figure E2.

2)

b)

)

g)

)

k)

These figures illustrate the models tabulated in Table E1 and k2.

This model is the same as the base model with the addition of surface
recharge all accross the top of the model. (2X107%m s~ or
4 X10710 m s71),

This model is the same as the base model with the addition of swface
recharge only aceross the top one-quarter of the system.

This model is the same as the base model with a change in the hydraulic
head boundary condition on the left-hand side. Instead of a constant head
(h =1770 m, base model) on the left-hand side, heads vary with depth
(b =1770 m —6.6 X1073 2).

In this model the unit A aguitard is thinner than in the base model. Unit A
is 750 m thick instead of 1050 m thick.

In this model The unit A aquitard is thinner than in the base model. Unit A
is 600 m thick instead of 1050 m thick.

In this model, the parts of the aquifer that represent gravels and fan-
glomerates (hatch-marked areas) are given a high hydraulic conductivity
(kgs) than the parts of the aquifer which represent volcanic rocks (plain
areas, kHV}'(kHS/kVS =10 or 5; kHS =1 XlO“S m 8“1).

This system is not as deep than the base model, only extending to a total

depth of 2 km (instead of 3 km). Otherwise the geometries of the aguifer
and aquitard units are the same. A variety of kg, values were used.

Beta. This system similar to the base model except that the unit B aquiterd
extends to the bottom of the system, and the hydraulic conductivity of the
aquifer is somewhat lower (kg4 =1 X 1077 instead of 2 X10™7). The basal
heat flow into this system is 80 mW m™2. Almost no fluid flow occurs in
this model, and therefore no fluid induced geothermal anomaly results.

Del. This system is not as wide as the base model, and the unit B aquitard
is not included. Eps: same as Del, except that the grid spacing is twice as
fine. (Del: Az =Az =150 m and in Eps: Az =Az =75 m).

Theta. This system is the same as Del, except deeper. The total depth of
Theta is 5 km, while the total depth of Del is 3 km.

Kap. Similar to Theta and Del, this is a deep system that does not include
unit B, but does include profound basement topography. Total depth is 7
km. The unit A aquitard has variable thickness representing the probably
change in the depth of the base of unit A from west to east. The right-hand
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step in the basement represents the upfaulting of the hydrologic window
block, while the left-hand step represents the possible margin of the Sawm-
ill Canyon caldera.

Lam. Similar to Theta and Kap, this system is 5 ki deep and includes the
unit B aquitard, as well as basement topography and variation in the thick-
ness of unit A.

Mu. Similar to Lam and Kap, this system is 7 km deep and includes the

unit B aquitard, as well as basement topography and variation in the thick-
ness of unit A.
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Appendix F

Heat balance

Heat balance calculations can be used to show whether the observed heat out-
put is indicative of anomalous heat sources or whether it could be caused by
hydrologic circulation. A heat balance study by Ingebritsen et al. (1989) in the
Cascade Range shows that "ground-water circulation sweeps sufficient heat out of
areas where rocks younger than 6 Ma are exposed to account for the anomalously
high advective and conductive heat discharge measured in older rocks at lower
elevations”. Ingebritsen et al. (1989) suggest that the anomalously high heat flow
observed in this area is not due to miderustal magma, as other investigators have

postulated, but may be caused instead by regional ground-water flow.

In this study, we perform a heat balance calculation for the Socorro area in
order to determine whether the heat output observed at the surface is so large as to
require the influence of anomalous heat sources (such as upper crustal magma)
either within or near the system. Alternatively, if the observed heat output could
be provided by a basal heat flow typical of the Rio Grande rift, that would suggest
that the thermal effects of crustal magma are not observed at the swface in the
Socorro hydrothermal system. This would not preclude the existence of upper
crustal magma. Magmatic heat could be masked by subsurface ground-water
advection having no surface expression within the study area, or magma could be
of such small volume, or have been emplaced so recently as to have no thermal

expression at the surface at this time.

In order to make a heat balance calculation, a three dimensional system must
be defined. Figure F1 shows the system we have chosen in which to balance heat

input and output; this system is quite different from the two dimensional system
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Fig. F1. System as defined for heat balance calculations is shown by five sided polygon in this figure. Heat-flow contours are
included, and the areas between coniour lines are labeled A through G. These areas are used in calculating the total surface heat

flux (Table F1).
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which is modeled elsewhere in this study. The areas of geothermal interest are
southern La Jencia Basin and the Socorro mountain block. The hydrologic system
which includes these areas is somewhat larger, and not entirely well defined.
Recharge occurs largely in and near the Magdalenas. We assume that there is a
hydrologic divide in the Magdalena Mountains which separate the Socorro
hydrothermal system to the east from another ground-water system to the west,
and we assume this divide is a ridge in the northern Magdalena Mountains. The
northern and southern boundaries to the flow system are somewhat arbitrary; we
choose system boundaries to be roughly parallel to the ground-water flow passing
through the northern end of the Magdalena Mountains and passing through
Socorro Canyon, although it is possible that some ground water leaves the system
through these boundaries. We chose the eastern boundary of the system near the
eastern front of the Socorro mountain block, at which point ground water either
discharges at springs, or flows into the Socorro Basin ground-water system as
underflow. The bottom boundary at the system is generally defined as being below

the zone of ground-water circulation.

Heat Conduction

Conventional tectonic heat flow (g,) is the vertical convective heat flow per

unit area, defined by

9, = —kg a5 (F1)

where kg is the thermal conductivity of the material through which the heat flow
is determined. In order to perform a heat balance calculation we must determine
the total heat conducted out of the system by integrating the vertical heat flow

over the area of the system:

Q@ = fq, dA (F2)
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We performed this intergration graphically using a contour map of heat-flow deter-
minations (Figure F1). A representative heat flow within a contour interval (g;)
was determined, sometimes by taking a simple average of the values within the
interval. The area of the interval (A;) was determined by superimposing the con-
tour map on a fine grid and counting the grid blocks within the contour interval.
The net heat flux {Qg) was determined by

Qo = EQ:' A (F3)

The average basal heat flow (g, ) is determined by dividing the total heat out-
put by the surface area of the system; it represents the average basal heat inpuf
required to produce the observed heat output. A sample calculation is shown in
Table F1. Several repetitions of this process led to total heat outputs between 23
and 27 X10° W, and a ¢, of 70 to 80 mW m™2.

These calculations were made assuming that the heat flow in the eastern
Magdalena Mountains (where no measurements exist) is represented by heat flows
measured in western La Jencia Basin (included in zone C, Figure F1). In the sam-
ple caleulation of Table F1, heat flow in the eastern Magdalena Mountains has
been assumed to be 70 mW m™2. Uncertainty in the heat flow of this area intro-
duces the most uncertainty into these calculations. For example, if the average
heat flow of zone C were 60 mW m™? (instead of 70 mW m™2), the average con-

ductive heat flow would be 70.3 mW m™2 (instead of 75.5 mW m™2).

The net heat conducted into the system is unknown. It is unlikely that any
heat-flow measurements in the Socorro area penetrate below the zone of hydrolo-
gie perturbation. It is reasonable to assume that the background heat flow in the
Socorro area is within the range of heat flows typical of the Rio Grande rift: i.e.,
75 to 100 mW m™* (Reiter et al, 1986), but there is also the possibility of
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Table F1: Graphical Intergration of Conductive Heat Flow
Sample Calculation
Zone | Heat-Flow Range g; Area Net Heat
mW m=? mW m=2 | m? x10% | W Xx10®
A 17 - 25 22 4.6 10
B 25 - 50 « 40 70.7 2.83
C 50-75 70 169.4 11.86
b 75 - 125 160 71.9 7.19
E 125 - 200 160 4.9 78
F 200 - 350 250 5.8 1.45
G 350 - 490 400 1.5 B0
Totals 328.8 2481
Average Heat Flow:75.5 mW m™2

Tuble F1. Sample calculation of numerical integration of conducted surface heat
flow. Zones consist of the areas between femperature contours as shown in Iig.
F1, q; 15 the typical heat flow estimated for zone 1, "Net Heal' is the product of g;
and the area of zone i, "Totals" are the total area of the system as shown in Fig.
F1, and the total heat conducted out of this system.

anomalous heat input from magma, in the upper crust.

Heat Advection

Fluid flow can transport heat in or out of the system by advection. The
amount of heat transported by advection (Q) depends on the difference in tem-

perature between fluid entering and leaving the system, and the fluid flow rate.

Q =pcV(Tu— Ty) (F4)
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where p is the fluid density (10%° kg m™3), ¢ is the specific heat of the fluid
(4.185 X103 J m™1° K1), V is the volumetric fluid flow rate (m® s™1), and T,

and T, are the fluid inflow and outflow temperatures.

The heat advected out of the system by the Socorro thermal springs (Qg) can
be estimated fairly easily. For the purposes of this study, the Socorro thermal
springs comsist of Socorro Springs and Sedillo Springs. We neglect nearby Cook
Springs; discharge from Cook Springs appears to be much eooler and of much less

quantity than that of Socorro and Sedillo springs (Table F2).

We estimate the average inflow temperature from the mean annual air tem-
peratures. Gabin and Lesperance (1977) give a mean annual air temperature of
11.12 C for the town of Magdalena at 2000 m elevation. We suggest an average
inflow water temperature of 10 —13°C. Using these values T, and Tj,, and
values of spring discharge from Table F2 for V, we obtain a range of values for
Qg of 1.8 to 2.5 X10°% W,

Preliminary Heat Balance

A simplified heat balance for the Socorro system is illustrated in Figure F2.
In this preliminary model we assume that heat output equals the sum of net sur-
face heat conduction (Qg =24.8 X10% W) and heat advection by thermal springs

(@s ~2.2 W X10°). In steady-state conditions

Qn = Quut = Qo + Qg ==27 X10° W (F5)
The average basal heat flow (g, ) that would produce this much heat is obtained
by dividing Q; by the area of the system (3.28 X108 m?). In this case
g, =82 mW m™2, Addition of the heat advected by the thermal springs into the

problem has added 6 mW m™2 to the value of ¢, determined using conductive

heat output alone (A g, =6 mW m™2).
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HEAT BALANCE (SIMPLIFIED)
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Q.= Q.+t Q
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Fig. F2. Simplified heat balance. This figure represents a generalized cross section
from the Magdalena Mountains to Socorro Basin. Long thin line represents
ground water flowing from the Magdelena Mountains to discharge at the Socorro
thermal springs. Fat armows represent conductive heat flow. @, is the net heat
conducted out of the top surface of the system, @;, is the net heat conducted into
the base of the system, @, is the heat convected out of the system by the thermal
springs.
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Table F2; Hydrologic Flow Information

Flow component Discharge Recharge | Temperature
m3 ™! mS s~1 °C

Socorro Springs | 0.0167 - 0.0189 (1) 32 - 34 (1,3)
Sedillo Springs 0.0060 - 0.0069 (1) 32 -33(1,3)
Cook Springs 0.0003-0.0006 (3) 13 - 19 (3)
Other Springs 0.0018 (4) 13 - 16 (4)
Magdalena Mnt. 0.162 (2) | 10- 13 (5)
Soc.-Lem. Mnt, 0.016 (2)

Underflow 0.150 - 0.153 (5) 32 - 40 (5)

Sources of data indicated by #in parentheses:

[t

Gross and Wilcox, 1983

Anderholm, 1987

Clark and Summers, 1971

2
3 Summers, 1976
4
5

Estimates made as part of this study

Tuble F2. Hydrologic winformation from the Socorro area. The magnitude and
temperature of discharge and recharge components are listed.

So far, our estimates of ¢, obtained from surface heat output are not
anomalously high. Heat flows in the Rio Grande rift are typically between 75 and
100 mW m™2, and so a value of 82 mW m™2 for the Socorro area certainly does
not suggest the presence of anomalous crustal heat sources. However, this estimate
of ¢, is a minimum value. The calculations described above neglect the consider-
able amount of heat which may be advected out of the system by hydrologic

underflow. This heat would not be observed at the surface within the system (Fig
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F1).

Hydrologic Balance

In order to make a more complete accounting of the heat balance in the
Socorro ares, it is necessary to estimate the hydrologic underflow out of the sys-
tem. We have no measurements of subsurface hydrologic flux out of the system,
nor any measurements of the temperature of deep subswface waters, and so we
cannot estimate the heat transported by underflow with any degree of confidence.
In the following discussion we estimate the the possible thermal effects thav a

large amount of underflow could have.

In order to estimate the maximum reasonable hydrologic underflow, we
employ a simplistic hydrologic balance of the Socorro geothermal system, illus-
trated in Figure 3. The recharge from the Magdalena Mountains (R),) plus the
smaller recharge component associated with the Socorro mountain block (Rg) con-
stitutes the hydrologic input into the system {we neglect the possibility of ground-
water underflow entering the system from west of the Magdalena Mountains).
Hydrologic outflow comnsists of swface discharge from springs within the system
(Dg), which includes all springs listed in Table F2, and subsurface flow
(underflow) out of the system (Dy). We neglect ground-water withdrawal by pum-

page in La Jencia Basin, probably a very small quantity.

Under steady-state conditions
Ry + Rs =Dg + Dy (F6)

Values for By, Rg and Dy are obtained from Table F2. Applying Equation
(F5) we obtain a value of 0.15 m® s™! for Dy. In all probability, not all
underflow leaves the system through the eastern boundary (as Figure F3 implies);
underflow may also leave through the northern and southern boundaries. The
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Fig. F3. More complete heat balance and hydrologic balance. Q,u, @ and @, are defined in the caption of Fig. ¥2. @, is the
heat convected out of the system by hydrologic underflow. Ry, Ry and Ry represent recharge lo the system by precipitation in
the Magdalena Mountains, precipitation in the Socorro mountain block and underflow from beneath the Magdelena Mountains
respectively (Ry is neglected in the calculations in the text.)
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location at which underflow leaves the system does not influence these calculation
(except as the depth of underflow affects its temperature), but underflow that does
not pass through the Socorro mountain block would not influence a thermal ano-

maly associated with that mountain block.

The heat advected out of the system by underflow (@) depends on the net
flux and temperature of the fluid, according to Equation F4 (where T, and T,
are the average temperatures at which the underflow enters and leaves the system).
The temperature at which water enters the system is the temperature of recharge
(both in the Magdalena Mountains and in the Socorro mountain block), which can
be estimated using mean annual surface temperatures. We suggest a range of 10 to
15 °C for T;,. We have no way of measuring or even estimating to any degree
of accuracy the average temperature at which underflow leaves the system. A
range of values for the heat advected out of the system by underflow is shown in
Table F3 for a variety of inflow and outflow temperatures. Also shown is the
change in average basal heat flow associated with the heat advected out of the sys-
tem by underflow (Agy ):

Qu
AREA

bgy = (F7)

When the possible heat output due to underflow is included in the heat bal-
ance, the average basal heat flow estimate ranges from 111 to 139 mW m™?
(Table F4). These values of ¢, are sufficiently high that they suggest the possibil-
ity of anomalous heat sources within or below the system. Unfortunately the esti-
mate of heat transported by underflow is not based on any actual measurements of
subsurface flow rates or deep subsurface temperatures (below 600 m). We can
only reguard these estimates as a guide 1o the heat that could be transported by a

large rate of underflow.
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Table F3: Possible Heat Transport by Underflow
T; Tout Qy Agy
°C °C W x 108 mW m™?
15 30 9.4 29
10 30 12.6 48
10 35 15.7 48
10 40 18.8 57

Table F3. Possible heat transport by underflow. T, and T, are the assumed
temperatures of inflow (recharge) and outflow (underflow out of the system). Qy
is the net heat that underflow would transport out of the system, Ag, is the
change in average basal heat flow that would be required when Qp is included in

the heat balance.

Table F4 summarizes our heat balance calculations; g, incresses as additional

components of heat outflow are included.

Summary

In conclusion, heat balance calculations involving the Socorro hydrothermal
system indicate that a basal heat flow of =82 mW m™? could produce the heat
observed at the surface in the Socorro area. Surface heat output includes surface
heat conduction and heat advected out of the system by thermal springs, both of
which quantities can be estimated with some degree of accuracy. The resulling
value of basal heat flow (82 mW m™2) is consistent with background heat-flow
determinations for the Rio Grande rift of 75 —100 mW m™2 (Reiter et al., 1986),
and does not indicate the necessity of anomalous crustal heat sources to explain
the heat lows observed or the existence of thermal springs near Socorro. We con-

clude that if there are anomalous heat sources in the upper crust in the Socorro
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Table F4: Summary of Heat Balance Calculation

Conduction | Springs | Underflow Total Basal
Qs Qs Qu CQrotal 0y
WX10% | WX10° | WX10° | WX10% | mW m~2

24.8 24.8 76
24 .8 2.2 27.0 82
24.8 2.2 9.5 36.5 111
24.8 2.2 12.6 39.6 120
24.8 2.2 15.7 42.7 130
24.8 2.2 18.8 45.8 139

Table F4. Summary of heat balance calculations. Qg, Qg and Qy are the net
heat transported out of the system by conduction, by advection at the thermal
springs and by advection of heat by (possible) underflow. Q,n is the sum of
these three terms, and g, is the average basal heat flow that would by required to
produce the total heat output (Qusqy /.

area, the heat from these bodies is not observed at the surface in the Socorro area.

However, heat balance calculations are not complete until we include advec-
tive transport of heat out of the system in the subsurface (by underflow). No
information exists concerning to the quantity or temperature of underflow, so we
can only estimate what effect underflow could have, when certain assumptions are
made. Assuming a large rate of underflow {equal to the rate of recharge to the sys-
tem minus the rate of discharge at springs), a substantial amount of heat would be
advected out of the Socorro system, sufficient to mask anomalously high heat

input to the system.



This dissertation is accepted on behalf of the faculty
of the Institute by the following committee:

%M@(/ﬁ,

visor

%//%/Ma

O@W%ﬁL

NU\ 20 (959

Date



Mopl

LOCATION MAP: SOCORRO GEOTHERMAL DATA { L\
BARROLL , 1989 |
047 \\
. . . | R
0 | 2 3 4 5 /
km
RN LEMITAR
SCALE | 62,500 \
MOUNTAINS \)
04 /
* POLVADERA
PEAK
34°10 + + + + \ +
— SOCORRO \
BASIN /
044 /
A RIO 0
ARII >
©43 °42 04|
* ERRY oR6 ‘ .?n
| LA JENCIA BASIN S BAvBERr . \\%
x NORTH PEAK o b
0ob
NOGAL I 048
34° 05 + + 06 CANYON ~TRo & + —+
80
o7 Ol0
RI, S8
03 2 o SOCORRO PEAK * 89}‘5S 72AR840 AS| /
ol3 S2a
O (},0
04 o 4 £S3, R3 ‘/ oco“ \
15
N
017 ABCW O,\,\.COOK SPRINGS
AAS4
MAGDALEN A g 2 e \\
(,ve O SEDILLO SPRINGS
¢ anvor 26 J 27003
MOUNTAINS S e
29 o
. 23 0 39 '
19 ©
ol8 ° 024 a RS /
oz| /
20 '
0] 38
34°00 - + + ¢4,),04/ 37 + \\ +
CHUPADERA \> 049
MOUNTAINS /
\
10795 107°10' 07°05' 107200 noé°55' 106° 50




Plale 2.

A NOGAL CANYON

2000m

1900m —

1800m —

1700m

1600m

1500m

1400m

1300m

1200m

1100m




Pl aj’e. 3

BLUE CANYON

fv-,l‘ <1q<1‘ L
1200mdPv e ?y4  rve L r e a7y

[ P11 LnT ¢ VYA
2L >hq\‘_‘h<nl\ <r-_’4

1100m . » < < 2




Plate

SOCORRO CANYON

= 2500

b2

-

5 > V.ﬂ\-{.
L1 A1y ¢
derPeva oan g P

Well #




Plate Captions

Plate 1. Map of the Socorro Geothermal area. Wells shown with circles are
from the industrial geothermal data set obtained between 1978 and 1980.
Wells shown with triangles are from earlier studies. Numbers or letters and
nurnbers are for well identification. Identification codes beginning with R are
from Reiter and Smith (1977). 1dentification codes beginning with S are from
Sanford (1977).

Plate 2. Cross-section AA’ of observed subsurface temperatures and general-
ized geology of Nogal Canyon. Vertical rectangles indicate well control (of
temperature and, in most cases, lithology). Well 15 is marked by parentheses
because it is somewhat out of the line of cross section. Geology after
Chammberlin, 1980, and Chapin and Foster (unpublished lithologic logs). Key
to lithologic units found in Figure 9.

Plate 3. Cross-section BB’ of observed subsurface temperatures and general-
ized geology of Blue Canyon. Vertical rectangles indicate well control (of
temperature and, in most cases, lithology). Geology after Chamberlin, 1980,
and Chapin and Foster (unpublished lithologic logs). Key to lithologic units
found in Figure 9.

Plate 4. Cross-section CC’ of observed subsurface temperatures and general-
ized geology of Socorro Canyon. Vertical rectangles indicate well control (of
temperature and, in most cases, lithology). Well 19 is marked by parentheses
and dashed lines because it is sormewhat out of the line of cross section and is
used only for lithologic control. Geology after Chamberlin, 1980, and Chapin
and Foster (unpublished lithologic logs). Key to lithologic umits found in Fig-
ure 9,
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