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ABSTRACT 

Analysis of geothermal and hydrogeologic data. from the Socom 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 Socom 

mountain block  and reveal a profound geothermal  low west of  the mountain block 

in  La Ancia Basin. Anomalously low heat flows in La Jencia Basin suggest 

ground-water downtlow, 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 clayskme aqui- 

tard in eastern La  kncia Basin, thus reducing  near-surface heat flows. Bigh heat; 

flows in the Socorro mountain block occur in areas where relatively permeable 

volcanic rocks outcrop at the surface. We conclude that ground water flows 

upward in these locations where the claystone aquitard is missing, probably 

enhanced by suburface barriers to horizontal flow, thus elevating near-surface 

heat flows. Upper c~vstal 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 glound-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 Socom area, and this hydrologic system could produce  the  geothermal 

anomalies obsewed  in the Socorro area. Analysis of  the heat balance of  the 

Socom system  is also consistent with the hypothesis that anomalous crustal heat 



sources need not play a substantial role in the Socom 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 I), a Pliocene horst separating the Socorro Basin 

and La Jencia Basin. (In this discussion the "Socorro mountain block" includes 

parts of the SocomLemitar-Chupadera mountain block, but we  are most 

interested in the area between Socom 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 Socono mountain block (BGW in Figure 3 and 

Plate 1; Summers, 1976).  High ah temperatures  are observed in mine shafts within 

the Socorro mountain block.  Etvtremely  high temperatwe gradients have  been 

measured within the mountain block,  including a heat-flow measurement of 

490 mW rn-' (Reiter and Smith, 1977; Sanford, 1977),  substantially higher than 

typical heat flows in the RO Grande rift  75 -100 mW rn-' (Reiter e t  al., 1986). 

In 1976 the United States Geological  Survey designated an  area of 3G2 km2 in and 

around Socorro as the Socorm 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  vicin- 

ity of Socorro, both at mid-crustal levels ( z20  km depth) and at upper crustal lev- 

els (possibly as shallow as 5 km depth) (Rinehart e t  al., 1979; Sanford, 1983). 

The  mid-crustal magma body is extensive, z1700 km2 in area, underlying most of 

the Socorro area. The southern boundary of  the body is near Socorro Canyon 
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(Figure 1). Smaller, shallower magma bodies are suggested by seismically 

anomalous  upper crustal volumes, and by  local  microearthqualce swarms (Sanford, 

1983). It has been suggested that upper  crustal magma may contribuk heat to the 

Socorro geothermal system (Chapin e t  al., 1978). 

A number of investigators  have suggested that subsurface  temperatures within 

and near  the Socom 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 Socom 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  data, 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 

Socom 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 W~lcox (1983). The  geothermal data in conjunction with hydrogeologic 

information suggest certain subsurface hydrologic  phenomena:  downflow in  La 

Jencia Basin  and upflow in the Socorm mountain  block.  We  propose a model for 

the Socom 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 Socorm  hydrothermal system are modeled using a 

two-dimensional, steady-state code developed 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, (1989). These 

investigaton have studied systems in which advection of heat by ground-water 

flow produces significant geothermal  effects. 

TERRESTRIAL HEAT FLOW 

The study of terrestrial heat flow is the study of heat flow from the earth’s 

interior. Heat flow ( q t )  is defined by 

where k, is the thermal conductivity of the medium, and z denotes vertical dis- 

tance. In order to determine heat flow, measurements of both subsurface vertical 

temperature gradient and subsurface thermal conductivity are required. 

Heabflow data. often give information relating to deep subsurface thermal and 

tectonic processes. In many cases, however, near surface disturbances are  the 

dominant intluence on near surface 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  illustlated in Figure 2. 

Hydrologic upflow elevates near surface temperature gradients and reduces deeper 

temperature gradients (Kg. 3b). Hydrologic downflow reduces temperature gra- 

dients near the surface (Fig. 3c). 

15  20  25 30 15 20 25 30 15  20  25 30 

Temperature [CI Temperature [C) Temperature I C )  

fig. 2. Intluence of vertical fluid  flow on subsurface temperature. (a) undisturbed 
temperatures; (b) temperatures disturbed by fluid upflow; (e) temperatures dis- 
turbed by fluid  downflow. 
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PRFVIOUS STUDIES: socoFtF&o " S Y s m  
Geothermal studies by Sanford (1977) and Reiter  and  Smith (1977) presented 

temperature logs from 18 sites in the Socom area (Figures 1 and 3). The follow- 

ing discussion is  taken  from those two worlcs. These investigators recorded sub- 

surface temperatures from wells that ranged in depth  from 20 to 110 m. High 

temperature gradients were measured at sites in the eastern part of  the Socorm 

mountain block, in Blue Canyon and near Wood's  Tunnel.  A well ddled  in Pre- 

cambrian rock deep within Wood's Tunnel  mine was collared W 2 8  m below land 

surface, and extended to a total depth of z 1 9 5  'rn below land surface. Ektremely 

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 X490 mW m-' (Reiter and  Smith, 1977). Heat flows 

of X280 mW m-' were estimated in Blue Canyon (Sanford, 1977). 

Temperature gradients were found to be  much lower in adjacent Socorm 

Basin ( z 2 0  -GO C/h, 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 substa.ntial 

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 Socom 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 iduence of an anomalous 

heat source or else upflow would bring up heat  from  depth associated with the 

background geothermal gradient. 
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OVERVIEWOF -- DATA, FlU?SElW 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 are shown in Flgure 

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 GOO m, and are  typically z150  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 drill 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 (lie) were  measured  using  the  steady-state  method 

described by Reiter and Hartman (1971), applied to drill cuttings by  the  technique 

described  by Sass et al. (1971). In addition our  own laboratory  measurements, 

some k, 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 
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Fig. 3. Map of  the Socorro Geothermal  area.  \\'ells 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 fmm Sanford (1977). 
Locations of cmss 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 

heahflow determinations is x10 -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  field,  Nevada; Smith (1983) suggested that 

these temperatme 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 heatrflow  esti- 

mates are denoted by astericks in Figure 4, and are not considered as reliable as 

the other data 

The heahflow data in Figure 4 show not only great variability, but also 

interesting trends. High  heat flows are found in parts of the SOCOITO mountain 

block. Extremely high heat flows  are found in the vicinity of Wood’s  Tunnel 

(490 mW m-‘, Reiter and Smith, 1977), and in Blue Canyon and Socom Canyon 

(225 “260 mW rn-’). 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  elsewllere in the Socom mountain block are more  typical of Rio 

Grande rift values (75 -100 mW  m-’), although there are a few scattered low 
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Fig. 4. Heatflow contour map. Heat flows given in mW m4 (1 HFU =41.84 mW m-'). Note magnified inset of Wood's Tun- 
nel  area.  Tne  uncertainties of the heatflow determinations  range l~nm 10% IO ZO%, except for heabflow  estimates  (indicated by 
*) which  have  higher  nncertajnty.  Circled  numbels  are  contour  labels  and  contours  are  dashed  where data is spalse. Note tbnt 
contour  interval  varies  between 25 and 150 mW m4 depending on location. 
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Well 

‘Jumber 

1 

2 - 
3 

- 
4 

- 
5 

- 
6 

7 

8 

9 

TABLE 1 
IJEAT FLOW SOCORRO GEOTHERMAL AREA 

Depth Interval 

( 4  (m) 

21.3  97.5 

15  89 

15.2 27.4 

27.4 45.7 

45.7 85.3 

21.3 39.6 

39.6 61.0 

67.1 94.5 

30.5 91.4 

94.5 149.4 

61.0  149.4 

21.3 45.7 

64.0 73.2 

76.2 106.7 

18.3 88.4 

97.5 146.3 

27.4 100.6 

103.6 140.2 

54.9 243.8 

268.2 347.5 

347.5 585.2 

0.0 591.3 

r *Ar 
OC 

km 
- 

38.9  .3 

39.5  .9 

64.5  .5 

39.6  2.5 

26.9  .2 

29.0  .4 

16.7  .4 

23.2  .3 

24.8  .1 

33.7  .3 

16.9 .1 

10.5  .4 

2.9 .2 

9.4  .3 

25.6  .2 

32.1 .1 

46.3  .3 

57.6  .3 

51.5  .2 

13.2  .3 

32.1  .4 

32.8* 

- 
ke 
W 

m0 C 

1.86 

- 
- 

- 
1.95 - 
1.73 

1.79 

1.79 - 
1.60 

1.60 

1.60 
- 
1.54 

1.73 
- 
1.86 
- 
1.81 

1.81 

1.81 - 
1.86 

1.86 - 
1.72 

1.72 
- 
1.53 

1.87 

1.70 

1.68 - 

72  10  72  10 

77 13  77  13 

112  15 

71 17 

48 9 4SD 9 

46 6 

27 4 

37 4 40 5 

38 7 

58 6 5SD 6 

17D 

48 

GO 54 

25 

55 

55* 
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TABLE 1 (Continued) 

Well Depth Interval F A A r  ke 

Number I (m) (m) I 1 - W 
m0 C 

I 106.7 149.4 I 30.7  .3 I 1.71 

q; * APi q 

mW 
m2 m2 
mW - - 

34 4 

70 9 

91 9 

104 10 lOOD 10 

42 5 

52 6 47 5 

41 5 41 5 

68 7 68 7 

32 3 32 3 

64 6 64 6 

40 8 40 8 

53 9 

64 11 59 10 

93 12 93 12 

23 4 

34 6 34D 6 

1 .2 

35 4 35D 4 

26 3 

52 5 52D 5 
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TABLE 1 (continued) 

Well 

Number 
- 

23 

- 
24 

25 

26 

- 
27 

28 

29 

30 

31 

Depth Interval 

( 4   ( 4  

85.3 335.3 

353.6 463.3 

487.7 579.1 

0.0 585.2 

18.3 57.9 

61.0 137.2 

33.5 70.2 

82.3 149.4 

182.9 371.9 

378.0 408.4 

414.5 524.3 

530.4 554.7 

0.0 573.0 

18.3 371.9 

408.4 530.4 

542.5 585.2 

0.0 585.2 

18.3 67.1 

79.2 121.9 

36.6 85.3 

97.5 140.2 

0.0 146.3 

36.6  140.2 

12.2  54.9 

r kAar 

oc 
km 

37.8 .2 

26.7  .5 

13.6  .3 

27.9* 

- 

36.0 .4 

41.1 .2 

49.0 .2 

42.0  .5 

60.9 .3 

33.1 .6 

.5  .4 

24.6  1.4 

39.1' 

50.1 .2 

32.3 .4 

.9 1.8 

38.6* 

94.5 1.1 

80.2 .7 

60.3  1.5 

40.6  .5 

66.4* 

53.8  .4 

159.5 2.1 

b 
W 

m0 C 

1.49 

1.67 

1.77 

1.58 

- 
- 

- 
1.6 

1.6 

1 .6 

1.79 

1.58 

1.60 

1.60 

1.58 

1.59 

1.58 

1.54 

1.89 

1.58 

1.75 

1.78 

1.58 

1.58 

1 .6 

1.71 

1.83 

pi +& 
mW 
mz 

56 6 

45 5 

24 3 

- 

58 6 

66 6 

78  10 

75 12 

96 12 

53 7 

0.8 

39  7 

79 9 

50 6 

1.7 

165  18 

143  17 

95 

64 

92  9 

292  32 

mW 
m 2  
- 

62 6 

76 10 

62' 

G1* 

155  19 

106* 

92 9 

292 32 
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TABLE 1 (Continued) 

9.1 42.7 176.6 3.0 

45.7 73.2 139.1 .8 

18.3 48.8 97.8 .7 

48.8 88.4 74.6 .7 

91.4 118.9 42.5 .6 

140.2 152.4 5.5  .7 

0.0 152.4  65.8' 

24.4 85.3 31.1 .2 

106.7 146.3 33.4  .2 

27.4 88.4 44.5  .3 

91.4 137.2 51.6 .2 

21.3  70.1  48.6  .9 

79.2 115.8 41.0 1.4 

121.9 256.0 63.5 .4 

256.0 298.7 85.4 1.9 

317.0 408.4 11.7 .7 

0.0 399.3 48.OX 

10.8 42.7 71.9 1.1 

48.8 85.3 58.6 .4 

91.4 115.8 43.7 .8 

121.9 140.2 65.6 2.7 

0.0 141.7 61" 

36.6  79.3  36.8 .7 

mW 
m" C 

1.78 314 44 

1.6 223 22 

1.45 142 20 

1.45 108 15 

1.45 62 9 

1.45 8 1  

1.45 

1.49 46  7 

1.49 50 8 

1.66 74 7 

1.66 86 8 

1.81 88 11 

122 24 

1.49 87 10 

1.49 

1.54 101 23 

1.56 

1.75 64 

123D  22 

95* 

48  6 

80 8 

88 11 

75* 

95* 

64 8 
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TABLE 1 (Continued) 

Well I Depth Interval I I' +Ar 

41 21.3 51.8 47.0  .3 

57.9 97.5 41.9 .2 :: 1 18.2 76.2 1 53.4 :; 
12.2  24.4  54.1 

27.4  67.1  38.5 .2 

15.2 152.4 55.1 

45  9.1  73.2  72.5 .? 

46 15.2 33.5 71.1  .5 

33.5 82.3 59.6 .1 

82.3 125.0 55.8 .1 

47 24.4  76.2  23.7 .1 

48  24.4  85.3  37.1  .6 

49  21.3  91.4  26.7 .7 

- 
ke . 
W 

me C 

1.51 

1.69 

1.79 

1.66 

- 
- 

- 
1.71 

1.71 - 
1.59 
- 

1.68 - 
1.51 

1.52 - 
1.43 
- 

1.58 

1.58 

1.58 - 
1.46 - 
1.89 - 
1.86 
- 

Pi *A% 
mW 
m2 
- 

178 27 

164 23 

119  19 

80 15 

72 13 

85  14 

92  9 

82 14 

59 LO 

104 9 

112 13 

94 10 

88  10 

35 5 

70 15 

50 7 

148' 

76 14 

85  14 

92  9 

59D 10 

104 9 

91D 10 

35 5 

70 15 

50 7 

Table 1. Heat-Flow Determinations: Socom Geothermal h a .  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 (r and AI'), thermal conductivity ( k ~ )  and heat flow and 
uncertainty in  heat flow (q ;  and Aqi) for listed depth intervals in each well. The  final column 
( q  & A q )  gives the best value of heat flow for each well, and the estimated uncertainty (see 
Appendix B). HeatAow 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 Appendiv B. Heat,flow values marked by a " D  are taken from the 
deeper  part of the well. 
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values (34 -G2 mW m-*). 

Extremely low heat flows  are found in  La Jencia Basin. Heat flows are less 

than 50 mW m-? 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-*. These  heabflow 

values are far below  typical Rio Grande rift  heat flows (X75 -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 " 6 5  mW  m-', Lachen- 

bruch and Sass, 1977). A  profoundy 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 rn-? (determined from a somewhat distorted temperature-depth profile; see 

Appendix B), and heat flows of 31, 32, 41 and 47 mW  m-' occur nearby. In the 

southernmost  part of La Jencia Basin, heat flows of 34 mW m-' and 35 mW  m-' 

are observed. Heat flows at the  borders  of La  kncia Basin,  near the Magdalena 

and Socom 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  Socom 

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

block. 

Heat flows in the Socom 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  kncia Basin, and less than X 5  Icm from areas of  low 

to average heat flow in the Socom Basin. The high heat flows of Socom 

Canyon  are only X 5  Icm from heat flows  of z 3 5  mW rn-' in La Jencia Basin. 

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

The extremely low heat flows in  La Jencia Basin suggest the  presence of 

downward ground-mater flow. Hydrologic perturbations are also suggested by the 

variation of heat flow with  depth in many of the wells in the Socom area. High 

heat flows (>lo0 ntW me*) are only observed at depths shallower than 200 m, 

which  is consistent with the  hypothesis that the high gradients are a result of 

hydrologic upflow (See Figure 2). Unfortunately, deep data have not been obtained 

from the areas of highest heat flow. The highest heat flows (>200 mW m-*) 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 AM) TEMPERA- DATA 

As part of this study, we  have  made genedized geologic cmss sections 

(Plates 2,3 and 4 and Figs. 10 and 13) through the study  area at locations indi- 

cated on Figure 3 (AA’,ElB’,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 s t r u c t d  relationships and hydrologic characteristics of the 

diff went 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 cmss sections (except for cmss section EZ). 

Temperature contours show  the  large variation in the subsurface geothermal 
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regime that occm 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 cmes 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 surfam temperature) and "corrected"  tem- 

perature contous 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 temperatwt 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 a s  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 Socom mountain block. The most elevated sub- 

surface temperatures occur in upfaulted blocks of volcanic rock (wells S4, S5, S6 

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. 

GEOLOGYAND HYDROGEOLOGY 

GEOLOGFY 

The  Tertiary  geologic  history of the Socom area can  be briefly  summarized 

in accordance with Chamberlin (1980) Chapin e t  al. (1978), and  Bruning (1973). 

Extensive  volcanism  covered much of southeastern New  Mexico in early  Tertiary 

times. The north-eastern exhemity of the Oligocene  Datil-Mogollon  volcanic  field 

is the Socorro Cauldron which formed about 27 ma (Figure 5) ,  during the early 

stages of the development of the Rio Grande rift. The  Datil-Mogollon  volcanic 

field  consists 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"  volcanic  rocks in this study. 

Cauldron volcanism subsided in early Miocene times  and a broad  sedimen- 

tary basin  developed,  the Popatosa basin.  Sedimentary units 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 Socom 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.  Volcanism  recrudesced in late  Miocene  times;  vol- 

canic  flows and domes  became  interbedded with Popatosa lacustrine  sediments. A 

hydrothermal system was  probably  active at this time.  The  existence of this 

hydrothermal system is indicated by  extensive potassium metasomatism  observed 

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

Block faulting  disrupted  the Popatosa basin  between  7-4  Ma,  producing  the 

present topography.  The  Socorm-Lemitar  mountain  block, an intra-graben  horst, 

was upfaulted out of central  Lake  Popatosa.  The Magdaiena Mountains,  already 

relatively  high,  were elevated further. 'Be existence of recent fault scarps in the 

Soconu, area indicates that block  faulting  continues  into present times.  Sedimen- 

tary deposits eroded from these  mountain  blocks  have been deposited in Socorm 

and La Jencia basins.  The Sierra Ladrones Formation is composed of these  sedi- 

ments,  ancestral Rio Grande  deposits in the Socorm Basin, and  basaltic  lavas that 

were erupted in the Socorm area about 4 Ma (Bachman and  Mehnert,  1978).  The 

Popatosa Formation and Sierra Ladrones Formation (and interbedded  volcanic 

units) comprise  the Santa Fe gmup.  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 basal&  are referred to as "late Tertiaxy"  volcanic  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 surface 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 Socom 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). 



Lower Popatosa  Formation 

34"05'N 

0 MARGIN OF 

34"OON 

Fig. 5. Generalized  geologic  map of tl~e study area showing  features of interest, after Chapin eL al., 1978. Note outcrops of l3.e- 
camblian,  Paleozoic  and  early  Tertiary  volcanic locks, and Lower Popatosa formation in the Socono mountain  block.  Some faults 
included  with dou~~thrown sides marked.  Outlines of mountain  blocks roughly corespond to the limits of Popatosa and prc- 
Popatosa outcrop. 



Generalized  Lithologic  Column 

Upper  Popatosa Fm 

Fanglomerate  Facies 

Post  Santa Fe Alluvium 

Sierra Ladrones  Fm 
Sands.  Gravels  and  Muds 

Upper  Popatosa  Fm 
Playa  Facies 

clays and  Claystones 

Lower  Popatosa  Fm 
Well indurated  Sediments 

Early  Tertiary  Volcanics 

Aah Flow Tufts 

VolcanCla8tlc Deposits 
Cauldron FIII 
Andesitic LBVBS 

Paleozoic  Rocks 
Limestones,  Shale8  and 

Precambrian  Rocks 
Quartzltee 

Metaaedimentary  and 
Volcanic Rocks 

Fig. 6. Generalized  geologic column. of the Socorm 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-Lemihs mountains, 

thick early Tertiary volcanic 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, Early Tertiary 

volcanic roclis  are exposed within caldera boundaries in the southern part of the 

range, and Precambrian roclcs  are exposed at the surface north of caldera boun- 

daries. The geologic structure of the Socorro area  is more fully detailed in Chapin 

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

The Socorm area is semi-arid, receiving -24 centimeterj of precipitation a 

year  in the town of Socorm, 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 near the mountain blocks, especially the 

Magdalena Mountains. (Anderholm, 1987). Dewey estimated that the total 

rechaxe to La Jencia Basin fmm the Magdalena Mountains is an order of magni- 

tude greater than the total recharge in and  near the Socorm 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. Subsurface flow directions, at least at shallow depths, can be 

estimated assuming that horizontal  ground-water  flow is roughly  perpendicular to 

water level contom. Note that the water table elevation is much higher in La 

Jencia Basin than in the Socom Basin, and  therefore ground water tends to flow 

from La Jencia Basin  into the Socom Basin. 

The Socom Basin is part of the Rio Grande  drainage in which ground water 

generally flows fmm  north to south.  The Socom Basin is separated from La Jen- 

cia  Basin by  the Socorro mountain block. Glound water in La Jencia Basin 

recharges in and near the Magdalena Mountains, and flows (roughly) south-west to 

north-east in the basin subsurfme (Stone, 1977). Some ground water flows 

through the Socom mountain block into the Socom Basin. Figure 8 illustrates the 

flow  of ground water through La Jencia Basin and the Socom mountain  block, as 

suggested by Gross (1981). Flow through Socorro mountain block is thought to 

occur  (for the most part) in early Tertiary volcanic rocks, perhaps  preferentially 

through more  permeable fractured zones such as Socom and Nogal Canyons 

(Anderholm, 1987). It has  been suggested by a number of investigators that the 

movements of fluids in and near the Socono 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 tfis area (see Fig- 

ure G). 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 m a  is composed of relatively uncon- 

solidated sediments of this type (Anderholm, 1987). 
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Magdalena  La  Jencia  Basin  Socorro  Peak  Socorro  Chupadera 
Mtns.  Basin Mesa 

I 1 Upper  Santa  Fe  Grp. 

Santa Fe Grp. claystone 
fanglomerate I Popotosa  Fm 

I PC \v ' PC 
PZ ' /  

Fig. 8. Generalized  hydrogeologic c lns  section  through  the  Socorro  geothermal  area, 

1 after Gross  and Wdcox (1983). 
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Secondly, there are a number of  diff went types of hard rock which may  have 

relatively high fracture permeabilities: Tertiary volcanic rocks, highly indurated 

sedimentary ~oclcs,  and Paleozoic and Precambrian rocks (Chapin et al., 1978; 

Anderholm, 1987). Early Tertiary volcanic rocks comprise a secondary aquifer in 

the Socom area. These rocks may  have served as a reservoir for an ancient (late 

Miocene?) geothermal system and are thought to transmit water through the 

Socom 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 hydraulic 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 Chew, 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 (Anderholrn, 

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 J'encia 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 Mountaim (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 a,nd 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 Socorm Cauldron (Chapin et at., 1978). 

Upper Popatosa claystones are exposed at the surface in the  upfaulted 

Socorm mountain  block. Early Tertiary volcanics rocks and Precambrian rocks 

are exposed in upfaulted subblocks (Figures 5, 9 and 10). Along t he  faults bund- 

ing  the eastern side of the Socorm mountain  block,  upfaulted  Tertiary  volcaxics 

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 Socorm 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 W~lcox, 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 originate in the Magdalena mountains and travel eastward in the s u b  

surface through the Socom mountain block (as shown is Fig 8), although a 
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KEY TO LITHOLOGIC UNITS 

Post  Santa  Fe Alluvium 
Sierra'Ladrones Fm 
Upper  Popatosa Fm Fanglomerate  Facies 

""_ _"" Upper  Popatosa  Fm  Playa  Facies ""_ Clays  and  Claystones 

Lower  Popatosa Fm 
Well  indurated  Sedimentary  Rocks 

Early  Tertiary Volcanic 

r. .1z 
and  Volcaniclastic  rocks 

(Includes late  Tertiary Volcanic rocks in a  few locations 

Paleozoic  rocks 
Precambrian rocks 

Eg. 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 Wilcox, 1983). The 

springs are fault controlled; they issue from fractured early Tertiary volcanic rocks 

near an outcrop of low permeability claystones which are faulted down against the 

more  permeable rocks (Figure 10; Gross and Wdcox, 1983; Chapin, et al., 1978). 

It has been suggested that the springs discharge at this location because  the easb 

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 C u 4 C 0 ,  type, while waters discharged from the Socom ther- 

mal springs and Blue Canyon Well are  of the Nu-HCO, type (Summers, 1972; 

Gross and Wllcox, 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 Socom mountain block. Ion exchange may be 

enhanced by above-normal subsurface temperatws (Gross and Wdcox, 1983). 

The low heat flows in La Jencia Basin are almost certainly caused by  hydro- 

logic downllow. 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 Socom area, low precipitation and high potential  eva- 

potranspiration make direct recharge fwm 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 L a  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 r n W  mp2) in the eastern part 

of La Jencia Basin. The sites are more than 5 kilometen  from the Magdalena 

mountain front, while Dewey suggested that most recharge occurs within one 

kilometer of the mountain front (Anderholm, 1987). These sites are fairly dose to 

the Socom mountain block, but recharge in and near the Socorm mountain block 

is probably quite small (about one-tenth the recharge to La Jencia Basin from the 

Magddena Mountains). In addition, any infiltration in eastern and central La Jen- 

cia Basin  would be impeded by low permeability clays at and near the surface 

(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 (low) heat Bow with depth (32 mW m-2; 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 suface is not the dominant influence on 

subsurface temperatures in eastern La Jencia Basin, although it may contribute to 
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Fig. 11. Temperatme-depth profile of Well X, located in Figure 2, in eastern La 
Jencia Basin. Discontinuity at -50 m probably  denotes  level of water in well, (not 
necessarily water table). Heat flow 32 *2 mW m*. Lithology after Chapin, (unpub- 
lished lithologic logs): 38 m -403 m: claystones; 403 m -533 m: claystones and 
sandstone; 533 m -610 m: sandstone. 
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low temperature gradients in some locations (especially in surficial gravels). 

The heabflow profile  of  Well 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. Hgure 12 is a schematic 

east-west cross section of Socom area hydrogeology which illustrates this 

hypothesis. Recharge o c c m  in and  near the Magdalena Mountains, and the 

ground  water flows roughly eastward through gravels, fanglomerates and Tertiary 

volcanics 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 Nogd 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 

Socom area (Temperatures in this well appear somewhat perturbed and therefore 



I"" GENERALIZED  HYDRO-GEOLOGIC  CROSS  SECTION EASl 

MAGDALENA 
MOUNTAINS 

Sands,  gravels,  and  mud 
Popatosa Fm  fanglomerates 

(upper Popatosa Fm) 
Clays and  claystones Oligocene  and  early  Miocene 

volcantc rocks 

Fig. 12. Generalized  hydrogeologic cross-section thlough La Jencia  Basin  and the Socorm mountain block. 
Arrows denote hydrologic recharge and postulated gmund-war  flow path. Geology based on Chamhedin 
(I980), Chapin, Osbwn and Foster  (unpublished lithologic logs).  Ground-water flow system based on Stone 
(1977), Anderholm  (1987),  Gross  and W~lcox (1983) and ideas  developed  in the present  study. 
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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 ta 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 b 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 s a c i e n t  potential  energy to flow  up and  over  the  claystone.  West 

of the  fanglomerate/  claystone  transition  the  water  table  elevation is probably 

z1740 m (data are  sparse,  but  the  water table in La Jencia  Basin seem to be 

very flat; (Stone, 1977; Anderholm, 1987)). East of  the transition,  the  elevation of 

the top of the  claystone  aquitard is z1775 m in Well 6, X1755 m in Well 13, 

and X17GG 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 Socom 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 subsurface  temperatures and temperature  gradients can be observed at the 

transition in the Socom Canyon  cross  section.  However,  the  depression of s u b  

surface temperatures  near the transition  does not appear to be as profound in the 

Socom 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- 

e m  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 MOUNTANBLOCK 

The high heat flows of the Socom 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 e t  al., 1978; Reiter and Smith, 1977). Comparing 

Figures 4 and 5, we note that zones  of  high heat Aow in Socorm Ind Blue 

canyons are coincident with outcrops of relatively  permeable  Tertiary  volcanic 

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  volcanics 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 S6 which is in 

claystone  overlying  upfaulted  volcanics. 
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We suggest that the  absence of a claystone  aquitard in upfaulted bloclcs  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  volcanics. 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 Socom area, thermal waters discharge only at the  thermal  springs 

(Socorm, Sedillo and  Cook  springs). We suggest  that the same phenomena  (fluid 

upflow in a hydrologic window) elevates heat flow  regardless of whether fluid 

discharge occws or not. 

Subsdace temperatures in Socorm Canyon  (cross-section CC', Plate 4) are 

elevated in part (although not all) of the upfaulted  blocks of Tertiary  volcanic 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 occurs where  the  Tertiary  volcanic 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 Socorm 

Canyon. Heat flows  greater than 200 mW V Z - ~  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 xe 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  volcanic  rocks,  even  though  the  volcanic  rocks  do  not outcrop at 

the surface. 

A number of causes  probably  contribute to hydrologic upflow in the 

upfaulted  Tertiary  volcanic  rocks. Water confined  under  the  thick  claystone  aqui- 

tard may be overpressured,  and  flow  upward  naturally  where the codning 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  volcanic  hydraulic  windows act to enhance the upflow of 

ground water in these areas. At the Socorm  thermal springs, a similarly located 

claystone  block  outcrops  and  thermal  waters  discharge at the surface (see Figure 

10). Elsewhere in the Socorm mountain  block,  claystone  blocks  are  buried in the 

subsurface east of Tertiary  volcanic  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 volcanic  rocks as observed in wells S6, S5, S4 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 to the north, place  the top of the 
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claystone at z1450 m, and %I220 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 G1524 m, and Socom and Sedillo springs discharge at 

1524 m (Summers, 1976). This evidence  indicates that ground  water in the 

upfaulted  volcanic roclcs  has sufficient  potential energy to flow over the  subsurface 

claystone  barrier. 

Claystone  also  exists in the subsurface east of the  outcropping Tertiary vol- 

c a n i c ~  in Socom 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 surface: between 1570 and 1610 m elevation. 

Evidence from geothermal wells 31 and  32  indicates that water table in the 

upfaulted  volcanic  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 downfadted claystones in or near Socorm 

Canyon. 

SOCORRO PEAK- WOOD’S “L 

We now address the problem  of  the  exceptionally  high heat flows in the 

Wood’s Tunnel area east of Socorm Peak. The Wood’s Tunnel site is in a struc- 

tural  position similar to the other high heacflow sites of the Socom mountain 

block, i. e., in an  upfaulted  block  from which Popatosa claystones have  been 

eroded away. Wood’s Tunnel,  however, is outside of the Socorm 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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Fig. 13. Generalized  geologic and geothermal  cross  section DD’ of the Socortr, Peak-Wood’s Tunnel area. 
Temperatures  are in degrees Celsius. Cmss  section  location  shown  in  Figure 3 and key to lithology  shown i n  
Figure 9. 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 Socorm 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 frxtures" (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 surrounding younger rock, therefore we anticipate a substantial 

thermal refraction effect. 
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NUMENGAL MODELING 

INlRoDucTION 

The  purpose  of  numerical  modeling in this study is to simulate, in the first 

order, the hydrogeothermal system hypothesized for the Socom 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 turn, 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 to 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  Socorm 

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 

Socom 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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Fig. 14. Base model for numerial simulation:  consists of two types of hydrologic unik the aquitard  (units A 
and B) and the aquifer  (everything else). kH of aquitard units A and B is 1 xloTg nl s"; kf,* (hydlaulic con- 
ductivity of aquifer  system) is 2 XIO" m 8-l (chosen to be consistent  with  appropliate  values  from  Freeze 
and Cherry, 7979; and Hawltins and Stephens, 1980); k ~ :  homogeneous: 1.5 hV(a~~c)-' (from  laboratory 
measurements).  Boundary  conditions: HI= 1770 n ~ ,  Hz= 1300 m (correspond to observed  water  table  elevations), 
%= 15OC, r=40n21~ m-* (appmximately  consistent  with  observed  temperatule  gradients), QB=0on1lY m-' (COII- 

sistent with background  heat flow in KO GImde rift south of Socono).  System dimensions: I-Iolizonlnl: 14 
km, vertical: 3 km; depth of base of unit A I .05 km, depth of top of unit B: 300 km,  depth of of base of' 
unit B: 1.35 km. Grid  spacing: Az =Ay =150m. 
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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 iduence on model  results. Further discussion of the boundary 

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

BASEMODEL 

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 m0 C-l) 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 (ICH) of m s-'. The primary sedi- 

mentary aquifer and the secondary volcanic aquifer of the Socorro area are com- 

bined into one with ICH of 2 X10-7 m s-l. 

One  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 volcanic rocks within Socorm Cauldron. No topography 

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 shte 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  Rgure  15 (top). Surface heat flows are reduced from a background 

value of 90 mW m-' to as low as 15 mW m-' in and near the upstream end of 

unit A. Surface heat flows are elevated in the more  permeable hydrologic window 

to about 110 mW  m-', with a maximum of 177 mW m-'. 

There appear to be two components of upward fluid flow in the  hydrologic 

window. The maximum heat flow  of 177 mW  m-' occurs at a spike directly 

above the upstream edge of unit B. It appears that the hea&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), sttpngly 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 ~ 1 1 0  mW m-2) as the result of  upflow  of 

ground water from underneath  the unit 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 seem 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 

fleld 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 occm in the upfaulted volcanics 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 Socom Mountain block are not reproduced in this model. 

The  base  model not  only simulates the surface heatrflow  profile, but also 

simulates important features of  the observed subsurfwe 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 ' C/km) to GOO m depth, in (predominantly) Popatosa claystones.  Numeri- 

cally generated profiles, produced by the base model within the upstream half  of 

unit A are shown in Figure 16.  The locations of these pmfiles within this base 

model are shown  in the middle part of Figure 15, and the location of P1 or Pi? 
ought to correspond to Well 15 in eastern L a  Jencia Basin. These  model- 

generated temperature-depth profiles demonstrate constant, low temperature gra- 

dients to at least GOO m depth (15 -23 ' C/h), 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- 

stunt, 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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Fig. 16. Numerically simulated temperature-depth profiles, base model. Tem- 
perature gradients given for each interval in C/km (or WK m"). Locations of 
profiles P1, P2 and P3 shown in middle part of F i g m  15. 
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The outputs from the base model are very similar to the subsurface head and 

temperature fields and the surface heabflow profiles produced by almost all of the 

models generated as part of this study. For the most part, only the  magnitude of 

the surface heabflow anomalies varied from model to model. Ground-water flow 

pattern 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 CON3IIRAINIs 

An important constraint on the geothemal 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 O.lG2 m3s-1 (4150 acre-ftlfrr). 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 X10-6 to 1.1 X10-5 m2 s-'. This quantity is an estimate for the total 

fiux into the two dimensional cross-section of our numerical model. 

This estimate of net hydrologic i d o w  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 1 J ; ~ ~ ~ k .  and 
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Table 2, comparison of Selected Models 

Model QH %in 

m' s"xlOd mWmn mwm4 

Base Model ( b = 2  ~ 1 0 " )  1.3  14.6  177 

Valy kHA 
A (kw = i o  X 10"~) G.3 14.5  282 
B ( b = 5  X ~ O - ~ )  3.2  11.7  227 
D (kw = 1 X 10") 0.G3 22.3 105 

vary gB 

= 180 mwm'" 1.3 16.3 190 

Aquitard Geometly 
Blue C. 1.2  20.2  272 
Socom c. 1.3  17.7  224 
Nogd C.  0.92 18.9 117 

Basement Topogl-aPhY 
Pib 1.3  14.6  300 
Pib22 1.1 18.1  241 

Anisotropic k€i 
k1Z 

h i 2  
- 10 in Tv I .3  16.1 199 " 

&timated &rr from recharge: 0.81 -1.1 X10-5 2 8-l 

Table 2. Comparison of Selected Models. TlGs table contains abbreviated descriptions and 
results from the models discussed in the text and depicted in Figs. 15, 18, 19, 20, 21, 22, 23 and 
24. QH is the net hydraulic flux through the model, %n and are the minimum and max- 
imum surface he% 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  Socorm  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 cannot consider. 

The net flux (QH) b u g h  the numerical  model system is determined by 

integrating  the  volumetric flux (determined by Darcy's law) over the righbhand 

boundary of the model system. 

where ki is the  hydraulic  conductivity of the ifh grid block, x and z are the hor- 

izontal and vertical  coordinates,  and  the summation includes all  the grid blocks on 

the right-hand boundary of the model. QH is not an input parameter for the 

numerical  model but is controlled  by head boundary conditions  and  the k~ distri- 

bution. 

The base  model  described  above  has  a net ground-water  flux of 

1.3 X10-5 m2s-I. 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 X1O"j to 1.1 X10-5 m2s"). 

The horizontal  fluid flow rate (Darcy velocity) through the aquifer system of 

the  base  model is typically 4 XIO-' m s-'. Assuming a porosity of 0.30 (30 per- 

cent), the seepage velocity is 1.3 X10-8 m s-l, indicating that the  residence time 

for water in this system (14 k7n horizontal distance) is on the order of 30,000 
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years. (Note that the system  and this residence time  do not include recharge of 

ground water in  and near the Magdalena Mountains. 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 36,000 to 42,000 years). 

The maximum vertical Darcy velocity in the base  model system is 

' %5X10-9 m s-l upward.  The  maximum vertical velocity occurs in the hydrolo- 

gic window at the upstream edge of unit B. 

SELECTED ADDITIONAL MODELS 

VARTATION OF AQUIFEX HYDRAULIC CONDUC'IMTY 

The hydraulic conductivity of the aquifer system (ICHA) is one of the most 

important factors in  our model. For a given aquifer/aquitard geometry, ground- 

water flow rates are controlled by the kHA. Figure 17 shows surface heat-flow 

profiles produced by the base  model when kHA is  varied (also see Table 2). 

Increasing 'EHA produces more pronounced heat-flow anomalies, most by notably 

elevating the heat flow in the hydraulic  window between units A and B. When 

'EHA 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 mWm-2 to 

280 mW m-'. The ground-water flux through the high kHA 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  Socorm fairly well. High  heat flows are produced by the model in 

the correct location (i. e., at the hydrologic window) and low heat flow are pro- 

duced at the left hand edge of unit A, as desired. The anomalously low  heat-flows 
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produced by these models (X15 mW m-') are comparable to heat flows observed 

in  La Jencia Basin. The high heat flow  of Socom Canyon and Blue Canyon 

( z 2 2 0  -290 mW m-'), and Socom Peak (490 mW m-') 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 Socom 

mountain block because free convection effects are not modeled, or it may be that 

we need to make other adjustments to the model. 

One simple adjustment to the model is to change the basal heat flow. We 

flnd, however, that the base model is relatively insensitive to basal heat flow. A 

system identical to the base model, with a basal heat flow ( q B )  of 180 mW  m-' 

(instead of 90 mW m-2), produces a maximum surface heat flow  of 190 mW  m-' 

(instead of 177 mW m-') (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-', 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 suface within the system. 

VARIATION OF AQUITARD GED"RY 

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 quifer/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  anc- 

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 FLOW 

Egure 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 k m ,  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  cmsses  (heat-flow  determinations) 

and stars '(heat-flow  estimates). 

Net  fluid  flux  through this model is slightly less  than the  base  model 

(1.2 X10-6 m2 s-l compared to 1.3 X10-5 m2 s-l). 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-unique, and do not include  possible free con- 

vection effects. We do  not suggest that the geometry  of  aquifem  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 nearsurface  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 

(Rgure 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 

heakflow  profile genemted by  the  model matches  the  temperatures observed in 

Socorm 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 volcanic aquifer does not outcrop 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 OCCUIS outside of Socorro the  cauldron  (see 

F'ig. 5), where the Tertiary  volcanic 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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BAsEaMENTm- 

Surface heabflow 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  heatrflow 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 intluence 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 heabflow profile produced by this model is also 

shown in Figure 21.  The shape of the heabflow 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 n ~ - ~ ) ,  while the hydraulic flux is somewhat 

lower  than  in the base  model (Table 2). It  appem that the basement block causes 

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

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 quitard are both given a westward dip. 

Again, the model-generated heabflow profile has not changed very much.  The 

maximum surface heat flow produced by this model is higher than the base  model 
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(Table 2), but not as high as Pib, perhaps  because  some  more  hydrologic upflow 

o c c m  to the right of  the hydrologic  window  (due to the  dipping  basement)  and so 

less upflow occurs in the  hydrologic  window  itself. The net hydrologic  flow 

through this system is the  same as through  Pib. 

THERMAL FEFRAC'IION 

Thermal  conductivity (k,) variation is also important in the Socom geother- 

mal system. As mentioned  previously,  the k ,  of the Precambrian rock at Wood's 

Tunnel  (Fig. 13) is twice that of  surrounding  materials, and the  fracture  hydraulic 

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 kH distribution of  the  base  model 

with a new heterogeneous k, distribution. The hash-marked high k ,  area in Eg- 

me 23 represents Plecambrian 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 X10-5 m2s". 

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 k ,  zone, 

and the maximum heat flow is almost twice as high as that produced by the base 

model (300 mW m-' compared to 180 mW m-*). 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 n ~ W m - ~ )  is almost twice the magnitude of the high heat 

flows observed in Blue and Socom Canyons (z220 -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- 

clude that the highest heat flows in the Socom area are found near Wood's Tun- 

nel because of the effect of thermal  refraction in the upfaulted, high ke Precam- 

brian  rocks. 

ANISOTROPY 

The  models  previously  presented  all  have isotropic hy&dogic conductivity 

distributions.  We suggest  that vertical  cooling frxtures  in volcanic  rocks in the 

Socom area could came these  volcanic  rocks to have greater vertical  hydraulic 

conductivity (kHz) than horizontal (kHx). The geothermal  anomalies in Blue  and 

Socom canyons occur in volcanic rocks,  therefore enhanced kRz in these  rocks 

could be an important effect Figure 24 illustrates  a  model which is, in most 

respects, identical to the base  model except that in the parts of the system 

representing  volcanic  rocks kHz is 10 times kHF (The distribution of kHx in this 

model is the same as the  base  model, only kHz in the volcanic rocks  differs). The 

total hydrologic  flux through this model is about the same as the base model 

(Table 2). 

In the anisotropic  model,  heatrflow  anomalies occur in the  same  locations as 

in the  base  model, but The shape of the surface heakflow  profile in the  hydrologic 

window is somewhat different.  The  heatrflow  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 (173 mW m-2) is at the left 

hand edge of  the  hydrologic  window,  indicating that upflow  of  the gmund water 

from codnement beneath the unit A aquitard has been greatly enhanced. The 

heabflow  peak at the  upstream edge of unit B has been increased by  anisotropy 
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also, but  only by m22 ml.V m-', whereas the heat flow at the left edge of the 

window has been increased by X63  mW m-'. 

The net  effect of anisotropy is to produce  more uniformly elevated heat flows 

in the hydrologic window, instead of a dominant hea&flow  peak near unit B. This 

is caused by enhanced hydrologic  outffow 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 buyan6 increasing the vertical hydraulic head 

gradient and thereby increasing upward flow. We do not know what the  magni- 

tude of this effect would be. 

€3EATBALAI\TCE 

Heat balance calculations am 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" (Qocrt)  and the heat convected out of the area 

by the thermal springs (Qs) (Figure 25a). We estimate that this heat could be pro- 

vided by an average basal heat flow  of 7G -82 mW m-'. Reiter et al. (1986) 

suggest a background heat flow  of 77 mW m-' for the Albuquerque-Belen Basin 

(north of Socom, within the Rio Grande rift) and  95 mW m-' for the Rio Grande 

rift  south of Socom. Therefore, a background heat flow  of 76 -82 mW m-' 

would be at the low end of the range.  Thus, the observed surface heat output at 

the Socom geothermal system does not, of itself, suggest the necessity of 

anomalous crustal heat sources in the Socom  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 to 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 described above. The volume and tempera- 

ture of hydrologic  underflow leaving the system is not known, but underflow into 

the Socorm  Basin could advect substantial amounts of heat out of the Socorm 

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 (m described in Appendix F) and spring discharge, and the underflow 

undergoes a temperature increase of 20° C between entering and leaving the sys- 

tem, that flow would carry X13 MW out of the system. If this extra  heat is 

included in the heat balance, a higher average heat flow  of 120 mW rn-' is 

required, which  would be somewhat high for this part of the Rio Grande  rift. 

SUGGESTIOlW FOR FURTHER RESEARCH 

There are two directions that further investigation of the Socorm hydrogeoth- 

ermal system  can take: field studies and additional modeling. Field studies are 

important because the  hydrologic  parameters of  the Socorm  area are very poorly 

constrained. One of the most important units is the Tertiary volcanic 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 

volcanic aquifer near the surface. It would be necessary to drill and test deeper 

wells to determine the properties of  the volcanic 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) 

t t t t t Q f t  I N  

Q IN = a,,,+ Q, 

f ig .  25a Simplified heat balance. Tnk figure  represents a generalized cross section 
from the Magdalena Mountaim to Socorm Basin. Long thin line  represents 
ground water flowing from the Magdelena Mountaim to discharge at the Socorm 
thermal springs. Fat  amws represent conductive heat flow. Qo,t is the net heat 
conducted out of the top surfxe of the system, Q~~ is the net heat conducted  into 
the  base  of  the system, Q, is the heat convected out of the system by  the  thermal 
springs. - 
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HEAT BALANCE  (TOTAL)- 

Q U  

Q IN = Q OUT + Q , + Q u  

Fig. 25b. 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  hy&ologic  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 Socom area (m 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 volcanic aquifer have  been  discussed, but not 

modeled.  The  model of fluid flow and temperatures  presented in this study could 

probably be used as a basis for modeling  the  hydrogeochemical evolution of 

ground water in the Socom system. 
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CONCLUSIONS 

Heat flow in the Socono 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 

subsurface geothermal regime in the Socono area  is strongly infiuenced by subsur- 

face hydrology. 

Geothermal evidence suggests certain hydrologic  flow patterns in the Socorro 

area Extremely low heat flows occur 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 fanglomerate aquifer into  more  permeable 

materials beneath the claystone aquitard, reducing surface heat flows. Ground 

water is confined beneath this aquitard in eastern La  kncia Basin and western 

parts of  the Socorm mountain block. 

High  heat flows occur in the Socorm mountain block where the aquitard has 

been eroded away from upfaulted blocks and relatively permeable volcanics rocks 

are exposed at the surface. We conclude that ground water flows  upward in these 

upfaulted permeable rocks, causing elevated heat flows, and that subsurface 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 Socolm 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 Socom  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 a reasonable subsurface ground-water 

flow system could produce  geothermal  anomalies of the  magnitudes and locations 

observed in the Socom  area Basal  heat input into the  numerical  models is a con- 

stant 90 mW m-?, 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 Socom 

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  Socom (con- 

ductive  heat flow and advective  thermal  spring  discharge) could be accounted for 

by an input background  heat  flow of 76 -82 mW m-*. Again, it appem that 

anomalous heat sources are not required to account for the heat observed at the 

surface in the Socom  area The  heat  balance estimates neglect heat swept out of 

the system by  hydrologic  underflow, and therefore  are  minimum  values. We con- 

clude that if there  are  anomalous heat sources in the upper crust of the Socom 

area,  the heat from these bodies does not cause  anomalous heat output at the sur- 

face in the socorn geothermal area These estimates of  background .heat flow 

from  heat  balance  calcuiations are minimum values. Heat balance calcuiations 

including estimated  underflow  show that considerable amounts of anomalous heat 

could be swept out of  the system by  underflow into the Socom Basin. 
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A1 

Appendix A 

Temperature-Depth and Thermal Conductivity dah 

This appendix  presents heat production  data,  well  location  data, temperatm- 

depth data, plots and thermal  conductivity data. k~ from 49 industry  geothermal 

wells.  Table A1 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 set, and tables of temperature  depth data 

and thermal  conductivity data fmm each of these  wells.  (Note: the location of 

well 40 is somewhat uncertain.) 

All  temperatures  were  measured by  the  industrial  operators sevelal 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 ke are available, and in these  cases  we  estimated 

ke from measurements in similar lithology in other wells. 

The following thermal  conductivity data are presented: 

Depth Int Depth interval (in meters) from which the ~ Q M  values were  meas- 

ured 

Lith Lithology of  the interval  based on lithologic  logs  by Chapin or 

Osburn, driller's logs, and/or  our own observation of the samples. 

kl3M Matrix thermal  conductivity (mean value) 

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

3 measurements) 

N Number of measurements (0 indicated no sample) 



The following abbreviations are used in summarizing lithology: 

B 

G 

S 

ss 
M 

MS 

C 

cs 
(PI 

Conglom 

Bas And 

Tv 
W Tuff 

Boulders 

Gravel 

Sand 

Sandstone 

Mud 

Mudstone 

Clay 

Claystone 

Upper Popatosa Formation claystone 

Indurated comglomerate lock 

Basaltic Andesite 

Tertiary volcanic rocks 

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 described in Appendix C, and heat-flow 

determination is described in Appendix B. 



Well 

Number 

1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

- 
Depth 

(MI 

- 
98 

89 

87 

96 

154 

154 

116 

150 

146 

610 

154 

151 

152 

147 

610 

154 

GO 

91 

415 

115 

140 

152 

610 

140 

152 - 

-13 

TAl3LE Al: Well Locations 

Elevation 

(MI 

1875 

1871 

2014 

1950 

1756 

1780 

1801 

1737 

1716 

1743 

1882 

1756 

1780 

1780 

1804 

1728 

1860 

1938 

1856 

1856 

1804 

1829 

1725 

1707 

1701 

Location 

Latitude 

min sec 

34 05 57 

34 05 57 

34 04 19 

34 03 18 

34 05 45 

34 05 05 

34 04 50 

34 04 46 

34 04 55 

34 04 50 

34 05 06 

34 04 14 

34 03 50 

34 03 35 

34 03 20 

34 02 34 

34 02 50 

34 00 52 

34 01 00 

34 00 18 

34 00 42 

34 01 09 

34 01 27 

34 01 00 

34 00 32 

Longitude 

min sec 

107 07 

107 07 

107 07 

107 06 

107 01 

107 02 

107 03 

107 01 

107 00 

107 00 

106 59 

107 01 

107 01 

107 01 

107 02 

107 00 

107 03 

107 03 

107 02 

107 02 

107 01 

107 01 

107 00 

107 00 

106 59 

56 

44 

57 

25 

55 

23 

12 

06 

36 

18 

42 

24 

40 

05 

05 

24 

55 

37 

30 

10 

35 

35 

45 

15 

42 



Well 

Number 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

- 
Depth 

(MI 

- 
610 

610 

151 

146 

115 

61 

73 

152 

152 

146 

72 

440 

123 

79 

117 

98 

79 

152 

70 

76 

134 

76 

91  

91 - 

-44 

TABLE Al, Continued 

Elevation 

(MI 

1725 

1707 

1676 

1570 

1643 

1634 

1622 

1622 

1622 

1590 

1585 

1579 

1582 

1509 

1470 

1494 

1536 

1603 

1500 

1634 

1588 

1487 

1472 

1408 

L 

Location 

Latitude 
min sec 

34 02 

34 02 

34 02 

34 01 

34 00 

34 00 

34 00 

34 00 

33 59 

33 59 

33 58 

34 00 

34 00 

34 01 

34 03 

34 04 

34 06 

34 06 

34 06 

34 07 

34 08 

34 10 

34 13 

34 05 

33 59 

04 

02 

02 

28 

22 

08 

22 
11 

56 

50 

22 

13 

18 

18 

46 

10 

44 

50 

48 

30 

40 

52 

20 

17 

23 

Longitude 
min sec 

106 59 

106 58 

106 58 

106 56 

106 59 

106 58 

106 58 

106 58 

106 57 

106 57 

106 57 

106 56 

106 56 

106 55 

106 56 

106 56 

106 56 

106 57 

106 58 

106 56 

106 58 

106 57 

106 56 

106 50 

106 50 

05 

13 

00 

26 

05 

35 

31 

18 

55 

43 

22 

38 

35 

37 

15 

15 

25 

04 

32 

53 

38 

23 

28 

15 

37 

!!Able Al. Locatiom of industy geothermal sites. Latitude %rth and Longitude West are accurate 

to -5". Location of Well 40 is questionable, the operator plotted it at two different locations. 



A5 

Heat  Production 

The concentrations Uranium and Thorium in Socorro area Precambrian and 

Tertiary volcanic rocks were measured by M. Wlllcs  using Instrument Neutron 

Activation. The results art found in Table A2. In general, we observe that the 

Tertiary volcanics have greater radiogenic heat production fmm 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 hyydrothemal 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 

s u m  of the heat production from U and Th, calculated using 

6.19 XlO-' cal ~ 1 1 ~ ~ ~ s ~ ~  for U and 1.66 X10-* ea1 ~rn-~s-' for Th. 

Table A2: Heat Production from Uranium and Thorium 

Sample 

Wood's Tunnel, pf: 

Well 10, TV (Lemitar Tuff) 

Well 23, TV (Luis Lopez Fm.) 

U h m )  ( P P ~  A (I-IGu) 

0.87 2.89 1.0 

0.70 2.73 0.9 

4.31 19.03 5.8 

3.48 14.6 4.5 

( T V  =T ertiary volcanics, F'f3 =Precambrian) 



2 T 

3.0 17.97 

6.1 17.28 

9.1 16.56 

12.2 16.31 

15.2 16.47 

18.3 16.68 

21.3 16.83 

24.4 16.98 

A5 

Well Number: 1 

Subsdace Temperatures 

2 T 

27.4 17.14 

30.5 17.23 

33.5 17.39 

36.6 17.49 

39.6 17.61 

42.7 17.71 

45.7 17.84 

48.8 17.95 

2 T 

51.8 18.07 

54.9 18.21 

57.9 18.31 

61.0 18.42 

64.0 18.49 

67.1 18.60 

70.1 18.69 

73.2 18.82 

2 T 

( 4  ("0) 

76.2 18.95 

79.2 19.15 

82.3 19.28 

85.3 19.37 

88.4 19.49 

91.4 19.62 

94.5 19.75 

97.5 19.86 

Thermal  Conductivities 

3.0  49.0 

0.40  0.05 3.67 * 0.37  4 S & M 61.0  98.0 

0.30  0.10 3.13 * 0.00 1 MS,S & G 49.0  61.0 

0.30  0.05 3.13 * 0.00 1 Soi1,B & S 

ka k Ako 

[%I 
1.92 0.25 

1.92 0.40 

1.79 0.21 

Comments: 
Lithologic logs: Chapin and driller's log 
* kg: operator values (ok) 



A6 

Well Number: 2 

Subsurface Temperatures 

z T 

6.1 15.28 

9.1 15.24 

12.2 15.74 
15.2 16.17 

18.3 16.35 

z T 

( 4  ("C) 

24.4 16.72 
30.5 17.13 
36.6 17.26 
42.7 17.43 
48.8 17.68 

z T 

( 4  (" 0) 

54.9 17.90 
61.0 18.11 
67.1 18.34 
73.2 18.60 
79.2 18.86 

z T 
( 4  ("0) 

85.3 19.08 
89.0 19.22 

Thermal Conductivities 

Depth Int 

59.0 G 
59.0  91.0 M & S 

Comments: 
Lithologic log: Chapin 

keM f SSD N 

3.20 0.30 6  0.30 0.05 
3.22 0.25 6 0.30 0.10 i 1.95 0.21 

1.95 0.39 





z T 

(4 ( " C )  

3.0 16.71 

6.1 15.81 

9.1 15.27 
12.2 14.99 

15.2 15.16 

18.3 15.35 

21.3 15.55 

24.4 15.74 

Depth Int 

30.0 83.0 

85.0 

Comments: 

A8 

Well Number: 3 

Subsurface Temperawes 

2 T 

( 4  (" C )  

27.4 15.95 
30.5 16.00 
33.5 16.22 
36.6 16.30 
39.6 16.47 

42.7 16.57 
45.7 16.61 
48.8 16.71 

z T 

( 4  ("GI 

51.8 16.79 
54.9 16.86 
57.9 16.94 
61.0 17.01 
64.0 17.10 
67.1 17.19 
70.1 17.27 
73.2 17.36 

Thermal  Conductivities 

M S & S  2.73 * 

z T 
( 4  ( " C )  

76.2 17.44 
79.2 17.52 

82.3 17.60 
85.3 17.68 
87.2 17.68 

f A@ 

0.30 0.05 
0.30 0.10 
0.30 0.10 

kQ f &Q 

($1 
1.73 0.21 
1.79 0.32 

1.74 0.35 

Lithologic logs: Chapin and driller's log 
* ko: oDerator values fokl 

J 



2 T 

(4 ( " C )  

3.0 17.36 
6.1 15.72 
9.1 14.94 
12.2 14.89 
15.2 15.11 
18.3 15.30 
21.3 15.46 
24.4 15.56 

A9 

Well Number: 4 

Subsurface TemDerabs 

2 T 2 T 
( 4  ( " C )  (m) ( " G )  

27.4  15.65 

73.2  16.60  48.8  16.15 
70.1  16.55 45.7 16.09 
67.1  16.48 42.7  16.05 
64.0  16.42  39.6  16.00 
61.0 16.36 36.6 15.91 
57.9  16.30  33.5  15.81 
54.9  16.24 30.5  15.73 
51.8  16.19 

Thermal Conductivities 

2 T 

( 4  ("0) 

76.2 16.68 
79.2 16.74 
82.3 16.82 
85.3 16.89 
88.4 16.96 
91.4 17.04 
94.5 17.11 
96.0 17.15 

I 27.0  96.0 I S & M I 3.04 * 0.11 5 I 0.40 0.05 1 1.60  0.18 1 
Comments: 
Lithologic logs: Chapin and driller's log 

- 

ke: operator values (ok) 



A10 

L
n
 

N
 

c 



3 .O 
6.1 
9.1 

12.2 

15.2 
18.3 
21.3 

24.4 

27.4 
30.5 
33.5 
36.6 

39.6 
42.7 

17.25 
15.43 
15.77 
16.09 

16.27 
16.30 
16.36 

16.41 

16.48 
16.53 
16.61 
16.69 

16.75 
16.82 

A1 1 

Well Number: 5 

45.7 
48.8 

51.8 
54.9 

57.9 
61.0 
64.0 

67.1 

70.1 
73.2 
76.2 

79.2 
82.3 
85.3 

16.90 
16.99 
17.06 
17.14 
17.22 

17.28 
17.36 

17.43 
17.50 
17.57 

17.65 
17.75 
17.81 
17.88 

Subsurface  Temperatures 

" 

- 

88.4 
91.4 
94.5 
97.5 

100.6 
103.6 
106.7 

109.7 

112.8 
115.8 
118.9 

121.9 
125.0 
128.0 

17.97 
18.05 
18.16 
18.29 
18.38 

18.46 
18.59 

18.66 
18.76 
18.91 
19.01 
19.09 

19.21 
19.31 

Thermal Conductivities 

2 T 

131.1 
134.1 
137.2 
140.2 

143.3 
146.3 
149.4 

152.1 

19.40 
19.51 
19.62 
19.71 
19.79 

19.87 
20.05 

21.06 

C & G (p?) 2.28 1 1 0.30 1 1.54 
G &  C (p?) 2.49 0.31 4 0.30 153 0.1G 

Comments: 
Lithologic log: Osburn and  Chapin 



A12 

Well  Number: 6 

Subsdace TemDeratures 

48.8 
51.8 

54.9 
57.9 

61.0 
64.0 
67.1 
70.1 
73.2 
76.2 

79.2 
82.3 
85.3 

88.4 

91.4 

16.52 
16.49 
16.51 
16.54 
16.59 

16.63 
16.67 
16.71 
16.76 
16.82 

16.87 
16.93 
16.98 

17.03 

17.09 

3 .O 
6.1 
9.1 

12.2 
15.2 

18.3 
21.3 
24.4 
27.4 
30.5 

33.5 
36.6 
39.6 

42.7 

45.7 

15.74 

15.45 
15.85 
16.03 
16.13 

16.18 
16.23 
16.29 
16.31 
16.31 
16.36 

16.45 
16.55 

16.55 
16.59 

mermal Conductivities 

94.5 
97.5 

100.6 
103.6 
106.7 

109.7 
112.8 
115.8 
118.9 
121.9 

125.0 
128.0 
131.1 

134.1 

137.2 

17.13 
17.18 

17.23 
17.27 
17.32 

17.37 
17.43 
17.47 
17.53 
17.59 

17.64 
17.69 
17.74 

17.80 

17.86 

140.2 
143.3 
146.3 
149.4 

152.4 
153.6 

17.91 
17.97 

18.03 
18.09 
18.15 

18.16 

I 6.0 152.0 I CS kG (p) I 2.46  0.22  6 I 0.20  0.05 I 1.86 0.19 I 
Comments: 
Lithologic  log: Osburn 



A
13 

t 



2 T 

( 4  ("C) 
3.0 18.21 
6.1 16.53 

9.1 15.59 

12.2 15.58 
15.2 15.77 
18.3 15.91 
21.3 16.00 
24.4 16.03 

27.4 16.08 
30.5 16.12 
33.5 16.15 

A14 

Well Number: 7 

Subsurface Temperatures 

2 T 

( 4  ("1 
36.6 16.18 
39.6 16.20 
42.7 16.22 
45.7 16.26 
48.8 16.23 
51.8 16.24 
54.9 16.26 
57.9 16.18 
61.0 16.18 
64.0 16.31 
67.1 16.32 

2 T 

70.1 16.33 

106.7  16.62 73.2 16.34 
103.6  16.59 

97.5  16.53 
94.5 16.51 
91.4  16.48 
88.4  16.44 
85.3 16.40 

115.8 16.74 82.3  16.39 
112.8 16.52 79.2 16.37 
109.7  16.54 76.2 16.33 

100.6 16.55 

Thermal Conductivities 

12.0  116.0 I CS,MS &G I 2.89 * 0.44  9 I 0.30  0.10 I 1.81 0.38 

Comments: 
Lithologic logs: Chapin and driller's log 
* k g :  values from our lab and from the operator (ok) 



3.0 

6.1 
9.1 

12.2 
15.2 
18.3 
21.3 

24.4 

27.4 
30.5 

33.5 
36.6 
39.6 

42.7 

17.05 

15.44 
15.83 
16.07 

16.17 
16.30 
16.39 

16.49 
16.57 
16.67 

16.74 
16.80 
16.87 

16.99 

A15 

Well Number: 8 

Subsurface Temperatures 

2 T z T z T 
( 4  ( "C)  ( 4  (" C )  ( 4  ("C) 

45.7  17.06 

128.0 19.36  85.3  18.06 

125.0 19.28 82.3  17.97 

121.9  19.17 79.2 17.89 
118.9 19.08 76.2 17.80 
115.8 18.98 73.2  17.73 
112.8 18.88 70.1 17.64 

150.3 20.09 109.7  18.78 67.1 17.57 

149.4 20.06  106.7  18.69 64.0 17.48 

146.3 19.97 103.6  18.60 61.0 17.41 
143.3 19.88 100.6 18.50 57.9 17.34 

140.2  19.77  97.5 18.41 54.9 17.27 

137.2  19.66 94.5 18.34 51.8  17.19 

134.1 19.57 91.4 18.25 48.8 17.13 

131.1 19.48 88.4 18.15 

I 

I 6.0  152.0 

Thermal Conductivities 

CS &G (p) 1 2.45 0.25 8 I 0.20 0.05 I 1.86  0.19 

Comments: 
Lithologic log: Osborn 



L
n
 

N
 



A17 

Well Number: 9 

Subsurface TemDeratures 

z T 

( 4  ("C) 

3.0 16.21 

6.1 15.84 

9.1 16.12 
12.2 16.41 

15.2 16.64 
18.3 16.84 
21.3 16.99 

24.4 17.14 
27.4 17.40 
30.5 17.60 
33.5 17.69 

36.6 17.88 

2 T 

( 4  ("C) 

39.6 17.97 
42.7 18.05 
45.7 18.27 
48.8 18.40 
51.8 18.55 
54.9 18.67 
57.9 18.76 

61.0 18.91 
64.0 19.05 
67.1 19.22 
70.1 19.35 
73.2 19.48 

2 T 

( 4  ("C) 

76.2 19.64 
79.2 19.81 
82.3 19.92 
85.3 20.07 
88.4 20.24 
91.4 20.38 
94.5 20.51 
97.5 20.69 

100.6 20.84 
103.6 21.01 

106.7 21.16 
109.7 21.34 

2 T 

( 4  (" C) 

112.8 21.54 
115.8 21.70 

118.9 21.89 
121.9 22.07 
125.0 22.23 
128.0 22.42 
131.1 22.58 

134.1 22.78 
137.2 22.93 
140.2 23.09 
143.3 23.23 
146.3 23.29 

Thermal Conductivities 

18.0 140.0 G & M (p?) 2.69 2 0.30  0.05 1.72 0.21 

140.0  152.0 Basalt I 1.79  2 1 0.20 0.05 I 1.44 0.14 

Comments: 
Lithologic logs: Osburn and Chapin 



A
18 



0.0 
6.1 

12.2 
18.3 

24.4 
30.5 
36.6 

42.7 
54.9 
61.0 
67.1 
73.2 
79.2 

85.3 

91.4 
97.5 

103.6 
109.7 
115.8 

121.9 

128.0 
134.1 
140.2 

146.3 
152.4 

24.50 
24.70 

24.50 
24.50 

16.15 
15.60 
15.65 

15.80 
16.40 
16.70 
16.90 
17.20 
17.50 

17.80 

18.18 
18.50 
18.70 
19.00 
19.30 

19.70 

20.00 
20.52 
20.60 

21.00 
21.30 

A19 

Well  Number: 10 

Subsurface Temueratures 

158.5 

164.6 
170.7 
176.8 

182.9 
189.0 
195.1 

201.2 
207.3 
213.4 
219.5 
225.6 
231.6 

237.7 

243.8 
249.9 
256.0 
262.1 
268.2 

274.3 

280.4 
286.5 

292.6 
298.7 
304.8 

21.50 
21.90 
22.30 
22.50 

22.90 

23.20 
23.50 

23.85 
24.10 
24.50 
24.80 
25.10 

25.40 

25.70 

25.90 
26.10 
26.40 
26.60 

26.80 

26.90 

27.00 
27.10 
27.20 

27.20 
27.30 

310.9 
317.0 

323.1 
329.2 
335.3 

341.4 
347.5 

353.6 
359.7 
365.8 
371.9 
378.0 
384.0 

390.1 

396.2 

402.3 
408.4 
414.5 
420.6 

426.7 

432.8 
438.9 

445.0 

451.1 
457.2 - 

27.40 

27.50 
27.50 
27.60 

27.70 

27.80 
27.90 

28.20 

28.40 
28.50 
28.60 
28.80 

29.00 

29.20 

29.40 
29.60 
29.80 
30.00 
29.20 

30.50 

30.60 
30.80 

31.00 
31.20 
31.40 - 

I 
463.3 
469.4 
475.5 
481.6 

487.7 

493.8 
499.9 

506.0 
512.1 
518.2 
524.3 
530.4 
536.4 

542.5 

548.6 

554.7 
560.8 
566.9 
573.0 

579.1 

585.2 
591.3 

31.60 

31.80 
32.00 
32.20 

32.40 

32.60 
32.80 

33.00 
33.20 
33.40 
33.50 
33.70 
33.90 

34.10 
34.30 

34.40 
34.60 
34.90 
35.10 

35.30 

35.50 
35.60 



1 

Depth  Int 

Comments: 
Lithologic log: Chapin 

A20 

Well Number: 10 

mal Conductivities 

keM k SSD N 

[&I 
1.62 0.07 3 
1.97 0.09  3 
2.36 0.19  5 
2.47 0.10  6 
1.79 0.10  4 
2.58 0.16  8 

0.20 0.10 

0.25 0.05 
0.20 0.05 

0.20 0.05 
0.20 0.05 
0.20 0.05 

ko * &e 

(21 
1.33 0.17 
1.47 0.13 
1.80 0.18 
1.87 0.19 
1.44 0.12 
1.93 0.19 



A21 

W e l l  10 

0 

0 m 

15 20 25 30 35 40 

Temperature ( C 1  



z T 
( 4  ( "C)  

6.1 16.49 

9.1 16.84 
12.2 17.08 
15.2 17.13 

18.3 17.13 

21.3 17.17 
24.4 17.21 

27.4 17.25 
30.5 17.32 
33.5 17.38 
36.6 17.45 

39.6 17.51 

42.7 17.57 

45.7 17.64 

A22 

Well Number: 11 

Subsurface Temperatures 

2 T z T 

48.8 17.68 
51.8 17.76 
54.9 17.81 
57.9 17.89 

61.0 17.95 
64.0 18.04 
67.1 18.12 
70.1 18.21 
73.2 18.32 
76.2 18.48 
79.2 18.60 
82.3 18.72 
85.3 18.88 

88.4 19.03 

( 4  ("C) 

91.4 19.18 
94.5 19.36 
97.5 19.51 

100.6 19.69 

103.6 19.86 
106.7 20.01 
109.7 20.18 
112.8 20.36 
115.8 20.52 
118.9 20.68 
121.9 20.85 
125.0 21.03 
128.0 21.20 

131.1 21.39 

2 T 
( 4  ("a) 
134.1 21.59 
137.2 21.77 
140.2 21.95 
143.3 22.16 
146.3 22.32 
149.4 22.55 
152.4 22.71 
153.6 22.76 

?he&  Conductivities 

0.0 73.0 

1.66 0.15 0.20 0.05 2.13 0.14 5 CS (p) 73.0  154.0 
1.65 0.18 0.20 0.05 2.12 2 Basalt 

Comments: 
Lithologic log: @burn 



3 .O 

6.1 

9.1 
12.2 
15.2 
18.3 
21.3 

24.4 
27.4 
30.5 
33.5 
36.6 
39.6 

17.15 

15.70 

16.04 
16.32 
16.41 
16.47 
16.52 

16.60 

16.68 
16.73 
16.84 
16.91 

16.98 

42.7 17.08 

A23 

Well Number: 12 

Subsdace TemDeratures 

45.7 

48.8 

51.8 
54.9 
57.9 

61.0 
64.0 
67.1 

70.1 
73.2 
76.2 
79.2 
82.3 

17.13 

17.19 

17.24 
17.33 
17.41 
17.47 
17.57 

17.63 

17.71 
17.79 
17.88 
17.97 

18.04 

85.3 18.13 

z T 

( 4  ( " C )  

88.4 18.20 

91.4 18.29 

94.5 18.38 
97.5 18.47 

100.6 18.55 

103.6 18.65 
106.7 18.76 

109.7 18.84 

112.8 18.89 
115.8 18.98 
118.9 19.10 
121.9 19.20 
125.0 19.29 

128.0 19.38 

Thermal Conductivities 

Depth Int 

Comments: 
Lithologic log: Osburn 

134.1 19.56 

137.2 19.67 
140.2 19.76 

143.3 19.84 

146.3 19.94 
149.4 20.03 

151.2 20.05 

1 
1 

0.25 0.05 I 1.74 0.17 
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A25 

Well Number: 13 

Subsurface Temperatmes 

2 T 

( 4  ("GI 

3.0 17.06 

6.1 16.45 

9.1 16.06 
12.2 15.83 

15.2 16.00 

18.3 15.95 

21.3 16.06 

24.4 16.33 

27.4 16.22 

2 T 

( 4  ("C) 

30.5 16.22 
36.6 16.33 
42.7 16.45 
48.8 16.56 
54.9 16.72 
61.0 16.83 
67.1 17.00 
73.2 17.11 
79.2 17.28 

85.3 17.45 
91.4 17.61 
97.5 17.72 

103.6 18.06 
109.7 18.00 

115.8 18.11 
121.9 18.28 
128.0 18.39 
134.1 18.56 

Thermal Conductivities 

z T 

( 4  ("Q) 

140.2 18.72 
146.3 18.83 
152.4 18.95 

12.0  116.0 I 1 2.37  0.15 3 0.20 0.05 1.81  0.18 
116.0  152.0 2.60 2 1 0.30 0.05 I 1.68 0.20 

Comments: 
Lithologic logs: Chapin, driller's log 



A26 

Well Number: 14 

Subsurface Temperatures 

z T 

( 4  ( " C )  

3.0 15.64 
6.1 15.91 
9.1 16.34 

12.2 16.64 

15.2 16.78 
18.3 16.98 
21.3 17.15 
24.4 17.35 

27.4 17.51 
30.5 17.69 
33.5 17.81 
36.6 17.94 
39.6 18.07 

z T 

( 4  ( " C )  

42.7 18.21 
45.7 18.34 
48.8 18.48 
51.8 18.59 
54.9 18.70 
57.9 18.84 
61.0 18.96 
64.0 19.09 
67.1 19.21 
70.1 19.34 
73.2 19.46 
76.2 19.61 
79.2 19.73 

z T 

( 4  ("C) 

82.3 19.87 
85.3 19.99 
88.4 20.15 
91.4 20.34 
94.5 20.42 
97.5 20.47 

100.6 20.62 
103.6 20.78 
106.7 20.91 
109.7 21.03 
112.8 21.19 
115.8 21.35 
118.9 21.45 

z T 

( 4  ("0) 

121.9 21.53 
125.0 21.63 
128.0 21.80 
131.1 21.94 
134.1 22.07 
137.2 22.21 
140.2 22.35 
143.3 22.49 
146.3 22.59 
146.6 22.61 

?hemal Conductivities 

0.0 152.0 I cs (p) I 2.02  0.25  6 I 0.20  0.05 I 1.59 0.17 

Comments: 
Lithologic log: Osburn 
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0 .o 
6.1 

18.3 
18.3 

24.4 
30.5 
36.6 
42.7 
48.8 
54.9 
61.0 
67.1 
73.2 

79.2 
85.3 

91.4 
97.5 

103.6 
109.7 
115.8 

121.9 
128.0 

134.1 

140.2 
146.3 

28.50 

28.34 

28.11 
27.78 

27.61 
27.50 
27.22 
27.00 
26.89 
16.39 
15.11 
14.72 
14.50 

14.50 

14.50 
14.61 
14.72 

14.78 
14.89 
15.00 

15.11 
15.22 

15.39 

15.50 
15.61 

A28 

Well  Number: 15 

Subsdace Temaeratures 

152.4 
158.5 

164.6 
170.7 
176.8 
182.9 

189.0 
195.1 
201.2 
207.3 
213.4 
219.5 
225.6 

231.6 

237.7 
243.8 
249.9 

256.0 
262.1 

268.2 
274.3 
280.4 

286.5 

292.6 
298.7 

15.72 

15.78 

15.89 
16.11 

16.22 
16.28 
16.39 
16.50 
16.72 
16.78 
16.89 
17.00 
17.11 

17.28 

17.39 
17.50 
17.61 

17.72 
17.78 
18.00 

18.00 
18.11 

18.28 

18.39 
18.50 

2 T 
( 4  ("C) 

304.8 18.61 
310.9 18.78 
317.0 18.95 
323.1 19.00 
329.2 19.11 
335.3 19.22 
341.4 19.28 
347.5 19.39 
353.6 19.61 
359.7 19.72 
365.8 19.78 
371.9 19.89 
378.0 20.00 

384.0 20.11 
390.1 20.22 
396.2 20.28 
402.3 20.39 

408.4 20.50 
414.5 20.61 
420.6 20.72 

426.7 20.78 
432.8 20.89 

438.9 21.00 
445.0 21.11 
451.1 21.22 

2 T 
( 4  ("1 

457.2 21.28 
463.3 21.39 
469.4 21.50 
475.5 21.61 
481.6 21.78 
487.7 21.89 
493.8 22.00 
499.9 22.11 
506.0 22.22 
512.1 22.28 
518.2 22.39 
524.3 22.50 
530.4 22.67 

536.4 22.78 
542.5 22.89 
548.6 23.00 

554.7 23.11 

560.8 23.17 
566.9 23.28 
573.0 23.50 
579.1 23.61 
585.2 23.61 



Depth Int 

( 4   ( 4  

61.0 404.0 

404.0 533.0 

533.0 610.0 

Comments: 

Lith 

A29 

Well Number: 15 

Thermal Conductivities 

2.10 0.16 15 

2.26 0.03 5 

2.58 0.14 6 
0.20  0.05  0.17 

Lithologic logs: Chapin 
Porosity of CS measured in o m  lab 



A30 

Well  15 



z T 
( 4  ("C) 

3.0 17.56 
6.1 15.67 

9.1 16.17 
12.2 16.45 

15.2 16.56 
18.3 16.72 
21.3 16.89 
24.4 17.00 

27.4 17.11 

A3 1 

Well Number: 16 

Subsurface Temuerames 

z T 
( 4  (" C) 

30.5 17.22 
36.6 17.50 
42.7 17.72 
48.8 17.95 
54.9 18.22 
61.0 18.45 
67.1 18.67 
73.2 18.89 
79.2 19.11 

2 T 
( 4  ("C) 

85.3 19.33 
91.4 19.56 

97.5 19.83 
103.6 20.00 
109.7 20.28 
115.8 20.56 
121.9 20.83 
128.0 21.11 
134.1 21.34 

z T 
( 4  ("C) 

140.2 21.61 
146.3 21.89 
152.4 22.11 

Thermal Conductivities 

Depth Int Lith keM * SSD N f A@ ke alee 

(4 ( 4  E 1  [SI 
6.0 140.0 CS (p) 2.03  0.14 8 0.20 0.05  1.60 0.14 

Comments: 
Lithologic logs: Chapin, driller's log 



L T 

15.22 
10.0  14.80 
15.0  15.01 

A33 

Well Number: 17 

Subsdaze Tempembmes 

z T 2 T 2 T 

( 4  ( " C )  ( 4  ("C) ( 4  ("GI 

20.0  15.11 
45.0  16.00  25.0  15.19 

60.0 16.30 40.0  15.90 

50.0  16.14 30.0  15.54 
35.0  15.72 55.0  16.22 

Thermal Conductieties 

I I I 

0.0 60.0 S & M? 0 1.60  0.20 

Comments: 
Temps measured in  water well 
No lithologic log, no samples 
ke value from well #4. 
. 
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A34 

z T 

( 4  (" C) 

3.0 17.70 

6.1 16.78 

9.1 15.54 
12.2 15.70 

15.2 15.96 

18.3 16.11 
21.3 16.24 
24.4 16.36 
27.4 16.33 

Well Number: 18 

Subsurface Temueratures 

z T 

( 4  ("C) 

30.5 16.58 
33.5 16.67 

36.6 16.79 
39.6 16.91 
42.7 17.01 
45.7 17.12 
48.8 17.24 
51.8 17.35 
54.9 17.45 

z T 

( 4  ("C) 

57.9 17.56 

61.0 17.67 

64.0 17.77 
67.1 17.90 

70.1 18.03 
73.2 18.17 
76.2 18.31 
79.2 18.43 
82.3 18.56 

z T 

( 4  ("1 
85.3 18.69 
88.4 18.84 
91.4 18.95 

Thermal Conductivities 

Depth Int  Lith 

I 21.0  91.0 I MS,S & G 2.16 * 0.16 8 I 0.30  0.10 I 1.48 0.23 I 
Commenrs: 
Lithologic logs: Chapin and driller's log 

I * ke: values from our lab and from the operator (ok) 
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3.0 
6.1 

9.1 
12.2 
15.2 
18.3 
21.3 

24.4 

27.4 
30.5 
33.5 
36.6 
39.6 

42.7 

45.7 
48.8 

51.8 
54.9 
57.9 

61.0 
64.0 
67.1 

70.1 

73.2 

28.29 
27.69 

27.46 
26.14 
25.74 
25.27 
24.57 

24.30 

24.20 
24.01 
23.82 
23.66 
23.53 
23.35 

23.18 
23.00 

22.79 
22.62 
22.46 
21.55 

21.45 
21.39 

21.23 

21.15 
76.2  21.09 

A36 

Well Number: 19 

Subsurfaxe Temperaones 

z T 

( 4  ("a) 
79.2 21.01 
82.3 20.86 
85.3 20.78 
88.4 20.75 
91.4 20.72 
94.5 20.71 
97.5 20.70 

100.6 20.70 
103.6 20.73 
106.7 20.77 
109.7 20.78 
112.8 20.84 
115.8 20.90 
118.9 20.95 
121.9 21.00 
125.0 21.06 
128.0 21.09 
131.1 21.11 
134.1 21.55 
137.2 21.59 
140.2 21.66 
143.3 21.76 

146.3 21.87 
149.4 22.36 
152.4 22.04 

155.4 

158.5 

164.6 
170.7 

176.8 
182.9 
189.0 

195.1 

201.2 
207.3 

213.4 
219.5 
225.6 

231.6 

237.7 
243.8 

249.9 
256.0 
262.1 
268.2 

274.3 
280.4 

286.5 

292.6 
298.7 

22.14 
22.85 

22.60 
22.76 
23.04 
23.24 

23.49 
23.74 

23.95 
24.24 
24.44 
24.71 
24.80 

25.05 

25.23 
25.40 
25.61 

25.92 
26.14 
26.39 
26.64 

26.99 

27.35 
27.77 

27.88 

304.8 

310.9 
317.0 
323.1 
329.2 
335.3 
341.4 

347.5 

353.6 
359.7 
365.8 
371.9 
378.0 

384.0 

390.1 
396.2 
402.3 

408.4 
414.5 

28.16 

28.41 

28.70 
29.03 
29.36 
29.61 
29.85 

30.11 

30.32 
30.54 
30.82 
31.08 
31.45 

31.67 

31.91 
32.20 
32.51 
32.79 
33.03 



292.0 433.0 

Comments: 

A37 

Well  Number: 19 

?hemal Conductivities 

G & CS I 3.58 * 0.19 7 I 0.30  0.05 I 2.10 0.25 

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



A38 

Well  19 

15  20  25 30 35 40 
Temperature [Cl 



z T 

( 4  ("C) 

3.0 19.69 

6.1 17.51 
9.1 16.86 

12.2 16.95 
15.2 17.10 
18.3 17.20 
21.3 17.30 
24.4 17.36 
27.4 17.44 
30.5 17.47 

33.5 17.52 

34.0 116.0 

A39 

Well Number: 20 

z T 

( 4  (" C )  

36.6 17.56 
39.6 17.58 
42.7 17.62 
45.7 17.66 
48.8 17.70 

51.8 17.73 
54.9 17.78 
57.9 17.83 
61.0 17.87 
64.0 17.89 

67.1 17.96 

Subsurface Temperatures 

z T z T 

70.1  17.99 

97.5  18.45 
94.5  18.38 
91.4  18.32 
88.4 18.30 
85.3 18.25 

115.2  18.79  82.3 18.18 
112.8 18.80 79.2 18.15 
109.7 18.70 76.2  18.09 
106.7  18.63  73.2 18.03 
103.6 18.57 

100.6  18.52 1 

'Ihermal Conductivities 

MS & S I 2.52  0.11  5 I 0.30 0.10 I 1.65  0.28 

hmments: 
ithologic logs: Chapin and driller's log 
' k ~ :  operator values (ok) 



3 .O 

6.1 
9.1 

12.2 
15.2 
18.3 
21.3 
24.4 
27.4 
30.5 
33.5 
36.6 
39.6 

18.90 
17.80 
17.60 
17.80 
17.80 
17.70 
17.68 
17.64 
17.64 
17.64 
17.64 
17.65 
17.66 

A40 

Well Number: 21 

Subsurface  Temperatures 

42.7 
45.7 
48.8 
51.8 
54.9 
57.9 
61.0 
64.0 
67.1 
70.1 
73.2 
70.2 
79.2 

17.67 

118.9  18.44 
115.8  18.37 
112.8 18.29 
109.7 18.23 
106.7  18.14 
103.6 18.08 
100.6  18.02 
97.5  17.95 
94.5  17.90 
91.4 17.86 
88.4  17.80 
85.3  17.71 
82.3 18.52 

18.60 
18.68 
18.74 
18.83 
18.91 
19.01 
19.11 
19.20 
19.28 
19.38 
19.48 
19.58 

'Ihermal Conductivities 

121.9 
125.0 
128.0 
131.1 
134.1 
137.2 
140.2 

19.67 
19.77 
19.86 
19.96 
20.08 
20.19 
20.25 

0.0 61.0 G 1.96 * 1 1 ::3: 0.05 I 1.38 
61.0 152.0 CS &G (p) 1.67 * 2 0.05  1.23 0.12 

Comments: 
Lithologic log: &bum 
* No samples, operator values of ke (pmbably low) 





A42 

Well Number: 22 

Subsurface TemDembnes 

3 .O 
6.1 

9.1 
12.2 
15.2 
18.3 
21.3 
24.4 
27.4 
30.5 
33.5 
36.6 
39.6 
42.7 

17.13 

16.44 

45.7 

85.3  17.71 
82.3 17.63 
79.2 17.69 
76.2 17.69 
73.2 17.49 
70.1 17.34 
67.1 17.25 
64.0 17.21 
61.0 17.17 
57.9 17.11 
54.9  16.88 
51.8 16.64 

48.8 
17.79 

17.77 
17.79 

17.82 
17.88 
17.92 
17.97 

18.03 
18.08 
18.13 
18.17 
18.22 
18.27 
18.32 

88.4 

91.4 
94.5 
97.5 

100.6 
103.6 
106.7 

109.7 
112.8 
115.8 

118.9 
121.9 
125.0 
128.0 

18.38 

134.1  18.44 

131.1 

151.5  18.86 
149.4  18.77 
146.3 18.70 
143.3 18.64 
140.2  18.58 
137.2  18.50 

18.95 
19.03 
19.11 
19.21 
19.30 
19.40 

Thermal Conductivities 

Depth Int 

Comments: 
Lithologic log: Osbum 

19.53 

19.62 

19.67 
19.77 
19.88 
19.98 
20.08 

20.15 

2.44 1 0.30  0.05 1.61 0.19 

2.21 0.22 4  0.20  0.05 1.71 0.15 



A
43 



2 T 

( 4  ("a) 
0.0 39.00 

6.1 39.00 

12.2 38.39 
18.3 37.78 
24.4 37.50 
30.5 37.23 
36.6 36.89 

42.7 36.61 

48.8 36.39 

54,9 20.89 
61.0 18.11 
67.1 17.61 
73.2 17.61 

79.2 18.00 

85.3 18.11 
91.4 18.28 
97.5 18.50 

103.6 18.72 
109.7 18.89 

115.8 19.22 
121.9 19.50 
128.0 19.72 

134.1 20.00 

140.2 20.22 

146.3 20.39 

A44 

Well Number: 23 

Subsurface Temperatures 

. .  . .  

152.4 

158.5 
164.6 
170.7 
176.8 
182.9 
189.0 

195.1 
201.2 
207.3 
213.4 
219.5 
225.6 

231.6 

237.7 
243.8 

249.9 
256.0 
262.1 
268.2 

274.3 
280.4 

286.5 
292.6 

298.7 

20.72 

20.89 

21.22 
21.50 

21.72 
21.89 
22.11 

22.28 
22.61 
22.78 
23.50 
23.22 
23.50 

23.78 

24.00 

24.22 
24.39 
24.72 
24.89 

25.22 
25.39 
25.61 

25.78 

26.00 
26.22 

304.8 

310.9 
317.0 
323.1 
329.2 
335.3 
341.4 
347.5 

353.6 
359.7 
365.8 
371.9 
378.0 

384.0 

390.1 
396.2 

402.3 
408.4 
414.5 
420.6 

426.7 
432.8 
438.9 

445.0 

451.1 

26.39 

26.61 
26.89 
27.11 
27.28 
27.50 
27.61 
27.78 

28.00 
28.28 
28.50 
28.72 
28.89 

29.00 

29.22 
29.39 

29.50 
29.72 
29.78 
30.00 

30.22 
30.28 

30.50 

30.61 
30.78 

457.2 
463.3 

469.4 
475.5 
481.6 
487.7 
493.8 

499.9 
506.0 
512.1 
518.2 
524.3 

530.4 
536.4 

542.5 
548.6 
554.7 

560.8 
566.9 

573.0 
579.1 
585.2 

30.89 
31.00 

31.11 
31.11 
31.28 
31.39 
31.50 

31.61 
31.72 
31.78 
31.89 
32.00 

32.06 

32.11 

32.22 
32.28 

32.39 
32.50 
32.50 
32.61 

32.61 
32.72 



A45 

Well Number: 23 

Thermal Conductivities 

84.0  404.0 

1.77 0.18 0.20 0.05 2.31  0.28  11 Fhyodacite 450.0  610.0 
1.90  0.19 0.20  0.05 2.52  0.09 4 Mudflow 404.0  450.0 
1.49  0.13 0.20  0.05 1.86  0.13  38 CS (p) 

Comments: 
Lithologic log: Chapin 

Porosity of CS measured in ow lab 



A46 

- WeLL "23 

0 

In 
0 

0 
D 

0 
L" 

0 
0 
N 

0 
0 
-r 

0 
0 
In 

0 
In Ln 

0 
0 
ul 

15 20 25 30 35 
Temperature ( C l  

40 



2 T 

( 4  ("c) 

6.1 16.52 

9.1 16.75 
12.2 17.24 
15.2 17.45 

18.3 17.55 
21.3 17.64 
24.4 17.77 

27.4 17.91 

30.5 18.02 
33.5 18.14 
36.6 18.25 
39.6 18.33 

A47 

Well Number: 24 

Subsdace Temuerames 

7. T 

( 4  ("C) 

42.7 18.43 
45.7 18.54 
48.8 18.66 
51.8 18.75 

54.9 18.90 

57.9 18.97 
61.0 19.04 
64.0 19.15 

67.1 19.30 
70.1 19.43 
73.2 19.51 
76.2 19.65 

z T 
( 4  ("C) 

79.2 19.74 
82.3 19.90 
85.3 20.03 
88.4 20.12 
91.4 20.27 
94.5 20.40 
97.5 20.50 

100.6 20.64 
103.6 20.75 
106.7 20.87 
109.7 21.02 
112.8 21.14 

n e m a l  Conductivities 

2 T 

( 4  ("C) 

115.8 21.28 
118.9 21.41 
121.9 21.55 
125.0 21.67 
128.0 21.78 

131.1 21.91 
134.1 22.03 
137.2 22.15 

140.2 22.27 

30.0  152.0 I CS (p) I 2.03  0.25  4 I 0.20 0.05 1 1.00  0.14 

Comments: 
Lithologic log: O s b m  



A48 

Well Number: 25 

Subsurface  TemDeratures 

z T 

( 4  ( " C )  

3.0 18.07 
6.1 16.54 

9.1 16.91 
12.2 17.37 

15.2 17.73 
18.3 17.86 
21.3 18.00 

24.4 18.14 
27.4 18.31 
30.5 18.53 
33.5 18.76 

36.6 18.92 
39.6 19.04 

42.7 19.19 

2 T 

( 4  ( "C)  

45.7 19.35 
48.8 19.50 
51.8 19.64 
54.9 19.80 
57.9 19.96 
61.0 20.10 
64.0 20.25 
67.1 20.39 
70.1 20.57 
73.2 20.69 
76.2 20.83 
79.2 21.00 
82.3 21.25 

85.3 21.28 

2 T 

( 4  ("GI 

88.4 21.38 
91.4 21.51 
94.5 21.66 
97.5 21.74 

100.6 21.90 
103.6 22.06 
106.7 22.28 
109.7 22.42 
112.8 22.54 
115.8 22.64 
118.9 22.74 
121.9 22.87 

125.0 23.00 

128.0 23.13 

z T 

( 4  (" 

131.1 23.25 
134.1 23.36 
137.2 23.47 
140.2 23.60 
143.3 23.70 
146.3 23.82 
149.4 23.96 

152.4 24.16 

?hemal  Conducti~ties 

Depth Int ko i M o  & A* keM & SSD N Lith 

( 4  ( 4  [&I (51 
0.0 37.0 

1.79  0.21 0.20 0.05 2.34 * 2 CS? 91.0  152.0 
1.45 0.14 0.20  0.05  1.80 1 CS? 

Comments: 
No Lithologic log 
* No samples, operator values of ke (probably low) 
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0.0 
6.1 

12.2 
18.3 

24.4 

30.5 
36.6 
42.7 
48.8 
54.9 
61.0 
67.1 
73.2 
79.2 

85.3 
91.4 
97.5 

103.6 
109.7 
115.8 

121.9 
128.0 

134.1 

140.2 
146.3 
152.4 

29.89 
31.61 

31.78 
31.89 

31.72 

31.72 
31.50 
31.39 

31.22 
30.89 
30.72 

30.50 
30.22 
29.89 
29.61 
29.39 
29.22 

29.00 
28.78 
28.61 

28.39 
28.00 

27.78 
27.39 
27.56 

26.89 

;150 

Well Number: 26 

Subsurface Temperames 

z T 

158.5 
164.6 
170.7 

176.8 

182.9 

189.0 
195.1 
201.2 
207.3 
213.4 
219.5 
225.6 
231.6 

237.7 
243.8 
249.9 
256.0 

262.1 
268.2 

274.3 

280.4 
286.5 
292.6 

298.7 
304.8 

310.9 

26.50 
26.28 

24.39 
24.39 

24.72 

25.00 
25.28 
25.78 

26.11 
26.39 
26.89 
27.28 
27.61 

28.00 
28.28 
28.72 

29.11 
29.50 
29.89 
30.39 

30.72 
31.11 

31.50 

31.89 
32.28 
32.50 

317.0 

323.1 
329.2 
335.3 

341.4 

347.5 
353.6 

359.7 
365.8 
371.9 
378.0 

384.0 
390.1 
396.2 

402.3 
408.4 

414.5 
420.6 
426.7 

432.8 
438.9 
445.0 

451.1 

457.2 
463.3 

469.4 

32.78 
33.22 

33.50 
33.89 

34.28 

34.61 
35.00 
35.39 

35.73 
36.11 
36.39 

36.61 
36.78 
37.00 

37.23 
37.39 

37.39 
37.50 
37.50 

37.61 
37.61 
37.61 

37.61 

37.61 
37.61 

37.61 

z T 

( 4  (" C) 

475.5 37.61 

481.6 37.61 

487.7 37.61 
493.8 37.61 

499.9 37.50 

506.0 37.50 
512.1 37.50 
518.2 37.61 

524.3 37.61 
530.4 37.78 
536.4 38.00 

542.5 38.11 
548.6 38.28 

554.7 38.39 

560.8 38.73 
566.9 38.73 

573.0 38.78 



Depth Int 

( 4  ( 4  

9.0 375.0 
%75.0 539.0 
539.0 567.0 
567.0 610.0 

:ommen@: 

A5 1 

Well Number: 26 

Thermal  Conductivities 

Lith keM * SSD N 

[AI 
2.00 * 0 

2.20 - 0 

2.00 x 0 

2.20 * 0 

0.20 0.05 1.58 0.17 
0.25 0.05 1.60 0.18 
0.20 0.05 1.58 0.17 
0.25 0.05 1.60 0.18 

Lithologic  logs: Chapin 
No samples available, I i e ~  SSD measured in similar lithologv. different well 
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A52 

WeLl 26 

20 ' 25 30  35 40 45 
Temperature [ C I  



0.0 

6.1 

12.2 
18.3 

24.4 
30.5 
36.6 
42.7 
48.8 
54.9 
61.0 
73.2 
79.2 

85.3 

91.4 
97.5 

103.6 

109.7 
115.8 

121.9 
128.0 
134.1 

140.2 

146.3 

30.00 
29.72 

14.89 
15.00 

15.28 
15.50 
15.78 
16.00 
16.28 

16.50 
16.78 
17.39 
17.72 
18.00 

18.28 
18.50 

18.78 
19.22 
19.50 
19.89 

20.22 
20.50 

20.89 
21.11 

A53 

Well  Number: 27 

Subsurface  Temperatures 

152.4 
158.5 

164.6 
170.7 

176.8 
182.9 
189.0 
195.1 
201.2 
207.3 
213.4 
219.5 
225.6 
231.6 

237.7 

243.8 
249.9 
256.0 
262.1 
268.2 

274.3 
280.4 

286.5 
292.6 

21.50 

21.72 

22.00 
22.39 

22.72 
23.00 
23.39 
23.72 

24.00 
24.28 
24.72 
25.00 
25.28 

25.61 

25.89 
26.22 

26.50 
26.78 
27.11 

27.50 

27.78 
28.00 

28.28 
28.61 

z T 

298.7 

304.8 

310.9 
317.0 

323.1 
329.2 
335.3 
341.4 
347.5 
353.6 
359.7 
365.8 
371.9 

378.0 

384.0 
390.1 

396.2 

402.3 
408.4 

414.5 
420.6 
426.7 

432.8 
438.9 

28.89 

29.22 

29.39 
29.72 

30.00 
30.28 
30.61 
30.89 
31.11 
31.39 
31.72 
32.00 
32.28 

32.50 

32.72 
33.00 

33.22 

33.50 
33.78 

34.00 

34.22 
34.39 

34.61 
34.89 

445.0 

451.1 

457.2 
463.3 

469.4 
475.5 
481.6 
487.7 
493.8 
499.9 
506.0 
512.1 
518.2 

524.3 

530.4 

536.4 
542.5 

548.6 
554.7 

560.8 

566.9 
573.0 

579.1 
585.2 

35.11 
35.39 

35.50 
35.73 

35.89 
36.11 
36.28 
36.50 
36.73 
36.78 
37.00 
37.23 
37.39 
37.50 

37.73 

37.78 
37.89 

38.00 
38.11 

38.11 

38.11 
38.00 

38.00 

38.00 



A54 

Well Number: 27 

? & e n d  Conductivities 

Depth Int 

Comments: 
Lithologic log: Chapin 

[&I I I [SI I 
2.00 * 0 0.20 0.05 1.58 0.17 
1.80 * 0 0.20 0.05 1.45 0.15 

2.50 * 0 0.20 0.05 1.89 0.23 

Only contaminated samples available 
* kg measured in  similar lithology, different well 



A55 

WeLL 27 - 

o , , . , . . , . . . . . . , . . . . . . !  . . . . .  , . , . .  

10 15 20 25 30 
Temperature [ C I  

35 



2 T 

( 4  ("C) 

9.1 16.56 

12.2 16.96 
18.3 17.58 
24.4 18.22 

30.5 18.90 
36.6 19.43 
42.7 20.02 

Depth Int 

( 4  ( 4  

0.0 85.0 
85.0 98.0 

98.0 116.0 

116.0 128.0 
128.0 152.0 

T 

A56 

Well Number: 28 

Subsurface Temperawes 

2 T 

( 4  ("I 
48.8 20.56 
54.9 21.15 
61.0 21.68 
67.1 22.22 

73.2 22.71 
79.2 23.17 
85.3 23.67 

2 T 

(m) ("GI 

91.4 24.22 

97.5 24.71 
103.6 25.20 
109.7 25.64 

115.8 26.13 
121.9 26.61 
128.0 27.04 

Thermal Conductivities 

Lith 

Comments: 
Lithologic log: Chapin 

2 T 

( 4  ("GI 

134.1 27.42 

140.2 27.84 
146.3 28.20 
150.9 28.65 

0.20 0.05 
0.25 0.05 
0.20 0.05 

0.25 0.05 
0.20 0.05 

1.75 0.18 
1.95 0.23 
1.60 0.18 
1.90 0.25 
1.78 0.21 



A57 

Well Number: 29 

Subsurface Temperatures: "Instrument actina aoofv" 

I z  T 

17.94 

12.2  18.52 
18.3 19.72 
30.5  21.22 

I 36.6  21.93 

z T z T z T z T 

( 4  (" C) ( 4  ( O  C) ( 4  ("C) (4 ("1 
6.1 17.96 

146.3 27.33  97.5  25.44 48.8  22.58  9.1  17.94 
140.2 27.16  91.4  46.72 42.7  22.29 

12.2  18.52 

134.1 26.92 85.3 24.82  36.6  21.93 

128.0 26.72  79.2  24.47  30.5  21.22 
121.9  50.33  73.2 24.10  24.4  39.63 

115.8 26.20 67.1 44.55 18.3 19.72 
109.7  25.96 61.0  23.28 15.2  37.13 
103.6  25.68  54.9  22.80 

Well Number: 29 

Subsurface Temperames: Spikes removed  data highly suspect 

z T z T z T 

( 4  ("(3 ( 4  ("C) ( 4  ("C) 

42.7  22.29 

128.0  26.72 79.2  24.47 
115.8 26.20 73.2  24.10 
109.7  25.96 61.0  23.28 

146.3 27.33 103.6  25.68 54.9  22.80 
140.2  27.16 97.5  25.44 48.8  22.58 
134.1 26.92  85.3  24.82 

Thermal Conductivities 

Depth Int ke 5 M e  @ * A@ X.eM * SSD N Lith 

(m) ( 4  ( 5 1  ($3 
0.0 146.0 1.60 0.40 0.00 0.00 0.00 0.00 0 TV? 

Comments: 
No lithologic log 
No samples 
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2 T 

( 4  ( O  C )  

3.0 20.67 

6.1 17.56 
9.1 17.67 

12.2 18.17 

15.2 18.28 
19.8 18.50 
24.4 18.78 

A50 

Well Number: 30 

Subsurface Temperatures 

2 T 

( 4  (“1 
27.4 18.89 

30.5 18.78 
36.6 19.11 
42.7 19.61 

48.8 19.89 
54.9 20.22 
61.0 20.56 

2 T 

( 4  ( “ (2  

70.1 21.00 
73.2 21.17 
79.2 21.45 
85.3 21.78 
91.4 22.17 

97.5 22.50 
103.6 22.89 I z T 

( 4  ( “ C )  

109.7 23.22 
115.8 23.50 
121.9 23.78 
128.0 24.11 
134.1 24.50 
140.2 24.72 
144.8 24.95 

Thermal Conductivities 

Depth Int ko j: &]SO CJ * A3 ~ Q M  j: SSD N Lith 

( 4  ( 4  151 (51 
9.0 146.0 1.71 0.15  0.20  0.05 2.22  0.07 7 CS (p) 

Comments: 
Lithologic logs: ChaGn, driller’s log 



A60 

Well Number: 31 

Subsurface T e m p e m s  

( 4  ( " C )  

6.1 19.05 

12.2 19.08 

18.3 20.25 
24.4 21.27 

(4 ( "C)  

30.5 22.25 

36.6 23.17 

42.7 24.12 
48.8 25.00 

54.9 26.00 

61.0 27.37 

Thermal Conductivities 

L 
I 9.0 55.0 I Conglom I 2.41 0.06 4 I 0.20  0.05 I 1.83  0.18 

Comments: 
Lithologic Log: Chapin 
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18.57 

19.91 
12.2 20.68 

15.2 21.14 

18.3 21.56 

A62 

Well Number: 32 

Subsurface Temperaixres 

z T 
( 4  ( " C )  

21.3 22.00 

24.4 22.53 
27.4 23.22 
30.5 23.94 

33.5 24.41 

36.6 24.91 

z T 

( 4  ( " C )  

39.6 25.34 

42.7 25.81 
45.7 26.17 
48.8 26.56 

51.8 26.98 

54.9 27.44 

Thermal Conductivities 

2 T 

( 4  ( O  C )  

57.9 27.84 

G1.0 28.28 

64.0 28.72 

67.1 29.13 

70.1 29.56 

73.2 29.93 

2.33 * 0.00 2 0.20 0.05 1.78 0.21 
Rhyolite I 2.03 * 0.16 5 I 0.20 0.05 1 1.60 0.14 

Lithologic logs: Chapin and driller's log 
* ke: values from our lab and from the operator (ok) 



A63 

Well Number: 33 

Subsurface  Temperatures 

17.54 
18.22 

12.2  18.78 

15.2  19.15 
18.3 19.49 
21.3  19.79 

24.4  20.09 
27.4  20.41 
30.5  20.69 

33.5  21.04 

36.6  21.33 
39.6  21.62 

42.7  21.88 

z T 

( 4  ("c) 

45.7 22.18 
48.8 22.46 
51.8 22.70 
54.9 22.93 
57.9 23.20 
62.0 23.45 
64.0 23.68 
67.1 23.90 
70.1 24.13 
73.2 24.37 

76.2 24.57 

79.2 24.79 
82.3 24.97 
85.3 25.20 

z T 
( 4  ("GI 

88.4 25.42 
91.4 25.54 
94.5 25.66 
97.5 25.82 

100.6 25.95 
103.6 26.09 
106.7 26.23 
109.7 26.31 
112.8 26.47 
115.8 26.59 

118.9 26.70 
121.9 26.80 
125.0 26.87 
128.0 26.94 

z T 
( 4  ( "C)  

131.1 27.01 
134.1 27.07 
137.2 27.12 
140.2 27.16 
143.3 27.19 
146.3 27.21 
149.4 27.22 
152.4 27.23 

" 

Thermal Conductivities 

Depth Int Lith 

I 6.0 152.0 I Tir?  I 1.80 * 0.15 4 I 0.20 0.05 I 1.45 0.15 

Comments: 
No lithologic log 
* No samples, operator values of ko (umbablv low) 



t 
1 

t 



3 .O 

6.1 

9.1 
12.2 

15.2 

18.3 
21.3 
24.4 
27.4 
30.5 

33.5 
36.6 
39.6 
42.7 

18.82 

17.67 

18.09 
18.54 

18.75 
18.86 
19.01 
19.14 
19.22 
19.33 

19.42 
19.52 
19.61 
19.74 

A65 

Well Number: 34 

Subsurface Temperatures 

2 T 

( 4  ("G) 
45.7 19.82 

48.8 19.92 

51.8 20.01 
54.9 20.11 

57.9 20.20 

61.0 20.28 
64.0 20.39 
67.1 20.47 

70.1 20.56 
73.2 20.65 
76.2 20.76 

79.2 ?OS4 
82.3 20.92 

85.3 21.06 

Depth Int 

z T 

88.4 

91.4 

94.5 
97.5 

100.6 
103.6 
106.7 

109.7 

112.8 
115.8 
118.9 
121.9 
125.0 
128.0 

21.14 

21.20 

21.26 
21.34 

21.42 
21.50 
21.58 
21.66 

21.75 
21.86 
21.96 
22.07 
22.18 
22.29 

Thermal Conductivities 

z T 

131.1 
134.1 

137.2 
140.2 

143.3 

146.3 
149.4 
152.4 

22.38 

22.49 
22.59 
22.69 

22.78 
22.87 
22.96 

23.01 

I 1.87  0.26  3 I 0.20 0.05 I 1.49  0.16 I 
Zomments: 
No lithologic log 

No samples, operator values of ke (probably low) 



z T 
( 4  ("C) 

3.0 21.00 
6.1 17.77 

9.1 18.07 
12.2 18.45 

15.2 18.63 

18.3 18.78 
21.3 18.98 

24.4 19.16 

27.4 19.36 
30.5 19.54 
33.5 19.67 
36.6 19.79 

A66 

Well Number: 35 

Subsurface TemDeraLures 

48.8 20.31 
51.8 20.42 
54.9 20.59 
57.9 20.71 
61.0 20.82 
64.0 20.98 
67.0 21.13 
70.1 21.28 
73.2 21.38 

z T 
( 4  ("C) 

76.2 21.54 
79.2 21.68 

82.3 21.83 
85.3 21.98 

88.4 22.12 
91.4 22.29 
94.5 22.44 

97.5 22.59 

100.6 22.77 
103.6 22.94 
106.7 23.09 
109.7 23.21 

z T 
( 4  ("1 
112.8 23.39 
115.8 23.56 
118.9 23.71 
121.9 23.86 
125.0 24.03 

128.0 24.20 
131.1 24.33 
134.1 24.47 

137.2 24.65 
140.2 24.84 
143.3 24.90 
146.3 25.05 

?he& Conductivities 

12.0  152.0 I cs (p) I 2.13  0.19  6 I 0.20  0.05 I 1.GG 0.15 

Comments: 
Lithologic log: Osburn 
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17.75 

17.34 
12.2 17.69 
15.2  18.20 

18.3  18.37 

0.0 41.0 

41.0 69.0 

A68 

Well Number: 36 

Subsurface Temperatures 

z T 

( 4  ("0) 

21.3 18.63 
24.4 18.80 
27.4 18.97 
30.5 19.19 
36.6 19.51 
42.7 19.80 

2 T 
( 4  ("C) 
48.8 20.08 
54.9 20.30 
61.0 20.56 
67.1 20.88 

70.1 21.09 
71.6 21.15 I 

Thermal Conductivities 
I 

Lith 

G 
Tuff 

2.56 0.19 

3 I 0.30 

0.05 

2.62 0.18 4 0.20 0.05 

Lithologic Log: Chapin 



A
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A70 

Well  Number: 37 

0.0 

6.1 
12.2 
18.3 

24.4 

30.5 
36.6 
42.7 
48.8 

54.9 

61.0 
67.1 

73.2 

79.2 
85.3 
91.4 
97.5 

103.6 

37.00 
37.00 
36.78 

36.61 

36.39 

36.23 
35.89 
35.39 
35.11 
34.78 

34.50 

21.39 

20.89 
20.89 

21.11 
21.28 
21.61 

21.78 

0.0 91.0 

91.0 279.0 

279.0 389.0 
389.0 405.0 

405.0 436.0 

Comments 

109.7 

115.8 
121.9 
128.0 

134.1 

140.2 
146.3 
152.4 
158.5 
164.6 

170.7 

176.8 

182.9 

189.0 
195.1 
201.2 

207.3 
213.4 

22.11 
22.39 
22.78 

23.11 

23.50 
23.72 
24.22 
24.61 
25.00 
25.39 

25:72 

26.11 
26.50 

26.78 

27.22 
27.72 

28.11 

28.39 

Subsurface  Temperatures 

" 

- 

2 T 

219.5 28.78 
225.6 29.22 
231.6 29.61 
237.7 30.11 

243.8 30.50 

249.9 30.78 
256.0 31.28 
262.1 31.72 
268.2 32.22 
274.3 32.61 

280.4 33.22 
286.5 33.72 

292.6 34.39 

298.7 34.89 
304.8 35.23 
310.9 35.50 

317.0 35.73 

323.1 35.78 

Thermal  Conductivities 

cs (PI 2.00 * 
Rhyolite 1.98 
Bas And 1.80 5 0 

MudRow 1 2.10 1 

329.2 
335.3 
341.4 
347.5 

353.6 

359.7 
365.8 
371.9 

378.0 
384.0 

390.1 

396.2 
402.3 

408.4 
414.5 
420.6 

426.7 

432.8 

35.89 
36.00 
36.23 
36.23 

36.28 

36.39 
36.50 
36.50 

36.61 
36.61 

36.73 

36.73 
36.73 

36.73 

36.61 
36.28 

36.00 
35.89 

@ f A@ 

0.40 0.05 

0.20 0.05 
0.20 0.05 
0.20 0.05 
0.20 0.05 

Lithologic  log:  Chapin 
Very littde sample  available. 
* No samples  available, k~ measured in similar lithology, different well. 

1.57 0.20 
1.58 0.17 
1.56 0.17 
1.45 0.15 

1.64 0.18 



A7 1 

Wel l  37 

. n  
0 
W 

15 20  25 30 35 40 
Temperature [CI 



z T 

( 4  ("Q) 

19.8 19.17 
24.4 19.56 
27.4 19.72 

30.5 19.95 

36.6 20.39 
42.7 20.83 
48.8 21.17 
54.9 21.56 

Depth Int 

( 4   ( 4  

9.0 50.0 

55.0 131.0 
133.0 142.0 

A72 

Well Number: 38 

hnments:  

ZqTx 
Subsurface Temperatures 

61.0  21.89 

79.2  22.95 
121.9 25.00 73.2  22.61 
115.8  24.67 70.1 22.45 
109.7  24.39 

141.7  26.17  97.5  23.84 
140.2 26.17 91.4  23.61 
134.1 25.84  85.3  23.34 

128.0 25.34 

103.6 24.11 
L 

Thermal Conductivities 

C,S & G 

1.62 0.31 0.30  0.10  2.46 0.00 2 C & S  
1.49  0.15 0.40  0.05  2.69  0.24  4 S & M  
1.70  0.31 0.30  0.10  2.64  0.19 4 

>ithologic log: Chapin, driller's log I 



A73 

Well Number: 39 

Subsurfaxe Temperawes 

I 2  T 

3.0 21.00 

6.1 19.72 

9.1 19.06 
12.2 19.00 

15.2 19.00 

z T 2 T 2 T 
( 4  ("C) ( 4  ("a) ( 4  ("C) 

19.8 19.11 

70.1 20.72 36.6 19.56 
61.0 20.39 30.5 19.39 
54.9 20.22 27.4 19.33 

79.2 21.11 48.8 19.95 24.4 19.28 
73.2 20.89 42.7 19.72 

Thermal Conductivities 

I 0.0 79.0 I S,G & M I 2.76 0.28 6 I 0.30  0.05 I 1.75 0.19 

Comments: 
Lithologic logs: Chapin, driller's log 
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z T 

( 4  ( " C )  

3.0 20.28 
6.1 18.33 
9.1 18.78 
12.2 19.67 
15.2 20.00 
19.8 20.72 

A75 

Well Number: 40 

Subsurface Temuerames 

z T 

( 4  ("1 
24.4 21.28 
27.4 21.56 
30.5 21.89 
36.6 22.67 
42.7 23.22 
48.8 23.56 

z T 

( 4  ("GI 

54.9 24.11 
61.0 24.84 
70.1 25.56 
73.2 25.95 
79.2 26.61 
85.3 27.06 

Thermal Conductivities 

Depth Int Lith I keM SSD N 

0.0 61.0 

3.69  0.27 3 S 91.0  104.0 
3.46 2 S 61.0  73.0 
2.77 2 S & M 

122.0  128.0 S - 3.87 2 
61.0  142.0 S 3.68  0.24 7 

91.4  27.39 
27.89 

103.6  28.22 
109.7  28.78 
115.8  29.00 
121.9  29.22 

0.40 0.05 1.51 0.21 
0.40 0.05 1.72 0.24 
0.40 0.05 1.80 0.25 
0.40 0.05 1.84 0.26 
0.40 0.05 1.79 0.21 

Comments: 
Lithologic logs: Chapin, driller's log 



18.60 
16.81 

9.1 17.47 
12.2 17.92 
15.2  18.16 

18.3 18.36 
21.3  18.53 

24.4  18.67 

A76 

Well Number: 41 

Subsurfaxe Tempembxes 

2 T 

27.4 18.83 
30.5 18.98 
33.5 19.12 
36.6 19.27 
39.6 19.42 

42.7 19.53 
45.7 19.70 
48.8 19.83 

2 T 2 T 

( 4  ("GI ( 4  ("C) 

51.8 19.96 76.2 20.90 
54.9 20.04 79.2 21.02 
57.9 20.13 82.3 21.16 
61.0 20.27 85.3 21.29 
64.0 20.41 88.4 21.41 

67.1 20.52 91.4 21.56 
70.1 20.66 94.5 21.68 
73.2 20.78 97.5 21.80 

lhermal Conductivities 

I 15.0 97.0 I MS,S & G I 2.67 * 0.26 5 I 0.30 0.10 I 1.71 0.31 I 
Commenb: 
Lithologic logs: Chapin and driller's log 
* ke: operator values (ok) 
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A78 

Well Number: 42 

Subsurface Temperatures 

2 T 

3.0 18.42 
6.1 17.35 
9.1 18.08 
12.2 18.44 
15.2 18.67 
18.3 18.87 
21.3 19.07 
24.4 19.21 

2 T 

( 4  ("C) 
27.4 19.38 
30.5 19.53 
33.5 19.70 
36.6 19.85 
39.6 20.02 
42.7 20.17 
45.7 20.35 
48.8 20.50 

2 T 
( 4  ("Q) 

51.8 20.66 
54.9 20.82 
57.9 21.00 
61.0 21.16 
64.0 21.31 
67.1 21.47 

~ 70.1 21.66 

~ 73.2 21.82 

B e d  Conductivities 

Depth Int Lith I keu * SSD N I f A@ I kn  5 Aka 

I ~"[21 I I I21 
0.0 79.0 I MS,S & G I 2.39 * 0.15 7 I 0.30 0.10 I 1.59  0.27 

Comments: 
Lithologic logs: Chapin and driller's log 

I * ke: operator values (ok) 



z T 
( 4  ("GI 

9.1 17.83 

12.2 18.28 

15.2 18.18 
18.3 18.30 

24.4 18.60 

30.5 18.89 
36.6 19.18 

42.7 19.50 

A79 

Well Number: 43 

Subsurface Temperatures 

2 T 
( 4  ("a) 
48.8 19.78 
54.9 20.11 
61.0 20.47 
67.1 20.76 
73.2 21.05 
79.2 21.32 
85.3 21.76 

91.4 22.10 

7. T 

( 4  ("Q) 

97.5 22.48 
103.6 22.81 

109.7 23.20 
115.8 23.56 
121.9 23.90 
128.0 24.26 
134.1 24.65 
140.2 24.97 

lhermal Conductivities 

2 T 

146.3 25.32 
152.4 25.61 

I 12.0  152.0 I CS (p) I 2.16  0.07  5 I 0.20 0.05 I 1.68 0.15 I 
Comments: 
Lithologic log: Chapin 

- 
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z T 

( 4  ("C) 

3.0 19.83 

6.1 17.92 
9.1 18.67 

12.2 19.08 
15.2 19.27 

18.3 19.42 

21.3 19.58 

24.4 19.75 

A8 1 

Well Number: 44 

Subsurface Temperatures 

z T 
( 4  ("C) 

27.4 19.92 
30.5 20.04 
33.5 20.13 
36.6 20.27 
39.6 20.38 
42.7 20.50 
45.7 20.62 
48.8 20.74 

2 T 

( 4  ("C) 
51.8 20.86 
54.9 20.98 
57.9 21.09 
61.0 21.22 
64.0 21.33 
67.1 21.43 
70.1 21.56 

?hermal Conductivities 

Depth Int ke & M e  i A@ k e ~  i SSD N Lith 

( 4  ( 4  ($1 ($1 
12.0 46.0 

1.53 0.24 0.30 0.10 2.27 * 0.19  6 MS & S 46.0  76.0 
1.51 0.24 0.30 0.10 2.23 * 0.06  4 MS,S & G 

Comments: 
Lithologic logs: Chapin and driller's log 
* k ~ :  values from om lab and from the operator [ok) I 



z T 

( 4  ("C) 

3.0 19.53 

6.1 17.92 

9.1 18.23 

12.2 18.53 

15.2 18.71 

18.3 18.91 

21.3 19.14 

A82 

Well Number: 45 

Subsurface TemDemes  

z T 

( 4  ("GI 

24.4 19.36 
27.4 19.56 
30.5 19.79 
33.5 20.02 
36.6 20.23 
39.6 20.46 
42.7 20.68 

z T 

( 4  PC)  

45.7 20.90 

48.8 21.12 
51.8 21.35 
54.9 21.57 

57.9 21.82 

61.0 22.06 
64.0 22.26 

Thermal Conductivities 

z T 

( 4  (" 0) 

67.1 22.45 
70.1 22.66 
73.2 22.86 
75.9 23.03 

1 0.0 76.0 I G,S & M  1 2.07 * 0.17 10 1 0.30 0.05 1 1.43 0.13 1 
Comments: 
Lithologic logs: Chapin and driller's log 
* ko: operator values (ok) 
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A84 

Well Number: 46 

Subsurface Temueraixres 

3.0 21.21 
6.1 18.83 
9.1 19.32 
12.2 19.75 
15.2 20.02 
18.3 20.23 
21.3 20.45 
24.4 20.66 
27.4 20.90 
30.5 21.10 
33.5 21.31 

39.6 21.68 
42.7 21.86 

51.8  22.41 

61.0 22.96 
64.0 23.14 

70.1 23.50 
73.2 23.67 
76.2 23.85 
79.2 24.04 
82.3 24.21 
85.3 24.37 
88.4 24.55 
91.4 24.72 
94.5 24.89 
97.5 25.06 
100.6 25.22 

Thermal Conductivities 

103.6 25.39 
106.7 25.56 
109.7 25.73 
112.8 25.91 
115.8 26.08 
118.9 26.25 
121.9 26.42 
125.0 26.59 
128.0 27.31 
131.1 26.67 

I 27.0  134.0 I S & G I 2.97 * 0.09 5 I 0.40 0.05 I 1.58  0.17 
Comments: 
Lithologic logs: Chapin and driller's log 
* ke: operator values (ok) 



Well  Number: 47 

3.0 
6.1 
9.1 
12.2 
15.2 
18.3 
21.3 

19.88 24.4 19.34 45.7 19.85 
17.99 27.4 19.42 48.8 19.92 
18.67 30.5 19.49 51.8 20.00 
18.96 33.5 19.58 54.9 20.07 
19.05 36.6 19.64 57.9 20.15 
19.14 39.6 19.71 61.0 20.23 
19.25 42.7 19.79 64.0 20.31 

Thermal Conductivities 

2 T 

67.1 20.37 
70.1 20.42 
73.2 20.50 
76.2 20.56 

G & M S  I 4::: ;::: I MS & S 
2.16 * 0.16 4 I 0.30  0.05 I 1.48 
2.11 * 0.14 4 0.30  0.10  1.45  0.22 

Comments: 
Lithologic  logs:  Chapin  and  driller's log 
x ke: values from our lab and from the  operator (ok) 
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A87 

Well Number: 48 

Subsurface Temperams 

6.1 16.49 
9.1 16.22 

12.2 16.70 
15.2 17.00 

18.3 17.17 

24.4  17.50 

79.2 19.57 48.8  18.53 
73.2 19.37 42.7 18.25 
67.1 19.16 36.6 17.99 

91.4  19.93 61.0 18.90  30.5  17.76 
85.3 19.76 54.9  18.74 

Thermal  Conductivities 

I 0.0 91.0 I S,M & G I 3.06  0.14 6 I 0.30  0.10 

Comments: 
Lithologic Log: Chapin 



A88 

Well Number: 49 

Subsurface Tempembxes 

2 T z T 2 T z T 

6.1 17.75 

91.7 20.39 67.1  19.71 36.6 18.90  18.3 18.29 

91.4 20.35 61.0 19.66 30.5 18.74  15.2 18.14 
85.3 20.16 54.9 19.40 27.4  18.64 12.2 17.79 
79.2 20.02 48.8  19.40  24.4  18.55  9.1  17.32 
73.2 19.88 42.7 19.08 21.3 18.46 

Thermal  Conductivities 

Depth Int Lith 

I 0.0 91.0 I G,S & M I 2.99 0.03  3 I 0.30 0.05 I 1.86  0.20 

Comments: 
Lithologic Log: Chapin 
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B1 

Appendix B 

HeatrFlow Determinations 

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

(in text) and in Figure B1. 

The heat flow (q) across an interval is equal to the product of the thermal 

conductivity of that interval (k,) and the temperature gradient across that interval 

(I?). Geothermal studies are most often concerned with the vertical temperatwe 

gradient as measured from  a temperature well log. 

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 heabflow determinations), then that value (or a median value of simi- 

l a r  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 fluid  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 msume that the  annulus between the  casing and the  well  bore is 

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

Some temperature 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 



34'05'N 

34"OO'N 

Fig. B1. Heatflow contour map. He&  flows  given in ntW m4 (1 I N W  = 41.84 arlY *I]-*). Note  magnified  inset. of Wood's Tun- 
nel  area.  The uncertinties of the heatflow detcnninations mnge flnm 10% to 20%, except for IleatAlow cstimntcs (indicated by 
*) which  have l~ ig l~er  uncertainty. Cilcled nlnnbcls we  contour labcls and contouls wc dasl~ad wlww h t a  is spalse. Note t h t  

contour  interval  varies  between 25 and 150 tnW m4 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 annulus. 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). A n  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 surface tempera- 

ture. Heat flows estimated from these  average gradients are denoted by astericlcs 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 near-surface ground-water flow may be 

iduencing temperatures in the uppermost material. It is possible that hyydrologic 





recharge infiltrates into the upper material (reducing temperature gradients), and 

then flows laterally on top of  the  claystone quitard. Another possibility is that 

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 a b v e  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 heatrflow. 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. 



B6 

Uncertainty and error in heabflow  determinations 

Tnere are uncertainties and emrs  associated with both the temperature gra- 

dient and the thermal conductivity (he) of an interval. In  order to quantify the 

uncertainty we use the relationship: 

from Young (1962), which  can be written 

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 a c c w y  of temperature measurements made by industry investigators is 

unknown, so we msume their measurements are as atcurate 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 e m r  introduced into temperature 

gradient determinations by e m r  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 to be 

systematically high by less than 3% (op.  cit.). We do not include the systematic 

cable-stretching error in our uncertainty calculations, instead noting the possibility 

of such a systematic over-estimation of heat flow. 

Temperature gradients are calculated by determining the IeasGmean-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 



that the  random e m r  in  the  temperature  measurement is incorporated  into the 

standard deviation of the  gradient. 

Thermal conductivity 

The  uncertainty  in k e  consists of  the uncertainty in the matrix thermal  con- 

ductivity ( k Q M )  and in porosity (@). In-situ  thermal  conductivity is determined by 

the formula 

k ,  = k g w  * kgM1+ 

where k,, in the thermal  conductivity of water. 

The uncertainty of k~ is determined by 

and therefore 

Matrix  thermal  conductivities ( k e M )  of samples fmm most si& were  measured in 

the  lab as described  in  Appendix C. The uncertainty of our k e ~  measurement 

( A k e M )  is assumed to be  equal to the reproducibility of  the measurements: =k4 % 

(%iter  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 described 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  mcks in the  Socorro area. 

Uncertainty in porosity  introduces  most of the  uncertainty in the  determination of 



Table B1: Uncertainty in keM Data 

&eM Type of k,, data 

:percent) 

4% At least 3 measurement by our lab or by operator 

whose  measurements of keM are  consistent with our lab. 

6% 1 or 2 measurements in  our lab, or 

No samples, only measurement  available from operator 

whose k,, 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. 

ke. Values of @ and A+ (the uncertainty in +) used in this study are listed in 

Appendix C (for each litholigic unit) and in Appendix A (and for ewh 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 Socorm area have  been  considered. 

Diurnal  and annual periodic  surface  temperature variation is negligible 

(XO.1%) for depths greater than 22 m (Minier, 1987). In this study, we  usually 

neglected  any data from depth shallower than 30 m. The effect of long  term 



climatic 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 Socorm area 

The influence of local 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 hea&flow variation observed in the Socom  area The only areas 

at which  the terrain correction is significantly greater is near the tops of local 

peaks, where no heabflow data have been obtained. Terrain corrections have not 

been applied to data fmm 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 Socom hydrothermal system. 

We also considered the effects of sedimentation and  emsion  on  heat flow. 

The natural effect of these processes would be to reduce heat flows in areas of 

extensive sedimentation, such as La Jencia Basin and the Socorm 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 (Caslaw and Jaeger, 

1946, second edition, Chapter 15.2). We found  that a reasonable emsion or sedi- 

mentation rate for the Socom 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 

flows 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 Socom 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 ( k e M )  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 (he). 

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

mal conductivity k~ pv (0.61 W m0 C'), then the relationship between in-situ and 

matrix thermal conductivities is as follows: 

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 Socom geothermal sites. Porosity is  very difficult to deter- 

mine for geologic units in the Socom 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 unconsolidated 

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  matsix porosity of claystone cuttings 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  situ 

would be suppressed by lithosiatic 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 %for claystme and 1.4 to 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 measurements. 

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% (Ibrabim, 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 Osburn were used in conjunction with our 

own observation of cuttings and operator lithologic logs to detemine 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 esample: ’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 into 

heabflow determinations for sites in  such material. 

In addition to the problem of in-situ porosity, there also remains the problem 

of saturation. Equation (Cl) was obtained assuming that the  pore space is entirely 

filled with water in-situ. That 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 breccia using thermal 

diff usivity is very close to the value we obtain for volcanic breccia from the same 
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1 Table C1: Assumed Porosity of Geologic Materials 

Material  Porosity (%) 
Gravel 
Bouldels 
Gravel, sand and  mud 
Gravel,  mud  and sand 30 f 5  
Sand, gravel  and  mud 
Sand, mud and gravel 
Sand 
Sand and  mud 40 zk5 

Clay 
Mud 
Mudstone (poorly indurated) 
Clay  and sand 30 =t10 
Mud and sand 
Mudstone  and sand 
Claystone 
Claystone  and  gravel  20 L-5 
Sandstone 
Claystone  and  Sandstone  25 =t5 
Claystone and Sand 
Well-indurated 
Conglomerate or Mudflow  20 zt5 

Lava flow 
Welded Tuff 20 *5 

location using  the  technique of Reiter and Hartman (1971), assuming  complete 

saturation (“1.7 1y mo C’). 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 



moisture content, and relatively close to the saturated k ,  unless the soil  is very 

dry. In general, fine-grained materials tend to have a higher moistm 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 iduence 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 kQAl we  meas- 

ured 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 keM of all available 

samples ourselves. Values of k,, 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 case 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 1  measured by Reiter and Smith, 1977), all samples were of Tertiary 

volcanic and sedimentary rocks.  The thermal conductivities of these Tertiary 



rocks are almost all less than 2.0 W ma C-l, and more than half  are less than 1.7 

W ma c-1. 

Porosity measurement 

Matrix porosity of Popatosa claystones was measured using a density bottle 

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 errom due 

to surfme 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 matrix 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 matrix 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 i t  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 



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  bottle 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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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 goveming equation is 

where h is the  hydraulic  head, and kHx and kHz are the  hydraulic  conductivities 

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

Hydraulic conductivity 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-cawed viscosity  variation 

are not modeled.  The  governing  equation is applied to a block-centered  grid (illw- 

trated in Figure Dl). Note that the  first index, i, denotes the  vertical  coordinate, 

and j denotes  the  horizontal.  We obtain 

dh dh 

Ax 
( ~ H X  Zh,j+% - ( ~ H X  z)<,i-% + 

where 
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+ (id-1) 

Fig. Dl. Block-centered grid used in finite difference modeling. 



and 

Heads are calculated at  ewh 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: 

CC I h ( i d k - 1  -h ( i , j ) k  I < C 
m n  

i=-lj=l 
035) 

where k is the iteration number, and C is a convergence factor chosen to be less 

than 1% of the total head change across the system. 

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 

where p~ and CF are the density and specific heat of water (assumed constant in 

this model) and ke is the  thermal conductivity of the saturated po~uus medium 

(which may vary  with position but is assumed isotropic in this formulation). vx 

and vx are the volumetric fluid  fluxes in the x (horizontal) and z (vertical) direc- 

tion, which are determined by Darcy’s law: 

v, = -k  dh 
HX a vZ = 

dh 



In terms of the  block centered grid of Figure Dl, the  governing equation is 

where  the  fluid flow rates (wx and w z )  are defined  by equation D7 and D4a and 

D4b, and where 

(DlOa) 

(D10b) 

T, is an upstream weighted temperature,  used in advective tern 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, 



where 

Px = "I" + .5 VX 

v.Y 
(D12a) 

(D12b) 

If Q = 0, no  upstream  weighting is applied; and Q = .5 for full upstream 

weighting. When temperatures did not converge with Q =0, increasing values of 

a were tried until  convergence  was  obtained. 

Temperatures  are  calculated at eath point, by direct solution, using the tem- 

perature values of smunding  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 



analytical solution for fluid flow velocities less than 10"jrn 8-l (using a grid 

spacing of 100 m). (Velocities obtained in modeling of the Socorro hydrothermal 

system are generally <IO-* m s".) 

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  heatrflow  boun- 

dary condition, and upper-boundary  constant  temperature (i.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 amurately simulated heat and  fluid  transport. 

T h e  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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c 93ha.f 
C finite  difference,  block  centered  grid 
c solution to head  equation.  double  precision. 
E Hydraulic  conductivity (k) may vary with  position  and  be  anisotropic. 
c Boundaries m y  be fixed flow, fixed  head, or a combination of the  two. 

c Input  files  from  9fa.f 
c gfa.dat 
c boundh.dat 
c Output  files 
c 9fn.dat  (updated  version of gia.dat: to restart  program 
c where  you  left  off  and  continue  iterations, mv gfn.dat 
c to gfa.dat  and  then  restart  93ha.) 
c g3ha.out ( comented output:  this is what  you  look  at) 
c COntour.oUt ( data  file  containing  system  dimensions  and  head 
c data  which can be contoured  by  contour.f) 

c 

- 
real k(105,205),l,pi,ky(lo5,205) 
dimension t(105,205),h(105,205),xh(105,205) 
dimension tn(105,205) 
cammon/aa/m,n,delx,dely,acon,bcon,~p,alf 
comon/bb/gam,to 
double  precision  h,t,delh,ts 
character '10 filnx,filny,tkf 

apen(uni t -2 l , f i l e - 'g fa .dat ' )  
open(unit-15,fi le-'g3ha.out')  

c input:  md: W of grid  points  vertically,  nd: 8 of  horizontally, 
c both  md  and  nd  exclude mirror points, so the  sYstem  the  COmDUteI 
c deals  with is md+2  by  ndr2 
c yo:  height of true system (m) (excluding 
C mirror points), 1: width,  excluding  mirror  points 
C niterlr:  max number Of additional  h  iterations per run of  93head, 
c C o w :  h convergence criteria (<.01) sum(abs(de1h  between  steps)) 
c niter2r:  max number of  additional  t  iterations  per run of g3temp, 
c conv2:  t convergence criteria (<.01) sum(abs(de1t  between  steps)) 
C to:  temp at surface (C), gam: background  temp  gradient  (C/km),  tcond:  thermal 
c conductivity (W/mC) 
c np:  Output Eritkii, np -1 to output  all  values, np-2, ever other  val 
c acon,bcon: head  parameters  Used  in  analytical  head  solutions for test 
c iterl: number of head  iterations  already  performed  before  this run. 
c h(m.0): initial  hydraulic  head  distribution (m)  mxn matrix 
c k(m,n):  hydraulic condwtivity matrix (m/s) 
c tlm.nl:  temoeratures rcl 
c iieiz'numbe; of temp it;rations.already  performed  before this run 

~ ~~~ ~ ~ 

read(21,*)md,nd,yo,l,niterlr,conv,niter2r,convZ 
read(21,*)to,gam,tcond,np,acon,bcon,iterl,del 
read(Zl,+)tkf 

, etc  
cases 
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105 

106 

107 

108 

15 

17 

read(Zl,*)nakx,naky 
write(6,*)md,nd,yo.l,niterlr,canv,niter2r,conv2 

m-mdi2 
n-ndr 2 
if(nakx.eq.l)then 
read(21,*)xkx 

do 105 1 - 1 , m  
do 105 j-1," 
k(i,j)=xkx 
else 
read(Zl,*)filnx 
apen(unit-22,file-filnx) 
do 106 i-l,m 
read(zz,*)(k(i,j),j=l,n) 

end if 
write(*,*)'  entered  kx' 
if(naky.eq.l)then 

write(*!*)xky 
read(ZI,*)xky 

do 107 1-1,m 
do 107 j-I," 
ky(i,j)-xky 
else 

c true number of grid  points  needed  including  mirror  Points 

write(*<*)xkx 

close(u"it-22) 

read(21,*)filny 
open(unit-22,file-filny) 
do 108 i-1,m 
read(22,*)(ky(i,j).j-l.n) 

write(*,*)'  entered  ky' 
end if 

do 15 i=l,m 
read(21,*)(h(i,j).j-],n) 

read(2l,')(t(i,j),j=l,nl 
do 17 i-1,m 

read(ZI,*)iterZ 
close(""it-2l) 

c maximum  total number of head  iterations 

write(*,*)'  entered a l l  data' 
niter-iterltniterlr 

lowed 

f********l*ll.**LII**L*ill*********ltll~~** 

c convert C D m  to C/m 

c block  widths 
gam-gam/lOOO. 

delx-l/nd 
dely-yo/md 

c hydraulic  conductivity 
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c density  of  water  kg  m-3 

c specific  heat of water 
rho-1000. 

pi-3.14159 

a-41R4 . ""_ 
c a constant  that  may be used  in  analytical  solutions 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

alf-tcond/(rho*c) 

c calculate  surface  temperature:  half  way  between  top L 2nd row of 
c grid  points 

ts-(t(l,l)+t(2,2))/2. 

write(ls,*)'  surface  temp:  ',ts 
write(l5,*)' ' 
write(l5.t)'  femperature  gradient ( C h )  ',gam 
write(15,*)' 
write(l5,*)' themal conductivity (W/C*m**2): ',tcond 
write(l5,t)'  thermal  diffusivity (m**z/s): ' , = I f  
write(lS,*)' ' 
write(l5,*);  hydraulic  conductivity:  *,k(l,l) 
write(l5,') ' 
write(l5,*)'  horiz x :  ,,l,' m ; dr=  ',delx,' m; n- ',n 
write(l5,*)' ' 
write(IS,*):  vert  y:  ',yo.' m ; dy-  ',dely.' m; m- ',m 
write(l5,*) 
write(l5,*)' acon,bcon ( m )  ',acon,bcon 

bb-cosh(pi*yo/l) 
write(l5,")' ' 

write(l5.f)' ' 
c 
c write(l5,*)'  cosh(pi*yo/xl) = ',bb 

write(l5,*)' * 
write(l5,*)' 

c * * * * * * * L * * * l t t * * " * * I I l * I * * . * L I * L 1 * * I * * * * * * * * * * *  

c set  head  boundary  conditions 
call boundh(l,h,l,k,ky) 
do 888 i-1.m c 

c888 write(6,*)(h(i,j),j:l,n! 
c Numerical  sol"  for  head  dlstrlbution 
c Start  iterating,  stop  when  heads  have  converged 
c or when number of  iterations  performed  this run 

iter-iter1 
exceed  niterlr 
(stopped  changing) 

c set  boundary  conditions  for  head 
c wite(l5,*)'  call  boundh 2' 

call  boundh(2,h.l.k.kv) . . _ .  
m-mod(iter;lOO) 

c check  against  analytical  solution  (simple  test cases) 
if(mn.eq.0)then 

c Call anlyt(l,h,l,yo,iter,delh) 
c mass convergence  calculations 

xleft-0.0 
xright-0.0 
do 88 i-2,m-1 

88 
xleft-xleft-k(i,1)r(h(i,2)-h(i,1))*dely/delx 
xright-xright-k(i,n)*(h(i,n)-h(i,n-l))*dely/delx 
xtop~0.0 
xbot-0.0 
do 89~j-2,n-l 

89 
xtop-xtop-ky(2,j)*(h(2,j)-h(l,j))*delx/dely 
xbot-xbot-ky(m-l,j)*(h(m,j)-h(m-l,~))*delx/dely 

E left is the  net mass coming into  system  through  the  left  hand  side 
dSum-xleft-xTight+Xtop-xhot 

c right  is  the the mass leaving  the  System  through  the  right  hand 
c side,  dsum is the  difference.  If  top  and  bottom  have no flow 
c boundary  conditions,  dsum  should be very small 

write(*,*);  left-  ',xleft,'  right= ',might,' dsum-',dsum 
write(*,*)  top  ',xFop,'  bet  ',xbot 
write(l5,*)'  left-  ,xleft,  right= ',might,' dsum-',dsum 
write(l5,*)'  top  ',xtop,'  bot ' , h t  
end if ~~~ ~~ 

mmod(iter,50) 
if(mn.eq.0)then 
write(6,*)'  iter:  ,,iter,!  delh-  ',delh 
end  if 
if(delh.gt.conv.and.iter.1t.niter)goto 10 

c t,*******L*,.*lll**t***fl*)l*********~***,**, 

c Output  to  file  gflow33n.dat  which  is  identical to gflow33 
c except  that  it  contains  updated  h values and  iter value 
c so calculations can be  continued  from  where  the  last 
c run left  off  by  moving  gflow33n.dat  to  gflow33.dat 

U 
m 

open(unit-22,file-'gfn.dat') 
write(22,*)md,nd,yo,l,niterlr,conv,niter2r,convZ 
write(22,*)to,gamm,tcond,np,acon,bcon,iter,delh 
write(22,*)tkf 
write(lZ,*)nakx,naky 
if(nakx.eq.l)then 
write(Z?,*)xkx 
else 
write(22,*)filnx 
end  if 
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write(ZZ,*)xky 
if(naky.eq.l)then 

write(ZZ,*)filny 
else 

end if 

do 42 i-1.m 
42 write(22,*)(h(i,j),j-l.n) 

47 

4 8  

52 

no-”-1 
write(l7,*)mo,no,ymin,min,yo,l 
do 47 i-1,ml 
do 47 j-1,” 
tn(i,j)-(h[i,j)+h(i+l,j))*.5 
do 4 8  i-1,m-1 
do 4 8  j-1,”-I 
xh(i,j)-(h(i,j)+h(i,j+l))*.5 
do  52  i-1,m-I 
write(l7,*)(xh(i,j),j-l,n-l) 
close(unit-17) 

c output  to  regular  output  file 

write(l5,*)’ ’ 
write(l5,*): fter: !,iter,*  delh-  ‘,delh 
write(l5.t) 
write(l5,*)’  hvdraulic  heads:  numerical’ 
do  50  i-2.i-l:bp 
write(l5,*)’ 

50 write(l5,*)(hli,j),j=l,n,np) 
c call anlyt(2,h,l,yo,iter,delh) 

subroutine  solveh(h,k,ky,delh) 

real  k(105,205),ky(105,205) 
common/aa/m,n,delx,dely,acon,bcon,np,alf 

dimension  h(l05,205) 
double  precision h,kkk,dx2,dy2,delh,xh,kip,kim,kjp,kjm,a 

del  h-0.0 
dx2-delxrdelx 
dyZ-dely*dely 
do 200 i-2,m-1 
do 200 j-2,n-1 
xlot-k(i,j) 
ulrU-*u, i ~ 7 ,  .... ..l \ .., ,, 
kip-dble(2.*xky*ky(i+l,j)/((xky+ky(i+l,j))*dy2)) 
kim-dble(2.*xky*ky(i-I,j)/((xky+ky(i-l,j))*dy2)) 
kjp-dble(2.+xlu+k(i,j+l)/((xkxlk(i,j+l))*da2)) 
kjm-dble(2.*xlot*k(f,j-l)/(lxkxik(i,j-l))*dx2)) 
kkk-kiprkimikjptkjm 

xh-h(i,j) 
~-kipth(i+l,j)rkim*h(i-l,j~+kjp*h~i,j+l~+kjm*hli~~-~~ 
h(i,j)-aDkk 
delh-dabs(xh-h( i , j ) ) iae lh  

200 continue 

return 
end 

c * * * *  head  boundary  Conditions . . . . . . . . . . . . . . . . . . . . .  

c 

c “a? - 
c 
c ?h( ) 
c nh?? 
c tried 

real  bhi205),1 

set  boundary  conditions 
open(unit-lb,file-’boundh.dat*) 
1 for fixed  head be 
2 for fixed  flow bc 
are arrays  containing  the  fixed  head or 

to use these) 
are indexes for use With mixed  boundary 

read(lb,*)nal,~hll,nh2l,”fll,ni21 
read(l6,~)(lh(i).i=l,m) 
read(l6,*)na2,nhl2,nh22,”fl2,”f22 
read(l6.*)(rh(i),i-l.m) 

flow values 
conditions ( I haven’t 
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120 h(l,i)-2.*th(i)-h(Z,i) 

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

do  120  i-oh13,nh23 

do 121  i-nf13,nf23 

end I f  

c 
c 
c left 

50 

60 

70 

12 

write(6,*)nal,lh(l),lh(m),na2,rh(l),rh(m) 
write(6,*)na3,th(l),th(n),na4,bh(l).bh(n) 

do 50 1-la 
if(nal.eq.1)then 

end If 
h(i,l)-2.*lh(i)-h(i,2) 

do 60 i-1,m 
if(nal.eq.2)then 

h(i,l)-h(i,2)+delx~lh(i)~(i,l) 
end if 

do 70 i-nhll.nh2l 
if(nal.eg.3)then 

do 72 i-nfll,nf21 
h(i,I)-Z.*lh(i)-h(i,2) 

end i f  
h(i,l)-h(i,2)+delx*lh(i)m(i,l) 

hand  sid 

c bottom 
if(na4.eq.l)then 

130 h(m,i)-2.*bh(i)-h(m-l,i) 
do 130 i-1, n 

end if 
if(na4.eq.z)then 
do 140 i-1," 

end if 
140 h(m,i)-h(m-l,i)-bh(i)*dely/ky(m,i) 

if(na4.eq.3)then 
do 160 i-nh14,nh24 

160 h(m,i)-2.*bh(i)-h(m-l,i) 
do 162 i-nf14,nf24 

162 h(m,~)-h(m-l,i)-bh(i)*dely~(m,i) 
end If 

return 
end 

c right  hand  side 
if(na2.eq.l)then 

80 
do 80 i-l,m 
h(i,n)-2.*rh(i)-h(i,n-I) 
end I f  
ii(na2.eq.z)then 
do 90 i-1.m 

end  rf 
iflnaZ.ea.31then 

90 h(i,?)-h(i,n-1)-delx*rh(i)/k(i,n) 

95 
d0'95 i-;hlZ,nh22 
h( i , n ) -2 . t rh ( i ) -h ( i , n - l )  
do 92 i-nf12,nfZZ 

92 h(i,n)-h(i,n-l)-delx*rh(i)m(i,n) 
end if 

c toD: 
if(na3.eq.l)then 
do 100 i-1," 

100 h(l.i)-Z.*th(i)-h(Z,i) 
end if 
if(na3.eq.Z)then 
do 110 i-1," 

end  If 
if(na3.eq.3)then 

110 h(l,f)-h(Z,i)+th(i)*dely/ky(l,i) 
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c gflow33n.dat:  updated  gflow33.dat. TO continue  iteration of 

c g3temp.out:  Commented  output:  this is what  you I w k  at 
c Contt.OUt:  Data file  containing  system  dimensions  and 
c temperatures.  This can by  cODtoured  by  c0ntour.f 
c qs.dat:  Data file containing surface temperature  gradients 
c These can be plotted  using  david.f 

c 
C 

temperature  solution my gflow33n.dat  gflow33.dat 
and run g3temp.f  again 

real k(105,105),l,pi,ky(105,105) 
dimension t(105,105).h(105,105),vx(105,105),vy(105,105) 
dimension gsn(105),xr(105),yy(105~,tc(105,105),te(105,105) 

cormnon/aa/m,n,delx,dely,np 
dimension  tk(105,105) 

comnon/bb/tk 
double  precision delt,h,t,delh,ts,vx,vy,gsn 
character '10 filnx,filny,tkf 

open~unit-21,file-'gfa.dat') 
open(unit-15,file-'g3ta.out') 

c input: m: B of rows, n: t of cols,(excluding mirror points) 
c yo:  height of true  system (m) 1: width,  (excluding mirror points) 
c niterlr: max number of iterations  per run of g3head.f, 
c con": convergence criteria ( < . I )  
c niter2r: max number of iterations  per run of g3temp.f 
c conv2: convergence criteria (c.01) 
c to:  temp at surface (C), gam: background  temp  gradient  (C/km),  tcond:  thermal 
c conductivity  (W/mc) 
c acon,bcon: heid.  paiameters  used  in  analytical  solutions 
c iterl: number oi head  iterations  alreadv oerformed 
c delh: convergence of heads a&hi&ea  (must  be small) 
c h(m,n): hydraulic  head  distribution (m) mxn matrix 
c k(m,n): hydraulic  conductivity  matrix (m/s) 

~ . ~~ ~~~ ~~~ 
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c 

105 

106 

107 

108 

15 

17 

c t(m,n): initial  temperatures (c) 
c iterl: number of  temperature  iterations  performed 

read(2l,*)md,nd,yo,l,niterlr,conv,niter2r,conv2 
read(2l,*)to,gamm,tcond,np,acon,bcon,iterl,delh 
read(21,t)tkf 
read(21,*)nakx,naky 
~ite(6.*)md,nd,yo,l,niierlr,conv,niter2r,conva 
m-mdt2 
"="dl2 

read(Zl.+)xkx 
if(nakx.eq.l)then 

do 105 i-1.m 
do 105 j-1," 

else 
k(i,j)-xkx 

read(Zl,*)filnx 
open(unit-22,file-film) 
do 106 i-1.m 
read(zz,*)(k(i.j),j-l,n) 
closelunit-22) 
end if 
iflnakv.ea.llthen 

;ea;i(2l,*)fil"y 

do 108 i-1.m 
open(unit-22,file-filny) 

do 15 i-1,m 
read(2l,*)(h(i,j),j=l,n) 
do 17 i-1.m 
r e a d ( z l , * j ( t ( i , j ) , j - I , n )  
read(Zl,*)iter2 
close(unit-21) 

c bet is upstream  weighting  factor, 0 < bet < .5, 0 is no upstream 
c weighting, .5 is fully  upstream  weighting.  Upstream  weighting 
c will  improve convergence of solution  when  convection is dominant. 

open(unit=21,file-'weight') 

read(21,r)bet 
close(unit-21) 

C Thermal  conductivity  data 
open(unit=21,fiIe=tkf) 
do 200  i-1.m 
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200 read(zl,~](tk(i,j),j-l,n) 
close(u"lt-21) 

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

niterZ-iterZiniterZx 
c It***l~l*f*f.L*************.,**.*,,,~~*.~*., 

9am-gaoon/1000. 
delx-l/nd 
dely-yo/md 
pi-3.14159 

0 ft..*ll.***ff,************.,~***,,,,,,**~*** 

c outp ,ut to regular  output  file 
ts-(t(l,I)rt(2,2))/2. 

write(l5,*) 
write(l5.t):  output  g3ta.out' 

wite(l5,*)'  upstream  weighting,  bet-  ',bet 
write(lS,*)'  (O<bet<.5, 0 mean no weighting)' 
write(l5.r)' a 
write(15,r)'  surface  temp:  ',ts 
write(l5,*)' ' 
write(lS,+);  temperature  gradient ( C m )  ' , gam 
write(l5,*) 
write(lS.*)'  thermal  Conductivity (W/C*m**2): ',tcond 
rc-4185000.0 

write(l5,*)'  thermal  diifusivity (m:*Z/s): ',alf 
alf-tcond/rc 

write(l5.r)' 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

write(ls,*)* * 
write(l5,r)'  horiz x: ',l,% m ; dx= ',delx,' m; n= ,,n 
write(lS,*)' * 
write(15,*)9  vert  y:  ',yo.' m ; dy-  ',dely,' m i  m- t,m 
write(l5,*)' ' 
write(lS,*)' acon,bcon (m) ',acon,bcon 
write(l5,")' ' 

887 ~~(j)~(j-z)*delx+.s'delx 
do 887 j-2,"-1 

888  W(i)-(i-Z)ldely+.S*dely 
do 888 i-2.m-1 

write(l5,r)'  hydraulic  Conductivity: a 

write(l5,t)' kx 
write(l5,*)' ' 
write(l5.r)' ' 
write(I5,919)(u(i),i=2,"-1,"p) 

919  format(7(flO.l,x)) 
do 14 i-2.m-1 .no 

18 &it;ii5;!3j(ky(i,j),j-Z,n-l,np) 
9 format(7(el0.3.x)) 

writell5.t)' ' 
writeils;*j 
write(l5,t)' thermal conductivity' 
do 899  i-Z,m-I,np 

899 write(l5,*)(tkci,j),j-2,"-l,"p) 

write(lS,*)' ' 
write(l5,*)'  Solution for Heads:  iter:  ',iterl,'  delh-  ',delh 
write(l5.t)' ' 
wite(l5,f)'  hydraulic  heads:  numerical' U 

Y 

vrite(l5,908)xe,(u(j),j-2,n-l,np) 
Xe-0. 

write(l5,*)' 
do  44  i-Z,m-l,np 

44 write(15,908)yy(i),(h(i,j),j-2,n-l,np) 

write(22,*)filnx 
end if 

wite(Z.*)xky 
if(naky.eq.l)then 

else 
write(22,*)filny 
end if 

42 
do 42 i-1,m 
write(22,^l(h(i.j),j-l,n) 
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c * * * * * * * t t * * * t ~ * * * f . t * I * l f * * * * * * ~ * . * * * * * ~ ~ * ~ ~ * *  

c use darcy's l a w  to find  velocities  given  the  heads  and  hydraulic 
c Conductivities 

call velllh.k.Lv.vx.vvl 
c boundary  conditions for temperature 

call  boundt(l,t,ts) 

. ~ . ~ ~ , ~ ~ _ .  ~~, ~ 1 ,  

c *~Lt,tl,~**l,**t*l,l~.********,,~,*~~***~** 

c Start  iterating  temperature  solution  where  restart  (if any) left  off 

iter-iter2 

60 
call gradn(t,gsn) 
continue 

E solve for  temperatures  numerically 
iter-itercl 

c set  boundary  conditions 
call solvet2(iter,t,vx,uy,delt,bet) 

call  boundt(2,t.ts) 

c **t*****rr********1****r*rr*r***i****r**~~~ 

nun-mod(iter,lO) 
if(m.eq.0)then 

c numerical  surface  grad 
c a l l  gradn(t,gsn) 

write(lS,*)' 8 

write(lS,*)' surface grad,  numerical' 
vrite(l5,9os)(gsn(i),i-2,~-l,"p) 
end if 

c . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

c write(6,I)delt,convZ,iter,niterZ 

c exceded  maximum allowed iteration,  iterate  again,  goto 60 
c Check convergence: if we have  not  converged  and  have  not  yet 

if(delt.gt.conv2.and.iter.lt.niterz)soto bo 
c Otherwise,  write  out  present  results  and  stop 

write(l5,*)' 
write(lS,*)' * 
write(l5,r)' ..I********L.***L..*~.******",****.~,******,*"~ 

wr&te(l5,*):  ?teration:  *,iter,'  Convergence  factor:',delt 
wrrte(l5,*) 

889  continue 

write(l5,*)' ~emps: numerical  solution 
xiter-float(iter) 
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write(15,908)xiter,(xx(j),j=2,n-l,np) 
do 909 i-2,m 
write(lS,*)' 

909 wr~te~15,908)yyli~,lt~i,j~,j-~,~-l,np) 
writL?(lS,*)' 

c put  surface  temp  grad and heat flow into an output  file  for  plotting 
c by david.f  and  into  regular  output  file 

open(unit-17,file-'qs.dat') 

write(l5,*) surface grad,  degC/km' 

913  wite(l7,*)lp!i),gsn(i) 
do 913  i-2,"-1 

write(l7,') 

c write(17,*)yZ 

write(Is,*)' x grad x grad x 
c mad' 

912 write(l5,9OZ)n(i),gsn(i),xx(itl),g~~(i+l),~(i+Z),g~~(i+2) 
do-912  i-2,n-1,3 

do 914 i-2,"-1 
gsn(i)-gsn(i)rtk(l,i) 

914 write(l7,*)y!i),gsn(i) 
write(l7,*) 

vrl+e,ls.*,' * 
close(""it-17) 

write(15,*j' * 
write(l5,*)' surface  heat  flow, mW/m**Z' 
write(?S,*)' x HF x 

1", 

c UP 
HF x 

do si5 i-2,"-1.3 
915 write~l5,902)xx(i),gsn(i),n(ill).gsn(iil),~(itZ),g~~(i~2) 
902 fomat(3(2x,f9.2,x,f9.2)) 
908  format(7(fl0.3,~)) 

close(unit-15) 

call grad"(t,gs") 

c adjust  temperature  matrix  for  Contour  output,  and  Output to 
c data  file  set  up  to use in  'contour.f' 

open(unit=17,file='contt.out') 
min-0. 

mo- m- 1 
pin-0. 

82 

83 

write(l7,*)mo,no,ymin,min,yo,l 
"0- n- 1 

do 82 i-1,m-1 
do 82 j=l,n 
tc(i,j)-(t(i,j)tt(iil,j))*.S 
do  83 i-I ,m- I 
do 83 j-1,"-I 
te(i,j)-(tc(i,j)+tc(i,j+l))*.5 
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85 ~it=(l7,~)(te(i,j),j-l,n-l) 
do 85 i-1,m-1 

close(unit-17) 

99 continue 
stop 
end 

c ****~t***tl~***********,,,****,,******* 

c Numerical  calculation of temperature  values 

Subroutine solvet2(it,~r,t,vx,vy,delt,bet) 

dimension t(105,105),vx(105,105),vy(105,1o5) 
dimension  tk(105,105) 

common/aa/m,n,delx,dely,nh 
comon/bb/tk 
double  precision t,delt,tcon,tht,th,thll,th12,th2,th3 

c density of water 1000 kg m-3 
double  precision tconi,dw,dy,vx,vy,vim,vip,vjm,vjp 

c specific  heat of water 4185 
rc"185onn~n 
delx2-delx*delx 
delyZ-dely*dely 
dx-dbleidelxl 

~~~...... 

dy-dbleidelyj 

c eps  is an small adjustment to avoid zero velocities 
eps-.1e-15 
delt-0.0 
do  700  i-2,m-1 
do 700 j-2,"-1 
th-t(i.j) 
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c 

700 

908 

m-mod1 

write(~~,*j' iter = ',its,; delt - -,delt 
write(l5,*)'  last  line of t 
write(l5,908)(t(m-l,j),j-2,n-l,np) 

end  if 
fomat(7(flO.3.x)) 

~~ ~ . ~ ~ .  

.(i+l,j) 

return 
end 

c t*t.**~~******t********tt*1******1*****L,** 

c numerical  calculation Of groundwater  velocities using Darcy's  law 

subroutine  vell(h,k,ky,vx,vy) 

common/aa/m,n,delx,dely,np 
dimension hI105,105),vx(105,105),vy[105,105) 

real k(105,105),ky(105,105) 
double  Drecision h.vx.vv. kkk.vr .vl .VI). Yh.v+ 

c calculate  ve1bcities 

C WriteIb ,~ )m,n ,de lx ,de ly .a l f ,k ( l , l )  
c units: m 

. . . ~ ~ ~ ~ ~ ~ .  ~. , . , .. ._, . 

do 50 i - 1 . m  
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51 

52 

55 

9 

do 51 i-1,m-1 
do 51 j-1;"-1 

vx(i,j)--kkk*(h(i,j+l)-h(l,j))/delx 
kkk-dble(Z.*k(i,j)*k(i,jl?)/(k(i,j)+k(i,jil))) 

do 52 i-1,mI 
do 52 j-1,"-1 

vy(i,j)--kkk*(h(i+l,j)-h(~,]))/dely 
kkk-dble(Z.*ky(i,j)*ky(itl!j)/(ky(i,j)+ky(i+l,j))) 

write(l5,*)' ' 
write(l5.t)' yx 1 

write(l5,*)' 
do  55  i-l,m-l:np 

write(15,9)(yx(i,j),j-l,n-l,np) 
write(l5,r)' * 
write(l5,t)' vy 1 

write(l5,*)' 

-I."-, "") 

58 

59 

vr-0.0 
VI-0.0 
vt-0.0 
vb-0.0 
do  58  i-2,m-1 

vr-vrrvx(i,n-l)*de~y 
vl-vl+vx(i,l)*dely 

w-wrvy(l,j)*delx 
do  59  j-2,n-1 

vi-vrul-vu+vb 
vb-vb+vy(m-l,j)*delx 

writell5.*1' * 
writeils;*j* 
write(l5,*)' 
write(l5,*)* 

write(l5,*)' 
write(l5,r)' 

write(l5,t)' 
writell5.*)' 

mass  conservation ' 
fluxes: left  side: ',vl 

right  side: ',vr 
top  side: ',vu 

bottom  side:  ',vb 
sum: (pas: source) : ',Vt 

, 

end 
return 

C * *  Numerical  calculations of temp  gradient 
c ********I*~*t*****t********LL**1*I******~~~~ 

subroutine  gradn(t,gsn) 
dimension  t(l05,105),gsn(105) 

80 
c 
c 
c 

co~on/aa/m,n.delx,dely,np 
double  precisian t,gm 

end 

c * * * *  temp B C calculation  subroutines t*lt***t******~****** 

dimension  tk(105.105) 
subroutine  boundt(nc,t,ts) 

commonhb/tk 
common/aa/m,n.delx,dely,np 

if(nc.eq.l)then 
OPen(unit-16,file-'boundh.dat') 
read(l6,*)nal,nhll,nh2l,~fll,nf21 

Tead(16,*)naZ,nh12,nh22,nilZ,nfZZ 
read(l6,l)(lh(i),i-l,m) 

read(lb,*)(rh(i),i-l,m) 
read(16.*)na3,nhI3,nh23,nfl3,nf23 
read(l6,*)(th(i),i-l,n) 

read(ls,*)(bh(i),i-],n) 
read(16.t)na4.nh14,nh24,nf14,nf24 

close(unit-16) 
write(l5,*)' * 
write(l5,*)'  head  boundary  conditions 
write(15,*)'a.b.c,d.e: a-1 for fixed h, 2 for fixed  grad' 
write(15,*)' b-e are indices for mixed  b.c. S* 
Wite(15,')' Vector - Values for h or grad  along  boundary' 
write(l5,*)' ' 
write(l5,*)'  left  hand  side' 
write(15.~)nal,nhll,nhZl,nfl1,nf21 
write(l5,*)(lh(i),i-l,m) 
Wite(l5,*)'  right  hand  side' 
write(15,*)na2,nhl2,nh22,nf12,nf22 
wrfte(l5,r)!rh(i),i-l,m) 
Wlte(l5,r)  top ' 
write(l5.*)na3,nh13,nh23,nfl3,nf23 
write(l5.*)!th(i),i-l,") 
write(l5,*)  bottom' 
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write(l5,*)na4,nhl4,nh24,nf14,nf24 
write(ls,*)(bh(i),i-I,n) 
-"A I f  _. 

c 
open(unit-16,file-'boundt.dat') 
set  boundary  conditions 

read(l6,*)nal,nhll,nh2l,~~ll,nf21 
read(l6,*)(lh(i),i-l,m) 
read(16.*)na2,nhlZ,nh22,nf12,nf22 
read(l6,*)(rh(i),i-l,m) 
read(16,*)na3,~h13,nh23,nf13,nf23 

read(l6,*)na4,nhl4,nh24,nfl4,nf24 
read(l6,*)(th(i),i-l,") 

read(l6,*)(bh(i),i-l,n) 
close(unit-16) 

if(nc.eq.l)then 

write(l5,*)' ' 
write(l5,*)'  temperature  boundary  conditions 
write(l5,*)'a,b,c,d,e: a-1 for  fixed t, 2 for  fixed  grad' 
write(l5,*)'  b-e are indices  for  mixed b cs' 
write(l5,*)'  Vector - values for t or HF along  boundary' 
witef l5 .*>'  * 
w Z t ; i i S ; * j '  left  hand  side' 
write(15,*)nal,nhl1,nh21,nf11,nf21 
writ~(I5,a)~lh~i),i-],m) 
write(l5,f)  rxght  hand  side' 
~~ite(l5,*)na2,nhl2,nh22,nf12,nf22 
write(l5,*)!rh(f):i-],m) 
wite(l5,*)  top 
~~ite(15,*)na3,nh13,nh23,nf13,nf23 
write(l5,*)!th(i),i-l,n) 
write(l5,*) bottom' 
write(l5,*)na4,nhl4,nh24,nfl4,nf24 
write(l5,*)(bh(i),i-l,n) 

c left 

50 

60 

70 

72 

hand side 
end i f  

if(nal.eq.l)then 
do 50 i-l,m 
t(i,l)-2.+lh(i)-t(i,2) 
end if 
if(nal.eq.2)then 
do 60 i-1,m 
t(i,l)-t(i,Z)-delx*lh(i)/tk(i,2) 
end if 
if(nal.eq.3)then 
do 70 i-nhll,nhZl 
t(i,l)-2.*lh(i)-t(i,2) 
do 72 i-nfll,nf21 
t(i,l)-t(i,2)-delx*lh(i)/tk(i,2) 
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end if 

c right 

80 

90 

95 

92 

. hand  Side 
do 80 i-1.m 
if(na2.eq.l)then 

end if 
t(i,n)-2.*rh(i)-t(i,n-l) 

do 90 i-1,m 
if(naZ.eq.2)then 

t(i,n)-t(i.n-l)+delx*rh(i 
end if 

do 95 i-nh12,?h22 
if(naz.eq.3)then 

do 92 i-nf12.nf22 
t ( i , n ) - Z . t r h ( l ) - t ( i , n - l )  

t(i,n)-t(i,n-l)rdelx*rh(i 
end if 

.)/tk(i,n-l) 

.)/tk(i,n-l) 

c top: 

100 

110 

120 

121 

constant  head 

do 100 i-1," 
if(na3.eq.l)then 

end if 
t(l,i)-Z.*th(i)-t(Z,i) 

if(na3.eq.a)then 
do 110 i-1.n 
t(l,i)-t(Z,i)-th(i)*deIy/tk(z,i) 
end  if 

do 120 i-nh13,nh23 
if(na3.eq.3)then 

t(I,i)-Z.*th(i)-t(z,i) 
do 121  i-nf13.nf23 
t(lri)-t(2,i)-th(i)*dely/tk(2,i) 
end if 

c bottom 

130 

140 
c 

160 

162 

if(na4.eq.l)then 
do 130 i-1.n 
t(m,i)-Z.*bh(i)-t(m-l,i) 
end i f  

if(na4.eq.3)then 
do 160 i-nh14.nh24 
t(m.i)-Z.+bh(i)-t(m-I,i) 

t(m,i)-t(m-l.i)ibh(i)*dely/tk(m-l,i) 
do 162 i-nf14.nfz4 

end if 

return 
end 



Model System 

The system modeled is shown in Figure 14, in the test, and  Figure El. The 

model is a simplified,  generalized,  cross section of La Jencia Basin and the 

Socom mountain  block,  extending  into the Socom Basin. The cmss-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 Socom Basin in which ground water flows  southward, 

roughly  perpendicular to the cmss section). Temperatures  and  heads  produced 

by  the  model for the "Socom Basin" (to the right of unit B) should be disre- 

garded. The system has been  extended  into Socom Basin solely to avoid  placing 

potentially  restrictive  head,  temperature, or flux  boundary  conditions at the 

eastern frontal fault zone of the Socom 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 temperatms are largely 

contmlled by  the RIO Grande  flow  system,  places fewer unnecessay constraints 

on the Socom 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 El). 

Boundary  conditions for closed  systems are often "no  flow" of water  and "no 

flow"  of heat. In th is  study, water (and probably heat as well) enters the system 

through  the  western  boundary in central La Jencia Basin. Most recharge in the 

Socom area OCCUTS further west in and near the Magdalena Mountains. Water 



H: 1770 m 

Hydrologic  Boundary  Conditions 

No Flow 

H: 1390 m 

Thermal  Boundary  Conditions 

T 15  +40*z'C T: 15°C 
b "- "- "- 

qb: 90 mW/m2 T 1544O.z'C 

Fig. El. Boundary conditions for head and  temperature  used in the  majority of the 
models  presented in this study. 



leaves  the  system  through  the eastern boundary  into  the Socom Basin (and in 

reality,  leaves  the system in the third dimension,  flowing southward, once it 

reaches the E o  Grande  ground-water flow system in SOCOITO Basin). 

Head boundary conditions 

fixed head  boundary  conditions are applied to the right and lefkhand 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/dz =O), 

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  surface 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-' was employed as the 

basal heat flow, a reasonable  value for the R o  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 from 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  increase with 

depth at a gradient of 40 ' C/km, equivalent to a vertical  heat flow  of 

60 mW  m-' (given the system thermal conductivity of 1.5 W (rn'If)-'). This is 

a reasonable heat flow for the  locations in the Socom area to which the boun- 

daries correspond wesbcentsal La  kncia Basin, and central Socom Basin.  Note 

that this heat flow (GO mW m-2) is lower than the  basal  heahflow  boundary  con- 

dition of the  model. This is because the heat flows observed in wesbcentral La 

Jencia Basin and central Socom Basin are lower than typical Rio Grande rift 

heat flows (75 -100 mW  m-*, 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 conductivifg (b) 

Thermal  conductivities in the model  are chosen to be consistent with values 

measured in the study area All  Tertiary  material in the SOCOITO area appears to 

have fairly similar ke, within the range of about 1.4 "2.0 W (m'K)-'. Sim- 

plifying, we  chose a value of 1.5 W (m'If)-' to represent all  Tertiary  material, 

including  volcanic  rocks, sedimentary rocks and unconsolidated  sediments. Reiter 

and Smith (1977) measured  the ke of Precambrian rock at Wood's Tunnel to be 

3.07 k.28 W(m°K)". In this study we  use a value of 3.0 W (m°K)-l for all 

Precambrian rock. 



Hydraulic conductivity ( k H )  

The only hydraulic  conductivity information available for the Socom area 

is from pump tests in Socorm Basin alluvial fill, for which Hantush (1961) 

obtained values  between 1.0 -2.0 X10-4 m s-'. No kH 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 Socom area. Hawkins and  Stephens 

(1980) provide an extensive list of kH data for  materids similar to those found in 

the Socom 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 Socom 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 volcanic 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 b act as an aquitasd unit in the Socom 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 k~ values for clay from Freeze and Cherry (1979, Table 2.2) 

and Morris and Johnson (1967).  These sources give a value of W O - '  m s-* as 



an upper limit for the hydradk conductivity of clays.  Numerical  modeling  sensi- 

tivity  analysis  shows that the  choice  of ICH for the  aquitard has no  influence on 

the  model  results, as long as the aquitard k~ is less than 0.01 times  the kH of the 

aquifer. 

The kH of the aquifer materials  could  easily  range from m s-' (the 

value  obtained by Hantush (1961) for Socorro Basin) to 10-8rn 8-l (the low 

end of the  range  of kH for fractured  igneous  rocks, from Freeze  and  Cherry, 

1979, Table 2.2). In choosing a single value, kHA, 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 k ~ .  The system we 

hypothesize  (Figure El) involves a sedimentary aquifer in series with a volcanic 

aquifer (flow in the  aquitard in negligible), so the net kHA of the  combined 

aquifer is controlled  by the k~ of  the  volcanic  rocks.  Numerical  modeling  shows 

that the choice of  HA 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 X10-7 m 8-l for kHA, 

because this value  usually  produced  a 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 Dl). Head and tem- 

peratwe 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 surface 

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 ma) 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 flows 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 Flgure E2) are 

shown in Tables El 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 hydrologic 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 PIG- 

duce surface heat-flow  profiles that are very similar to the surface heat flow 
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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. 



E9 

Table El, F'urther &Inparison of Seleded Models 

Model 

Base Model (b = 2 x 

Add recharge (a and b) 
(0.25 in yr" = 2  xlO"o m s") 

(0.50 in yr" =4  XIO"o m 8") 

(0.50 in yr" =4 xlO"o m s-l) 

On left quarter of  model 

Head on left boundary 
dh 
dz 

Varies: - =-6.6 X10" (C) 

Thinner Unit A 
750 m (d) 
600 m (e) 

Sediments have  higher 
than volcanics (f) 

kt? 1x10" 
lct~v 1 x10-7 
-= 

kt? 1 x104 
k€iV 2 x10-7 
-= 

Smaller system, Depth: 2km 
Same a@tar& as base (g) 
h = 2  ~ 1 0 "  m s-l 

h = 5  x10-7 m s-' 

= 8 x m s-l 

1.3  14.6 177 

1.3 10.6 = 155 
1.4 7.5 120 

1.4  7.1  156 

1.2  10.5  143 

1.4  15.9  169 
1.4 24.2  154 

0.92  11.8 113 

1.7 10.2  143 

0.68 26  148 
1.70 25 198 
2.70 26  223 

Estimated QH from recharge: 0.81  -1.1 X I O ~  m2 s-l 

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  lettern in parenthesis  refers to 
the  figure labels in E2. Qn is the net hydraulic flux through the  model, qmio and 
qmar are the  minimum and maximum surface heat flows produced by  the  model. 
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Table E2, Further Comparison of Selected  Models 

Model 

Base Model: & = 2 x 10-7 m s-1 

Beta:  Constrictive unit B 
b = 1 X 10-~ m s-' ( h) 

Del: Short system, No Unit B, 
b = 2 X 10+ m s-l (i) 
gb = 60mW  m4 

gb = 75mW  m4 

gb = 9omW  m4 

Eps: Del with finer  grid, 
Az = Ar =75 rn (i), qh =60 mWm4 

Theta: 5 km deep system, 
N 0 U n i t B , ~ = 2 ~ 1 0 " ' r n s - ' ( j )  

Kap: 7 km deep  system, 
basement  topography, 
NO UnitB, b = 2  ~ 1 0 - ~ r n s - '  (k) 

Lam: Kap with Unit B, 
= 1 x 10-~ m s-' (1) 

Mu: 5 km deep system, 
basement  topography, 
UnitB, b = 2 ~ 1 0 - ~ m s - l  (m) 

1.3 14.6 177 

0.0002 60 60 

1.1 18.2 109 
1.1 18.2 1~10 
1.1 18.2 112 

1.1 18.0 112 

2 .o 17.1 106 

2.1 19.8 173 

1.1 23.8 246 

2.1 28.3 141 

Estimated QH from recharge: 0.81 -1.1 XIO+ m2 s-' 

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. Qx is the  net  hydraulic flux through  the  model, qmin and 
qmax are the  minimum  and  maximum  surface  heat  flows  produced by the model. 
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Caption for Figure E2. 
These  figures  illustrate  the  models  tabulated in Table El and E2. 
This model is the  same as the  base  model with the  addition of surface 
recharge  all  accross  the top of the  model. (2 XIO"o m 8-l or 
4 ~ 1 0 - l '  m s-'). 
This model is the same as the  base  model with the  addition of surface 
recharge only accross  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 lefbhand side. Instead of a constant  head 
( h  =1770 m, base  model) on the lefbhand side, heads vary with depth 
( h  =1770 m -6.6 X10-3 3) .  

In this  model  the unit A aquitard 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 
(kHs) than  the  parts of  the aquifer which represent volcanic rock (plain 
areas, kHv).(kHs/km =10 or 5; kHs =1 X10-6 m s"). 

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  aquifer 
and  aquitard units are the  same. A variety of kHA values  were  used. 

Beta This system similar to the  base  model except  that the unit B aquitard 
extends to the  bottom of the system,  and  the  hydraulic  conductivity of  the 
aquifer is somewhat lower ( k ~ ~  =1 X10-7 instead of 2 X10-7). The  basal 
heat flow into this system is 60 mW m-'. Almost no  fluid  fiow 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: Ax  =A2 =I50 m and inEps: Ax =Az =75 m). 
Theta,. This system is the same as Del, except deeper.  The total depth of 
Theta is 5 k m ,  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 righbhand 



step in the basement  represents  the  upfaulting of the  hydrologic  window 
block,  while  the lefbhand  step represents  the  possible  margin of  the  Sawm- 
ill Canyon  caldera. 

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

m) 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 o u .  

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 midcrustal magma, as  other investigators have 

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

In this study, we perform a heat balance calculation for the Soconu  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 G m d e  rift, that would suggest 

that the thermal effects of crustal magma are not observed at the surface in the 

Socom 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. HeaGflow contours are 
included, and the areas between contour lines  are labeled A h u g h  G. These a r e a  are used in calculating the total surface heat 
flux (Table Fl). 



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 occws largely in and near  the  Magdalenas. We assume that there is a 

hydrologic  divide in the Magdalena Mountains which separate  the  Socorm 

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 a r b i t r a r y ;  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 

Socom 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 Socorm mountain block, at which point ground warm either 

discharges at springs, or flows  into  the Socorm 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 ( q , )  is the  vertical  convective  heat flow per 

unit area, defined by 

42 - “ e  - - dT 
82 

where k e  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 = s q z  dA (E) 



We performed this intergration graphically using a contour map of hea&flow  deter- 

minations (Rgure FI). A representative heat flow within a contour interval ( q ; )  

was determined, sometimes by  taking a simple average of the values within the 

interval. The area of the interval (4) 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 ( Qe) was determined by 

Qe C Q i 4  
i 

The average basal heat flow (qb  ) is determined by dividing the total heat out- 

put by the surface area of the system; it represents the average basal heat  input 

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 X106 W, and a q b  of 70 to 80 mW  m-'. 

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 Fl). In the sam- 

ple calculation of Table F1, heat flow in the eastern Magdalena Mountains has 

been assumed to be 70 mW  m-'. Uncertainty in the heat flow of tbis 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-*), the  average  con- 

ductive heat flow would be 70.3 mW mw2 (instead of 75.5 mW mW2). 

The net  heat conducted into the system  is unknown. It is unlikely that any 

heatrflow measurements in the Socorm area penehte below the zone of hydrolo- 

gic pefturbation. 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 Glade  rift:  i.e., 

75 to 100 mW  m-2 (Reiter et al, 1986), but there is also the possibility of 



Table F1: Graphical Intergration of Conductive Heat Flow 

I Sample Calculation I 
Zone 

W X 1 0 6  m2 x106 mW m-2 mW m-2 

Net Heat Area qi HeabFlow Range 

Table  F1.  Sample  calculation of numerical integration of conducted surface  heat 
frow. Zones  consist of  the  areas  between  temperature  contours  as  shown in Fig. 
F1, q i  is the  typical heat &w estimated for zone i, "Net  Heaf' is the product of qi 

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. 
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where p is the fluid density (lo3 kg c is the specific heat of the fluid 

(4.185 X103 J m-loK-l), V is the volumetric fluid flow rate (m3 s-'), and q,, 
and Tu, are the  fluid i d o w  and outAow temperatures. 

The heat advected out of the system by the Socorro thermal springs (Qs) can 

be estimated fairly easily. For the purposes of this study, the Socorm thermal 

springs consist of Socorm Springs and Sedillo Springs. We neglect nearby Cook 

Springs; discharge from Cook Springs appears to be much cooler and of much less 

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

We estimate the average i d o w  temperature from the mean annual air tem- 

peratures. Gabin and Lesperance (1977) give a mean annual air temperature of 

11.1" C for the town of Magdalena at 2000 m eievation. We suggest an average 

i d o w  water temperature of 10 "13°C. Using these values Tout and qn, and 

values of spring discharge from Table F2 for V, we obtain a range of values for 

Qs of 1.8 to 2.5 X106 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 (Qe =24.8 X106 W) and  heat advection by thermal springs 

(Qs "2.2 W X IO6). In steady-state conditions 

Qi, = Qout Qe + Qs = " 27 X106 W (F5) 

The average basal heat flow ( q b  ) that would produce this much heat  is obtained 

by dividing Qin by  the area of the system (3.28 x108 m2). In this case 

q b  =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 q b  determined using  conductive 

heat  output done (Aqb =6 mW m-2). 



HEAT BALANCE (SIMPLIFIED) 

Q,, = a,,,+ Q, 

Fig. F2. Simplified heat balance. This figure  represents a generalized cmss section 
from the Magdalena Mountains to Socom Basin. Long thin line  represents 
ground water flowing from the Magdelena Mountains to discharge at the Socom 
thermal springs. Fat  amws represent conductive heat flow. QOst is the net heat 
conducted out of  the top surfate of the system, &, is the net heat conducted into 
the base of the system, Q, is the heat convected out of the system by  the thermal 
springs. 
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I Table F 2 ;  Hydrologic  Flow Information I 
Flow component Temperature  Recharge  Discharge 

m3 5-l OC m3 s-l 

SOCOITO Springs 32 - 34  (1,3) 0.0167 - 0.0189 (1) 

Sedillo Springs 

13 - 19 (3) 0.0003-0.0006 (3) Cook Springs 

32 - 33 (1,3) 0.0060 - 0.0069 (1) 

Magdalena Mnt. 10 - 13 (5) 0.162 (2) 

I Soc.-Lem. Mnt, I I 0.016 (2) I I 
I Undedow I 0.150 - 0.153 (5) I I 32 - 40 (5) I 
I Sources of data indicated by #in parentheses: I 
I 1 Gross and wilcox, 1983 I 
1 2 Anderholm, 1987 I 
I 3 Summers, 1976 I 
4 Clark and Summen, 1971 

5 Estimates made as part of this study 

Table F2. Hydrologic  information jrom the Socorro area. T?te nulgnitude  and 
temperature of discharge  and  recharge  components  are  listed. 

So far, our estimates of q b  obtained from surface heat output are not 

anomalously high. Heat flows in the E o  Grande rift are typically  between 75 and 

100 mW mW2, and so a value of 82 mW m-2 for the Socorm area certainly does 

not suggest the  presence of anomalous  crustal heat sources. However, this  estimate 

of q b  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 



Fl). 

Hydrologic Balance 

In order to make a more  complete  accounting of the heat balance in the 

Socorro area, i t  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 subsurface waters, and so we 

cannot estimate  the heat transported by  underflow with  any degree of coddence. 

In the following discussion we estimate  the the possible thermal effects that a 

large amount of underflow  could  have. 

In  order to estimate  the  maximum  reasonable  hydrologic  underflow, we 

employ a simplistic hydrologic  balance  of  the Socom geothermal system, illus- 

trated in Figure F3. The recharge from the Magdalena Mountains (RM) plus  the 

smaller recharge component associated with the Socom mountain block (Rs) con- 

stitutes the  hydrologic input into the system (we neglect the  possibility of gromd- 

water underflow  entering the system from west of the Magdalena Mountains). 

Hydrologic  outflow  consists of surface discharge from springs within the system 

(Ds), which includes  all springs listed in Table F2, and subsurface flow 

(underflow) out of the system (Du). We neglect ground-water withdrawal by  pum- 

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

Under steady-state  conditions 

RM + Rs 

Values for R,, RS and Ds are c )btained from Table F2. Applying  Equation 

(F5) we obtain a value of 0.15 m3 s-l for Du. 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 



HEAT BALANCE (TOTAL) 
Hydrologic Balance 

Q,, = QouT+ Q, + Q, 

fig. F3. More complete heat balance and hydrologic balance. Qin and Q, are defined in the caption of Flg. F2. Q, is the 
heat convected ouL of the system by hydmlogic underflow. REA, Rs and Ru represent recharge to the system by precipitation in 
the Magdalena Mountains, precipitation in the Socom mountain block and underklow from beneath the Magdelena Mountains 
respectively (Ru is neglected in the calcula!ions in the text.) 
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location at which underflow  leaves  the system does not influence  these  calculation 

(except as the depth of undertlow  affects its temperature), but underflow that does 

not pass through the Socom mountain  block would not influence a thermal ano- 

maly  associated with  that mountain  block. 

The heat advected out of the system by  underflow (Qu) depends on the net 

flux and temperature of the fluid,  according to Equation F4 (where '& and To, 

are  the  average  temperatures at which the undertlow 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 Socom mountain  block), which can 

be estimated using  mean  annual surface temperatures.  We suggest a range of 10 to 

15 C for Tn. We have no way of measuring or even estimating to any  degree 

of a c c m y  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 ouaow temperatures. Also shown is the 

change in average  basal heat flow  associated with the heat advected out of the sys- 

tem by  underflow (4, ): 

When the possible heat output due to undertlow 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 q b  are sufliciently 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 to the heat that could be  transported  by a 

large rate of underflow. 



Table F3: Possible Heat Transport by  Underflow 

T n  
mW m-’ w x106 OC OC 

Aq b Qu Taut 

15 

48 15.7  35 10 

48 12.6 30 10 

29 9.4 30 

, 10 40 18.8 57 

Table F$. Possible  heat  transport  by  underflow. Tn and Tovt are  the  assumed 
temperatures of in@w (recharge) and outflow  (underflow  out of the  system). Qu 
is the net  heat  that  underflow  would  transport  out of the  system, Aqb is the 
change in average  basal  heat  flow  that  would be  required when Qu is included in 
the  heat  balance. 

Table F4 summarizes our heat balance  calculations; qb increases as additional 

components of heat OU~PIOW are included. 

S-Y 

In conclusion, heat balance  calculations  involving  the Socom hydrothermal 

system indicate that a basal heat flow of “82 mW  m-2 could produce  the  heat 

observed at the surface in the Socom  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 resulting 

value of  basal heat flow (82 mW m-2) is consistent with background  heabflow 

determinations for the Rio Grande rift of 75 -100 mW m-’ (Reiter et al., 1986), 

and does not indicate  the  necessity of anomalous  crustal heat sources to explain 

the heat flows 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 Socorm 



Table F4. Summary of heat  balance  calculations. Qe, Qs and Qu 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. Qtotrrl is  the sum of 
these three terms, and q b  is the  average  basal heatJIow  that would b y  required  to 
produce the  total  heat  output (Qtotal j .  

area, the he& from these bodies is not observed at the surface in the Socom area 

However, heat balance calculations are not complete until me include advec- 

tive transport of heat out of the system in the subsurfam  (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 Socom system, sufEcient to mask anomalously high heat 

input to the system. 
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LOCATION MAP : SOCORRO GEOTHERMAL DATA 
BARROLL, 1989 
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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 
nnmbers are for well  identification.  Identification codes beginning with R are 
from &iter and Smith (1977). Identification  codes b e m n g  with S are from 
Sanford (1977). 

Plate 2. Crass-section AA’ of observed subsurface temperatures and general- 
ized  geology  of %gal Canyon. Vertical rectangles  indicate well control (of 
temprature and,  in most  cases,  lithology).  Well 15 is marked by parentheses 
because it is somewhat out of the line of crwa section. Geology after 
Chamberlii, 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  generd- 
ized geology  of  Blue  Canyon. Vertical rectangles indicate well control (of 
temperature  and, in m t  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 subsurfate 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 lies because it is sonwhat  out of the line of c r w  section and is 
used  only for lithologic  control.  Geology after Chamberlii, 1980, and Chapin 
and Foster (unpublished  lithologic logs). Key to lithologic units found in Fig- 
ure 9. 
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