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ABSTRACT 

 

The Rincon geothermal system (RGS) is one of the more promising intermediate temperature 

(~150°C) geothermal prospects in New Mexico; one well has a bottom hole temperature of 99°C 

(SLH-1). This well is located about 50 m east of the East Rincon Hill Fault (ERHF) zone in the 

Rincon Hills in south-central New Mexico. Brackish (~ 1900 mg/l) geothermal fluids have 

migrated up the ERHF and flow eastwards in water-table aquifer. This blind geothermal system 

has no surface expression other than a series of stacked opal deposits. The temperature-depth 

profile measured in 1993 in SLH-1 was overturned, suggesting transient geothermal behavior. 

SLH-1 in 1993 had a temperature of 83.9°C just below the water table (depth of 100 m). Below 

the water table temperatures declined in the borehole to 70.6°C at 176-m depth before increasing. 

The highest temperature was 99°C at the bottom of the borehole at a depth of 371 m. We re- 

measured the temperature profile in SLH-1 in September 2018 and found it to be nearly unchanged 

in the intervening 25 years. The temperature at 100 m in 2018 was slightly warmer compared to 

1993 (84.8°C) and was warmer at the minimum at 173 m (73.7°C), but otherwise the two profiles 

overlap perfectly. This suggests steady-state hydrothermal conditions. As a consequence of these 

observations, we developed and applied a semi-analytical, steady-state model describing 

conductive and convective heat transfer resulting from three-dimensional flow groundwater flow. 

The solution is based on the assumption of fault perpendicular groundwater flow (qh) within an 

unconfined hot water-table aquifer and regional fault-parallel flow within an underlying cooler 

confined aquifer (qc). Vertical conductive heat transfer is assumed to dominate above, below, and 

in between these stacked aquifers. The three-dimensional flow rates needed to produce temperature 
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overturns were evaluated using a sensitivity study. This model produces steady-state temperature 

overturns similar to the overturn measured in SLH-1 provided that convective heat transfer 

dominates within both the hot and the cooler aquifers and that qh/qc is about 2. 

 

1. Introduction 

The Rincon geothermal system (RGS), located in the Rincon Hills along the southwest edge of the 

Jornada del Muerto Basin in south-central New Mexico (Figure 1), has intermediate-temperature 

(~150°C) reservoir potential (Witcher., 1991a, b). Pronounced groundwater elevation differences 

between probable upland recharge and the lowlands near the RGS (Figure 2) suggest that this is a 

forced convection geothermal system (Smith and Chapman, 1983). Forced convection geothermal 

systems are common along the Rio Grande Rift (Morgan et al., 1981; Witcher, 1988; Barroll and 

Reiter, 1990; Pepin et al., 2015). Temperature gradients in the recharge area in the foothills of the 

San Andres Mountains vary between 34 to 39.5°C/km (Figure 2B). Discharge area temperature 

gradients in the lowlands of the Jornada del Muerto Basin are over ten times higher (439 to 

648°C/km; Figure 2C). 

Temperatures measured in a slim-hole exploration well SLH-1 located about 50 m to the east of 

the East Rincon Hills Fault reveal a persistent 15oC temperature overturn (red and black dashed 

lines; Figure 2c). The first temperature-stabilized profile after core drilling of exploration well 

SLH-1 was collected in the RGS in 1993 (Witcher, 1998). The well SLH1 is in close proximity to 

the fault zone but does not cross the fault (Figure 1C). Temperature profile overturns can 

sometimes display anomalously high temperatures at shallow depths with cooler temperatures 

below. Such profiles are commonly associated with transient geothermal discharge along fault 

zones and lateral flow into an aquifer (Ziagos and Blackwell, 1981) 

A second profile was collected in 2018 as part of this study. The linear nature of shallow 

temperature profiles within the vadose zone (0–70m depth) in well bores SLH-1, RAD-3 and 

RAD-8 also suggest steady-state conductive conditions (Figure 1c). Groundwater flow patterns, 

as indicated by water table contour maps, are three-dimensional (Figure 3). Elevated vertical 

temperature gradients closely correspond to water table elevations (Figure 3). 

We hypothesize that the temperature overturn in borehole SLH-1 can be explained by a three- 

dimensional, steady-state groundwater flow system with components of fault parallel and 

perpendicular flow (Figure 4). We assume that fault-perpendicular groundwater flow (qh) occurs 

within a hot water table aquifer and regional fault-parallel flow occurs within an underlying, cooler 

confined aquifer (qc). We further assume that vertical conductive heat transfer dominates above, 

below, and in between these stacked aquifers. 
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Figure 1. (a) Base map showing the location and structural setting of the Rincon Hills within the Jornada del 

Muerto Basin in New Mexico. (b) Idealized east-west geologic cross-section across the Jornada del 

Muerto Basin (A-A’). (c) Shallow, local east-west geologic cross showing the proximity of the geothermal 

well SLH1 to the East Rincon Hills fault (ERHf). 
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Figure 2. (A) Map showing wells near the recharge area in the San Andres Mountains and in the discharge area 

near the Rio Grande. (B) Upland temperature profiles on the east side of the Jornada del Muerto Basin 

near the recharge area. (C) Lowland wells RAD-8, RAD-3 and SLH-1 are located near a geothermal 

upflow zone east of the ERHF. Repeat temperature profiles were collected for well SLH-1 in 1993 and 

2018. Stratigraphic column shown to the right. Thr= Hayner Ranch Formation, Trv-b and Trv- a= Rincon 

Valley Formation, Qcr=Camp Rice Formation (after Witcher, 1998). 

 

 

Figure 3. (a) Regional water table contour map (blue lines) across the Jornada del Muerto Basin. Green to red 

shaded patterns denote temperature gradients contours (°C/km). White circles denote location of 

temperature gradient drillholes. (b) Expanded water table contours near the East Rincon Hills Fault 

(ERHf purple line) near the southwest edge of the basin. Temperature gradient drillholes and water wells 

are indicated by the blue dots (data source James Witcher). 
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Figure 4. Conceptual model for the Rincon geothermal system. 

 

 

In this study, we present a new semi-analytical solution describing conductive-convective steady- 

state heat transfer resulting from three-dimensional groundwater flow. We applied this semi- 

analytical solution in a sensitivity study to assess the three-dimensional flow rates needed to 

produce temperature overturns. We also fit the solution to the SLH-1 temperature profile. Our 

conceptual model may be applicable to other field sites with pronounced temperature inversions, 

such as the Beowawe geothermal system in Nevada (Howald et al., 2015). 

 

2. Geologic Setting 

The Rincon geothermal system is located in the southern Rio Grande rift at the intersection of the 

Hatch-Rincon basin and the southern Jornada del Muerto basin (Figure 1). The Hatch-Rincon basin 

is a west-northwest trending half graben with master normal faults facing south to southwest 

(Seager and Mack, 2003). The southern Jornada del Muerto basin south of the Point of Rocks 

(Figure 1a) and nearest Rincon is formed by two north-striking half grabens (Seager and Mack, 

1995). The East Rincon Hills Fault (ERHF; Figures 1and 3b), facing east, forms the western half 

graben and hosts the upflow zone of the Rincon geothermal system. Further east, the Jornada Draw 

Fault (JDF) forms the eastern half graben with the hanging wall on the east. The ERHF and the 

JDF show Pleistocene offset. The Jornada del Muerto basin north of Point of Rocks has the 

regional characteristics of south-plunging syncline with the east-facing JDF and complementary 

half graben roughly following the basin axis (Seager and Mack, 1995; Newton et al., 2015). The 

east-dipping strata of the Caballo Mountains horst forms the western limb and the San Andres 

Mountains horst forms a stratigraphic west-dipping limb. 
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The Rincon geothermal system is focused in a zone of cross-cutting tectonic inversion where the 

north-striking ERHF footwall has uplifted and exposed sediment deposited in the west-northwest 

striking Hatch-Rincon half graben to form the Rincon Hills. The early rift sediments unroofed in 

the Rincon Hills from oldest to youngest are the Oligocene Thurman, the Miocene Hayner Ranch, 

and the Miocene Rincon Valley (Seager and Hawley, 1973). The Pliocene-Pleistocene Camp Rice 

Formation is mostly missing in the Rincon Hills; the contact between the Rincon Valley Formation 

and the overlying Camp Rice Formation is an angular unconformity in the Rincon area. 

The units of greatest interest to this study are the Camp Rice, Rincon Valley, and the uppermost 

Hayner Ranch Formation. The uppermost Hayner Ranch Formation and bulk of the Rincon Valley 

Formation consist of distal alluvial fan and playa deposits in the Rincon Hills and in the subsurface 

east of the ERHF. These units dip to the south to southeast (Witcher, 1991b) and consist mostly 

light red-brown claystone, siltstone, fine-grained sandstone, with some gypsum. These units are 

aquitards and are not silicified by hydrothermal alteration. A tectonically-tilted proximal alluvial 

fan unit in the Rincon Valley Formation conformably overlies the Rincon Valley playa facies. This 

fan unit acts as an aquifer and shows pervasive silicification where it has hosted hydrothermal 

fluids. The Camp Rice Formation is undeformed except by fracturing and represents axial fluvial 

deposition of the ancestral Rio Grande. Stacks of cross-bedded fluvial channel sand, crevasse splay 

sands, and overbank silt and clay are typical fluvial facies (Mack et al., 2012). The Camp Rice 

Formation is an aquifer; but this unit maybe pervasively silicified with quartz to form quartzite 

where proximal flow paths of hydrothermal fluids from the ERHF traversed the unit (Witcher, 

1998). Highly silicified zones of the Rincon Valley fan facies and the Camp Rice fluvial facies 

are both fractured (Witcher, 1998). 

An important Laramide compressional basement-involved reverse fault and draping system of 

folds and thrusts likely provides a deep reservoir and circulation at Rincon (Witcher, 1991b and 

Witcher, 1998). Seager et al. (1986) describe this regional scale east- to east-northeast-vergent 

Laramide structure in the McLeod Hills north of Rincon that is on strike with Rincon and connects 

to San Diego Mountain to the south. 

 

3. Rincon Geothermal System Site Description 

The RGS is a “blind” system with no currently active hot springs. Summers (1976) identified a 

thermal water well near the intersection of the Santa Fe Railroad and Interstate 25. Later, Lohse 

and Schoenmackers (1985) drilled a series of shallow temperature gradient holes (TG; Figure 5) 

to explore for geothermal resources in northern Doña Ana County. The northernmost temperature 

gradient hole, TG-99, encountered a bottom hole temperature of 54.3°C at 50 m depth (Figure 5). 

Seager and Hawley (1973) mapped several opal beds on both sides of the ERHF; but did not posit 

an origin. One of these opal beds was interpreted to have formed in cool-temperature spring-fed 

marshes (LeMone and Johnson, 1969). Witcher (1991a,b) recognized the potential geothermal 

importance of the opal beds as a possible pathfinder to a high temperature geothermal system. 

High temperature systems are frequently associated with opaline spring deposits, as opposed to 

travertine or calcium carbonate spring deposits. More recently, Mack et al. (2012) mapped the 

distribution and determined the chemistry of the opal beds cropping out along the Rincon Arroyo 

in order to test a hydrothermal-fluid origin for the opal beds at Rincon. Five continuous layers that 

range from 0.2 to 1 m in thickness were identified. With increasing distance from the ERHF, the 

opal beds transition to friable sands with opal glaebules and then to microcrystalline calcite (Figure 
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5). The opal beds are emplaced in the Camp Rice Formation that dates to the Pliocene and early 

Pleistocene (5–0.8 Ma). Strontium isotope ratios (87Sr/86Sr = 0.71301– 0.71724) indicate that the 

opal deposits precipitated from geothermal fluids that represent mixtures of water associated with 

deeply buried Proterozoic basement and Paleozoic carbonate rocks. The authigenic carbonate has 

δ13C and δ18O values consistent with a mixture of deeply derived geothermal fluids and meteoric 

water. The geothermal fluids that formed the opal and calcite deposits discharged as springs or 

resided in a near-surface water table (marsh), flowing laterally away from the ERHF (Mack et al., 

2012). As the waters cooled, opal precipitated first, then calcite. The presence of opalized woody 

fossils (LeMone and Johnson, 1969; Seager and Hawley, 1973) suggests that the fluids discharged 

at the surface as springs. However, the distribution of opalized fossils is not widespread and 

terraced opaline spring mound terraces are not preserved. Overall, the opal beds indicate that the 

location of surface and near-surface discharge zone(s) varied spatially and temporally in the 

Rincon Hills. Each opal bed represents a paleo-spring discharge, and occurrence and preservation 

is likely the combined result of seismic activity on the ERHF, climate variation, and channel 

migration of the ancestral Rio Grande during the Pleistocene. 

Witcher (1991a) mapped potential upflow zones in the RGS using radon soil-gas surveys. In the 

Rincon Hills, Witcher (1991a) found anomalous radon soil-gas levels (up to 322 piC/L). 

Subsequent drilling of thermal gradient boreholes in the Rincon area showed very high geothermal 

gradients within vadose zone (> 400 °C/km) (Figure 5). The gradients in RAD-8 and 4 are 

conductive, whereas the thermal gradients in RAD-3 and 7 decrease below the water table, 

indicative of an outflow plume. Self-potential (SP) surveying by Ross and Witcher (1998) provides 

additional information on the shape and extent of the shallow upflow zone of the RGS. 

RAD-7, northeast of SHL-1, was sampled for water chemistry via airlifting (Witcher, 1991b) 

RAD-7 intersects the water table around 90 m depth, and has a water table temperature of 60°C. 

The water is predominantly a sodium-chloride fluid with a TDS of 1924 mg/L. A suite of 

geothermometry calculations yielded potential reservoir temperatures of 177°C (Na/K/Ca), 117°C 

(Na/Li), 94°C (Mg/Li), 146°C (quartz), 120°C (chalcedony), and 96°C (alpha-cristobalite). 

Witcher (1991b) concluded that the top of the RGS likely had temperatures 94-120°C, reflecting 

the range of the Na/Li, Mg/Li, chalcedony, and alpha-cristobalite geothermometer estimates. The 

146°C quartz geothermometer probably reflects the minimum production reservoir temperature at 

depth. The Na/K/Ca geothermometer may be unreliable in where waters have flowed through 

carbonate rocks. 
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Figure 5. (A) Temperature versus elevation from Rincon temperature gradient holes drilled by Lohse and 

Schoenmackers (1985), Witcher (1991b), and Witcher (1998). Slope changes represent the water table. 

(B) Position of opal outcrops transitioning to opal glaebules and then calcite, mapped by Mack et al. 

(2012). Pink line is the East Rincon Hills Fault (ERHF). Hexagon symbols are the locations of the wells 

that are plotted in (A). 

Studies by Witcher (1991a, b) culminated in the drilling of exploration corehole SLH-1 (solid line, 

Figure 5; Witcher, 1998). A high-precision tool was used to measure temperatures in the well in 

July of 1992 after the post-drilling temperatures had mostly stabilized. The tool belonged to Sandia 

National Laboratory and the measurement provided a field test of a new instrument design. SLH- 

1 has a temperature of 81°C at the water table (92 m depth, 1,242 m elevation). The lowest 

temperature in the borehole is 70.6 °C at 176 m depth (1,159 m elevation) and the highest 

temperature is 99 ◦C at 371 m depth (964 m elevation) at the bottom of the borehole (Figure 4). 

Witcher (1998) noted significant fracturing and silicification of the units above the Rincon Valley 

playa facies aquitard (0-179 m depth). The 1992 temperature profile has thermal disturbances at 

100 m and 179 m depth associated with zones of lost drilling fluid around high permeability 

fractures. 

 

4. Hydrology 

In the Rincon area, the shallow aquifers in the Camp Rice Formation fluvial sands, overlie the 

Rincon Valley Formation distal alluvial fan and playa facies aquitard. On a regional scale, 

groundwater in the shallow Camp Rice aquifer system originates mostly as inflow from the 

southeast that ultimately flows into the Hatch-Rincon Valley near Rincon (Kambhammettu et al., 

2011; Wilson et al., 1981). The aquifer system is mostly recharged by San Andres, Caballo and 

Organ Mountain precipitation and runoff; although some recharge from the Jornada del Muerto 

basin floor may also occur (Hawley and Kennedy, 2004 and 2005; Ketchum, 2016; Newton et al., 

2015; Rueter et al., 2021, and Wilson et al., 1981). Ephemeral flows in Rincon Arroyo provides 

an important local recharge source as evidenced by the best ground water chemistry quality in the 

region at the Village of Rincon water supply well on the east side of Rincon Arroyo (Wilson et al., 

1981). This occurs despite subsurface geothermal outflow from the nearby East Rincon Hills Fault 

Zone to the west of the arroyo and the water well site. The decreasing elevation to the south in 

Rincon Arroyo provides an overall southerly flow vector and the geothermal flow has an easterly 
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flow as largely defined by fault orientation and contact with optimal Camp Rice aquifer 

permeability. Some Rincon Arroyo ephemeral flow is the result of runoff from the southern 

Caballo Mountains and Point of Rocks. 

Overall, the Jornada del Muerto basin receives a total of 3,367 acre-feet/year (or 4x106 m3/yr) of 

mountain-front recharge from the Caballo, San Andres, and Organ mountains (Kambhammettu et 

al., 2011). The deep aquifers and flow paths occur below the Miocene Rincon Valley and Eocene 

Palm Park formations. Recharge is mostly from precipitation where the deep units are exposed at 

the surface in the Caballo and San Andres mountains (Hawley and Kennedy, 2004 and 2005; 

Newton et al., 2015; and Wilson et al., 1981). Groundwater travel times in the deep bedrock 

aquifers is slow, which allows collecting heat and chemistry. 

 

5. Methods 

5.1. Repeat temperature measurements 

In September 2018, we collected a repeat temperature profile in SLH-1 (Figure 2). The 

temperature logging equipment consists of a Fenwall thermistor attached to a 1 km long wireline 

cable that is mounted in a pickup truck covered with a camper shell. A digital multimeter attached 

to a computer records resistance in the thermistor and cable, which is converted to temperature by 

calibrating the truck-based system against a laboratory-calibrated platinum resistance 

thermometer. The reproducibility of the measurements is 0.02°C. This thermistor works best in 

water. Measurements in the field are taken at 1 m intervals, and the cable is lowered down the well 

at a rate of 2 m/min. Vertical geothermal gradients, ΔT/Δz, are estimated by linear regression using 

least squares estimation. 

5.2 Hydrothermal model 

We developed a steady-state, semi-analytical solution that captures the essential features of the 

Rincon geothermal system upflow zone. The groundwater flow system consists of an upper and 

lower aquifer separated by a confining unit, with additional confining layers above and below the 

aquifers (Figure 4). We assume purely convective heat transport dominates within the two aquifers. 

In addition, conductive heat transport dominates within all confining units. Flow in the upper water 

table aquifer results from hydrothermal discharge issuing from a fault conduit (Figure 4). The 

maximum temperature (Th) in the water table aquifer occurs along the fault zone at (x,0). Flow in 

the upper aquifer system is in the x-direction. The lower confined aquifer system has flow 

prescribed in the y-direction and is at a right angle to the upper aquifer flow system. The 

background aquifer temperature (Tc) that enters the confined aquifer upstream provides a source 

of relatively cool fluids that can maintain a thermal overturn. Temperatures within the water table 

aquifer are denoted by Th(x,y). The fault is located along the line segment (0,y) (Figure S1). 

Temperatures within the lower confined aquifer zone are denoted by Tc(x,y). Cooler background 

temperatures enter the confined aquifer along the line segment (x,0). 

Analytical solutions are obtained along two of the boundaries of the model domain because the 

specified temperature conditions Tc and Th reduce the number of unknowns. That is, along the 

boundary where �!is fixed at Th in the upper aquifer along the line segment (0,y), an analytical 

solution in the lower aquifer can be obtained for �"along this same line segment. Alternatively, 

along the line segment (x, 0) within the confined aquifer where the temperature is fixed �", an 
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analytical solution can be found in the upper aquifer for �!. The two analytical solutions are given 

by: 
 

�!(�, 0) = "! + )�! − "!+ 
��[�#�] (1a) 
"" "" 

�$(0, �) = �! + �%[�$ − �! − �%]
��[−�&�] (1b) 

where C1-C5 are constants and are defined in the supplemental materials section. 

For the interior of the model domain both Th and Tc are dependent variables and appear in both 

aquifer equations. The governing conductive-convective heat transfer equations we numerically 

solved are given by: 
 
 

 !  + 
'* '( 

 
 !  + 

'* 

= �%�- + �&�. (2a) 

 

= �# (2b) 

where T1 is the computed interior steady-state temperatures of the model domain, D1 – D5 and E1 

are constants defined in the supplemental materials section. We used the analytical solution from 

equation (1a) to specify Th along the line segment (x,0) in the upper aquifers and the analytical 

solution (1b) to specify Tc along the line segment (0,y) in the lower aquifer. We applied a constant 

temperature boundary Th along (0,y) in the upper aquifer and Tc along (x,0) in the confined aquifer. 

All other boundaries were specified as no flux conditions.  We used an upwinding scheme to 

eliminate numerical oscillations for the convective terms. See the supplemental materials section 

for the full derivation of the analytical solutions and numerical approximations. The semi- 

analytical solution is available as a MATLAB code. 

 

6. Results 

6.1. Comparison of 1992 and 2018 temperature profiles 

The temperature profiles collected in 1992 and 2018 SLH-1 (Fig. 2c; red and black dashed lines) 

are nearly identical. There appears to be about 2°C temperature change at the inflection points at 

100 m and 180 m depth. This may be because the drilling fluids cooled the rocks outside the well 

annulus and the thermal regime had not fully equilibrated when the first temperature profile was 

collected. The small difference in temperatures between the two temperature profiles 

measurements supports our hypothesis of steady-state conditions. 

6.2. Semi-Analytical model results 

We ran a sensitivity study in which we varied the groundwater fluxes qh and qc within the water 

table and confined aquifer (Table 1). Thermal properties, basal heat flow, and porosity were fixed 

(Table 2). The values chosen in Table 2 represent normal heat flow conditions within the 

continental crust. We used a grid of 402 nodes in both the x and y-directions with a fixed ∆x and 

∆y of 0.25 m. The solution domain was 100 m x 100 m. 
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Table 1. Variable parameters used in sensitivity study and SLH-1 model run. 
 

 

 

Scenario 

qh 

 

 

(m/yr) 

qc 

 

 

(m/yr) 

Peh Pec qh/qc 

1 0.79 0.00079 5.2 0.005 1000 

2 7.9 0.79 52 5.2 10 

3 7.9 0.39 52 2.6 20 

4 7.9 1.57 52 26 2 

SLH-1 22 19 142 125 2 

 

 

Table 2. Fixed parameters used in sensitivity study. 
 

 

 

� Nx Ny 

 

 x,  y 

(m) 

Ts 

(oC) 

Th 

(oC) 

Tc 

 

 

(oC) Jz (W/m2) 

k1-k5 

 

(W/ m . oC) 

 

0.25 402 402 0.25 10 100 12.2 0.06 2 

 

 

 

 !! !" !# !# "$ #$ 

(m) (m) (m) (m) 
 

(m) (J/kg/oC) 

0 100 150 300  1000 4180 

 

We used two thermal Peclet (Pe) numbers to characterize the ratio of convection to conduction in 

this study: 
 

$
 
 

= 
/0%$%1# 

, $

 

 

= 
/0%$%1$ 

 
(3) 

! 2" 
$ 2&

 

where Peh and Pec are the thermal Peclet numbers for the hot and cold reservoirs and L is the model 

domain length (100m). 

The sensitivity study included four runs. Run 1 can be characterized as having relatively low 

thermal Peclet numbers of 0.79 and 0.00079 for the hot and cold aquifers, respectively. The flow 

rate within the upper aquifer was set to be 1000 times greater than that of the lower aquifer in this 

scenario. Inspection of the temperature profiles moving away from origin suggests that convective 

heat transport in the confined aquifer was too low to create a temperature overturn (Figure 6a-6e). 

They are comparable in form to the solution of Ziagos and Blackwell (1986). For Run 2, qh was 

increased by a factor of 10 and qc is increased by a factor of 1000 so that convection dominates in 

both aquifer systems (i.e. Pe2 and Pe4 were 52 and 5.2, respectively; Table 1). A temperature 
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overturn is apparent out to about 7 m from the origin (Figure 6f-6g). In Run 3, qh remained 

unchanged and qc was decreased by a factor of 10 resulting in a 20-fold difference in Darcy flux 

between the upper and lower aquifers. Here the temperature overturn is confined to 6 m from the 

origin (Figure 6k-6o). In Run 4, there was only a factor of 2 difference between the Darcy flux 

within the upper and lower aquifers (Figure 6p-6t). Like Run 2, an overturn can be seen across the 

100 m x 100 m domain. The grid thermal Peclet numbers were relatively high; 52 and 26, 

respectively for the water table and confined aquifers. A plot of the two analytical solutions for 

Run 4 of our sensitivity study is presented in Figure S2 in the supplemental materials section. The 

three-dimensional nature of the convective temperature anomalies can be seen in plane view 

temperature contour maps presented in Figures S3-S4 for the sensitivity study. 
 

 

Figure 6. Temperature versus depth for select locations from sensitivity study. See Table 1 for values of 

parameters used in semi-analytical solutions. The locations of profiles 3 m, 6 m, 12.5 m, 50 m, and 100 m 

are located along a line oriented 45o from the horizontal axis measured from the origin. 

6.3 SLH-1 Model 
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The temperature overturn in the Rincon well SLH-1 is mostly reproduced using our analytical 

solution (Figure 7). This required assigning an elevated basal heat flow of 200 mW/m2 and aquifer 

flow rate of about 22 and 19 m/yr within the unconfined and confined aquifers, respectively (Table 

1). Due to quartz silicification of the sediments, we assumed a porosity of 0.1. Contour plots of the 

unconfined and confined aquifers indicate a highly three-dimensional thermal regime (Fig. 7b, 7c). 

The best fit match to the SLH-1 well was found at x= 50 m, y= 100 m. 
 

Figure 7. (A) Best fit analytical model to SHL-1 Rincon well. (B) Map view showing temperature contours in 

the upper aquifer (T2). (C) Map view showing temperature contours in the lower aquifer (T4). 

 

 

 

7. Discussion 

The regional north-south hydraulic gradient near the ERHF is about 0.08. Using the flux estimates 

from our analytical solution (22m/yr or 7x10-7 m/s) yields a hydraulic conductivity of about 9.10-6 

m/s or a permeability of about 9.10-13 m2. This is on the order of a permeable sand aquifer (Freeze 

and Cherry, 1979). Since the sedimentary units near the ERHF are highly cemented, bulk 

permeability is likely related for fracture spacing and aperture. Using Snow’s law estimate of 

permeability: 

( = 3
'

 

#+- 

 
(4) 

where k is permeability, s is fracture spacing, and b is the fracture aperture. A fracture aperture of 

0.1 mm and a spacing of 10 cm would yield a bulk permeability of about 8.10-13 m2. 

Ge (1998) developed a steady-state analytical solution for borehole convective temperature 

anomalies. She demonstrated that steady-state temperature overturns can result from sub- 

horizontal flow along interconnected fracture sets. Her analytical solution predicts a return to 

conductive conditions below the fracture rock outflow zone. The solution is clearly applicable to 

temperature overturns within a unidirectional flow system. In SLH-1, there are three linear 

temperature segments from 0–100 m, 100–180 m, and 180–280 m. All have different slopes (Fig. 

5a). The linear nature of these segments argues for steady-state conditions. Below 280 m depth 

there is some curvature in the temperature-depth profile that may result from a trend of increasing 

porosity and decreasing thermal conductivity perhaps due to the absence of hydrothermal 

mineralization. 
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We estimate the total opal endowment at Rincon is about 6.8 x 108 kg (Horne, 2019). This would 

yield an average silica endowment of about 1.3x108 kg per bed. A chemical analysis for the 

exploration well RAD-7 indicated a dissolved silica concentration of 116.7 mg/L. Using the flux 

our SLH-1 model of about 22 m/yr, it would only take 1280 years to deposit this amount of opal, 

assuming 100% efficiency of silica precipitation. This suggests that silica kinetics must play an 

important role in reducing the rate of silica precipitation (Rimstidt and Barnes, 1980, Rimstidt and 

Cole, 1983). 

8. Conclusions 

Repeat temperature measurements were made in a geothermal exploration well located about 50 

m east of the north-south trending ERHF zone within the Jornada del Muerto Basin, New Mexico. 

Temperatures in this well (SLH-1) did not change over a period of 25 years. The well displays a 

prominent temperature inversion of 15°C over a vertical distance of about 60 m. The persistence 

of the temperature profile suggests steady-state conditions. Groundwater flow directions, as 

indicated by water table contour maps indicate flow is highly three-dimensional (Figure 3). We 

used a new semi-analytical solution to demonstrate that the temperature overturn observed in 

borehole SLH-1 can result from a multi-level, three-dimensional, conductive/convective fluid flow 

system. We also applied this solution in a sensitivity study. We found that flow rates within the 

upper hot water table aquifer and the cooler confined aquifer had to be relatively high (~ 8 m/yr) 

and less than or equal to one order of magnitude of one another in order to sustain thermal 

inversions away from the fault zone. 
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Supplemental Materials 

S1. Transport Equations 

Our semi-analytical solution considers an idealized steady-state, three-dimensional flow system 

depicted in Figure 4 and S1. The upper (water table) flow system results from hydrothermal 
discharge issuing from a deep permeable fault zone. A lower confined aquifer system with flow 

parallel to the fault zone and at a right angle to the upper aquifer flow system provides a source of 
relatively cool water that sustains the thermal overturn at late time (Figure S1). Temperatures 

within the water table aquifer hosting a geothermal outflow zone issuing from the fault are denoted 

by Th(x,y,zh). The depth of the unconfined aquifer is denoted by zh. Flow is solely in the x-direction 

within the water table aquifer. Temperatures within the lower, relatively cool confined aquifer 

zone are denoted by Tc(x,y,zc). The depth of the confined aquifer is denoted by zc. Flow is solely 

in the y-direction within the confined aquifer. 

There are five temperature regimes in our model: 

�4(�, �, !), 0 ≤ ! < !! (1a) 

�!(�, �), ! = !! (1b) 

�5(�, �, !), !! < ! < !$ (1c) 

�$(�, �), ! = !$ (1d) 

�6(�, �, !), !$ < ! ≤ !3 (1e) 

where �#, �$, and �% are the conductive temperatures in the three confining unit layers 1 (upper), 

3 (middle), and 5 (lower) and zb is the depth to the bottom of the model domain (Figure S1). At 

the boundaries of each confining layer, we enforce the following conditions: 

�4(�, �, 0) = �- (2a) 

�4(�, �, !!) = �!(�, �) (2b) 

�5(�, �, !!) = �!(�, �) (2c) 

�5(�, �, !$) = �$(�, �) (2d) 

 

�6(�, �, !3) = �$(�, �) +  7(  (!3 − !$) (2e) 
* 

 

where Jz is the basal heat flux and 0 ' is the thermal conductivity of the lowest layer. For the 

aquifer, we specify the following constant value boundary conditions: 

�!(0, �) = �! (3a) 

�$(�, 0) = �$ (3b) 

where Th and Tc are the specified temperatures along the edges of the two aquifers. Boundaries not 

covered by the analytical solution were set to no flux conditions: 
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= 0 (4a)
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We imposed a specified temperature boundary condition at analytical solutions on two additional 

boundaries described below. The steady-state solution is linear in z for Tu, Tm, and Tl: 

�4(�, �, !) = �- + . (�!(�, �) − �-) (5a) 
# 

 
�5(�, �, !) =  .;.$  �!(�, �) +  .;.#  �$(�, �) (5b) 

.# ;.$ .$ ;.# 

 
�6(�, �, !) = �$(�, �) +  7(  (! − ! ) (5c) 

2 * 

 

In the aquifers, conservation of heat gives rise to the following energy balance equation in the 

upper and lower aquifers: 
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= 2 3 
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where 0(, 0), and 0'are the thermal conductivities in the three confining units, a2 is "*#*4+, 2, is 
"*#*4,, 3+is the Darcy flux in the x-direction in the hot layer 2, 3, is the Darcy flux in the y- 

direction in the cold layer 4, and b2 and b4 are the respective thicknesses of layers 2 and 4. 

Substituting equations 5a – 5c into equations 6a and 6b yields: 
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S2. Analytical Solution along Boundaries of Solution Domain 

Far from the origin (0,0), equations 7a and 7b have a constant solution of: 

�! = 
)02!>7(.# 

 
 
 
 

 
(8a) 

= 2!
 

�$  = 
)02!2'>2!7(.$;7(.#2'>2'?1.# (8b) 
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= 2!2' 

If we let �!(�, �) = �! + �!(�, �) and �" (�, �) = �" − �"(�, �) (since we expect �! to be 
- ( - ( 

cooling off and �" to be warming), we get: 
 

)# )#(*,()>)$(*,() ')# 
−0# ! − 0, ) ! ! + = 2+3!  !  (9a) 

.# .#;.$ '* 
 

)#(*,()>)$(*,() ')$ 
−0, ) ! ! + = 2%3$  !  (9b) 
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where all parameters are positive and zc > zh. These equations have the form: 

 
# !  = −7�! − 8�$ (10a) 

'* # # 

')$ 
 !  = −��$ − ��! (10b) 
'( # # 

with A, B, and C > 0. Looking first for a solution in the form of the exponential of a linear function 

of x and y, we find that for real r, and any function of r, k(r), there is a solution of the form: 
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As x or y gets large, these approach zero and our solutions approach �!, �" as given in equation 
- - 

(8). Using all the relevant variables defined above, the two analytical solutions along the 

boundaries (x,0) for Th and (0,y) for Tc, we arrive at the analytical solutions within the upper and 

lower aquifers: 

�!(�, 0) = "! + )�! − "!+ 
��[�#�] (13a) 
"" "" 

�$(0, �) = �! + �%[�$ − �! − �%]
��[�&�] (13b) 

where C1-C5 are given by: 
 

� = 
 0,�$  

+ 
 0#  

� = 
0#�$ 

+ 
 0,  � = − 

 0# 
 

# !$ − !! !!�- + !!
 !$ − !! , [(!! + (, )(!$ − !!) 2%3$] 

 
 
 

�% = 
�3(!$ − !!) 

0, 

 
�& = 

 0,  

[(!! + (, )(!$ − !!) 2%?3$] 

 

 
S3. Governing Transport Equations in the Aquifers 

We can solve the first equation 7c for �c and substitute this into equation 7d, giving us: 
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Similarly, we can solve equation (7d) for T2 and substitute this into equation 7c, giving us 
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where 
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!!(!$ − !!)2+3!2%3$ 

Equations 14a and 14b represent the governing convective heat transport equations that are solved 

below using finite difference methods. 

S4. Numerical Methods 

For the interior part of the solution domain near the origin, we were unable to solve equations 14a 

and 14b analytically. We approximated the solution using the finite difference method. We used 

an unwinding scheme for the cross derivatives to avoid numerical oscillations. Letting ∆� = 
∆�, the finite difference numerical approximation for T2 is given by: 
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Grouping like terms: 

(1 + ∆��# + ∆��+ + ∆�+�,)�! − (1 + ∆��#)�! − (1 + ∆��+)�! +�! = ∆�+[�%�- + �&�.] (16) 
D,? D;#,? D,?;# D;#,?;# 

We used a Point Jacobi iteration scheme to find our solution: 

∆*"[F&)0>F*7(]>(#>∆*F!))#  >(#>∆*F"))#  ;)#
 �  = 

 
 

 
(17) 
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We solved for the temperatures in the confined aquifer (T4) a similar fashion: 
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∆*" ∆* ∆* D,? 



Person et al. 
 

47!,6 4,67! 47!,67! 

 
Grouping like terms: 

(1 + ∆��# + ∆��+ + ∆�+�,)�$ − (1 + ∆��#)�$ − (1 + ∆��+)�$ +�$ = ∆�+�# (19) 
D,? D;#,? D,?;# D;#,?;# 

Using a Point Jacobi iteration scheme, we have: 

�$ = 
∆*"H! >(#>∆*@"))$  >(#>∆*A"))$  ;)$

 

 
 

 
(20) 

D,? 
 

(#>∆*F!>∆*F">∆*"F') 

We iterated using equations (17) and (20) until convergence was reached. 
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Figure S1. (a) Cross-sectional schematic diagram depicting variables used in the semi-analytical solution. Plane 

view images of the variables used in the upper and lower aquifers are shown in subplots (b) and (c), 

respectively. Note that temperature in the upper aquifer along the left edge (x=0,y) is fixed at Th. An 

analytical solution is used to impose temperatures along the lower boundary (x, y=0) of the upper aquifer. 

(d) Flow system in the lower confined aquifer. The temperature along the bottom edge of the confined 

aquifer is fixed at Tc. An analytical solution is used to specify the temperature along the left edge (x=0, 

y) of the confined aquifer. The flow directions are depicted by the arrows. The thermal conductivity of 

the five layers are denoted by CD − EF, respectively. The permeability of each layer is denoted by k1-k5, 

respectively. The basal heat flux is denoted by the variable Jz. 
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Figure S2. Analytical solutions of temperature versus distance for the upper (A) and lower (B) aquifers from 

Run 4. 



Person et al. 
 

 

 

Figure S3. Temperature (Th) contour plots for the upper aquifer. The red dots depict the locations of the 

temperature profiles shown in Figure 3. 
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Figure S4. Temperature (Tc) contour plots for the lower aquifer. The red dots depict the locations of the 

temperature profiles shown in Figure 3. 


