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Abstract Over the past 35 years the Buckman wellfield near Santa Fe, New Mexico, experienced
production well drawdowns in excess of 180 m, resulting in ground subsidence and surface cracks.
Increased reliance on surface water diversions since 2011 has reduced pumping and yielded water level
recovery. To characterize the impact of wellfield management decisions on the aquifer system, we
reconstruct the surface deformation history through the European Remote Sensing Satellite, Advanced
Land Observing Satellite, and Sentinel-1 Interferometric Synthetic Aperture Radar (InSAR) time

series analysis during episodes of drawdown (1993-2000), recovery (2007-2010), and modern
management (2015-2018) in discontinuous observations over a 25-year period. The observed deformation
generally reflects changes in hydraulic head. However, at times during the wellfield recovery, the
deformation signal is complex, with patterns of uplift and subsidence suggesting a compartmentalized
aquifer system. Recent records of locally high geothermal gradients and an overall warming of the system
(~0.5°C during the water level recovery) obtained from repeat temperature measurements between 2013
and 2018 constrain a conceptual model of convective heat transfer that requires a vertical permeable zone
near an observed fault. To reproduce observed temperature patterns at monitoring wells, high basal heat
flow and convective cooling associated with downward flow of water from cool shallow aquifers during
the drawdown period is necessary. The fault, however, appears to die out southward or may be locally
permeable, as conceptual cross-sectional hydrologic modeling reproduces the surface deformation
without such a structure. Our work demonstrates the importance of incorporating well-constrained
stratigraphy and structure when modeling near-surface deformation induced by, for instance,
groundwater production.

1. Introduction

Several recent hydrological studies have used water level data and Interferometric Synthetic Aperture Radar
(InSAR) to monitor aquifer depletion, recovery, and dynamics (Amelung et al., 1999; Bawden et al., 2001;
Bell et al., 2002; Hoffmann et al., 2001, Hoffmann, Galloway, et al., 2003; Reeves et al., 2011; Reeves et al.,
2014; Chaussard et al., 2014, 2017, Chen et al., 2016; Miller et al., 2017; Murray & Lohman, 2018).
Collectively, these studies keep demonstrating the utility of InSAR data products and highlight a viable
method for resource monitoring by water managers in arid regions. While general spatiotemporal trends
of aquifer production and recharge in a pattern recognition sense can be insightful (e.g., Murray &
Lohman, 2018), a goal of such analyses should be to quantify subsurface processes and properties, and
retrieve these from the data. Progress has been made to infer properties such as elastic skeletal storage on
a basin scale through a combination of InSAR and well data and retrieve water level changes without well
measurements with respectable accuracy (e.g., Chaussard et al., 2014; Chen et al., 2016). However, on smal-
ler scales, linking surface displacements to hydrodynamic processes in the shallow subsurface, such as
pumping-induced head changes or aquifer recharge, can be significantly impacted by small-scale geologic
features such as permeable sand channels or faults, and lateral variations in stratigraphy in general.

Collection of thermal profile data, which involves measuring subsurface temperature as a function of depth,
can be used to measure groundwater flow (Anderson, 2005; Kurylyk et al., 2018; Saar, 2011). The shape of a
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thermal profile can help to identify and quantify downflow (concave-up); upflow (convex-up), or lateral flow
(abrupt cooling or warming associated with a certain aquifer). Few hydrologic studies have examined the
impact of aquifer depletion and recovery on subsurface temperatures. Taniguchi (1995) used discharge tem-
peratures collected from an actively-pumping wellfield in the Nara basin in Japan to document aquifer cool-
ing between 1963 and 1993. He noted that the temperature in one well decreased by 2.35 °C and attributed
this cooling to an increase in the rate of groundwater flow caused by a decreasing hydraulic head, thus redu-
cing the thermal energy picked up by the groundwater during flow.

Here we combine these two very different approaches of monitoring changes in groundwater flow using
satellite radar and well temperature observations and highlight complications that small-scale structure
and stratigraphy can add to interpretations. Temperature measurements as a function of depth in monitor-
ing wells can be utilized to infer groundwater movement and aquifer compartmentalization. We find that
temperature observations constraining local geothermal gradients provide essential information on small-
scale stratigraphy and structure required to establish a meaningful conceptual framework for modeling sur-
face deformation due to the depletion and recovery of a municipal wellfield operating in an arid setting.
Repeat thermal profile measurements locally confirm vertical groundwater flow that InSAR observations
broadly suggest, meaning that remote observations could become not just a proxy for mass flux, but also
temperature change.

We first reconstruct 25 years (1993-2018) of surface ground deformation for the municipal Buckman well-
field (BWF) near Santa Fe, New Mexico, USA, from episodic InSAR analysis utilizing the ERS (European
Remote Sensing Satellites, e.g., Attema, 1991), ALOS (Advanced Land Observing Satellite, e.g., Shimada
et al., 2010), and Sentinel-1 (e.g., Torres et al., 2012) synthetic aperture radar (SAR) satellite platforms.
Next, we present repeat thermal profile data from monitoring wells in the field. Groundwater temperature
time series, rarely reported for high-production wellfields, from 2013-2018 exhibit warming trends due to
flow, recharge, and surface warming. Following this, we explain the temperature observations with one-
dimensional conductive-convective heat transfer modeling. These inform the realistic geology that is incor-
porated into a conceptual two-dimensional hydrogeologic model of pumping-induced surface displacements
driven by production well water-level observations to qualitatively reproduce the InSAR observations. We
generally approximate first-order surface displacement characteristics observed from the satellite platforms
when the displacement is driven by pumping records alone. Our work shows the complexities involved
when interpreting surface displacements induced by shallow subsurface dynamics and lateral variations
in stratigraphy and structure.

2. Background
2.1. Geologic History and Regional Hydrology

The BWF is in the hydrologic discharge zone of the Espafiola Basin, a westward-dipping half-graben located
in the Rio Grande rift (Koning & Read, 2010; Figure 1). The basin is situated between the Proterozoic-cored
Sangre de Cristo Mountains to the east, which is a Laramide uplift feature, and the Miocene to Pleistocene
Jemez Mountains volcanic field to the west. The Rio Grande flows along the axis of the basin, a few hundred
meters west of the edge of the field. The BWF is developed in arkosic sandstones, siltstone, and conglomerate
of the Chamita Formation within the Santa Fe Group. The Chamita Formation was deposited by a south-
flowing ancestral Rio Grande; the sandy, axial-river deposits interfinger with alluvial slope deposits derived
from the west and fine-grained basin floor facies derived from the east (Koning et al., 2007; Koning & Read,
2010). Thus, the wellfield taps highly productive, but laterally discontinuous, fluvial aquifers. Geophysical
models constructed by Grauch et al. (2009) show the base of the Santa Fe Group is less than 600 m below
land surface (bls) near the Sangre de Cristo range front to the east, and deepens to nearly 2700 m bls at
the BWF. Aquifers beneath the Pajarito Plateau that are recharged in the Jemez Mountains dip to the west,
away from the wells at Buckman, and thus do not provide recharge to the BWF. The Los Alamos National
Laboratory, located on the Pajarito Plateau on the flanks of the Jemez Mountains to the west of the BWF,
conducts extensive groundwater sampling at piezometer nests (SF2B, 3, and 4; Figure 1) in the BWF to detect
laboratory-derived contaminants, and to this date, no contaminants have been detected (LANL, 2012).

The BWF production wells (Figure 1) penetrate the confined Chamita aquifer system, with depths of the pro-
duction wells ranging from 277 m (BS8) to 486 m (B2) bls in the northwestern portion of the field; in the
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Figure 1. (a) Map showing the location the Buckman municipal well field and the climate stations used to construct
Figure 2d. The dashed black line indicates the general footprint of the InSAR stacks in Figures 3-5. (b) the original
wells drilled in the well field are green circles; the newer wells are red circles, and monitoring wells are orange triangles.
Faults are shown as bold black lines: SIF = San Idefanso fault; WBF = West Buckman fault; EBF = East Buckman fault;
and B8F = a fault zone near well B8. Subsidence cracks formed along the East Buckman fault (red X marks the best
exposures). White east-west line indicates cross section of 2-D models in Figures 10 and 11. (c) an expanded view of the
original well field.

southeastern portion of the field, the wells are completed as deep as 610 m bls (B13). The shallowest upper
screen in any production well is 71 m bls (B2). Screened intervals in piezometers that sample water-bearing
sand lenses deeper than 50 m in the northwestern portion of the field show no connection between water
levels and river stages, further reinforcing the conclusion of a confined aquifer system (Vesselinov
et al., 2014).

Groundwater flow in the Buckman region is characterized by low horizontal hydraulic gradients and high
vertical hydraulic gradients (Johnson et al., 2013; McAda & Wasiolek, 1988). McAda and Wasiolek (1988)
developed a regional-scale hydrologic model for the Santa Fe Group aquifer of the Espafiola Basin that
was calibrated using predevelopment hydraulic head and hydrologic data. This model matched the pro-
nounced vertical hydraulic head gradient and discharge measured near the Rio Grande. Upward ground-
water flow near the river is supported by upward-directed hydraulic gradients (0.03-0.13) observed in
piezometer nests, elevated groundwater temperatures, and elevated concentrations of conservative ions
(boron and lithium) (Johnson et al., 2013; McAda & Wasiolek, 1988). However, production activities have
locally altered the predevelopment gradients.

Fluctuations in groundwater temperature have been observed in recorded discharge temperatures of the
BWEF production wells. Kelley et al. (2016) noted that summer discharge temperatures have been gradually
rising since 2008 and that B1 appears to draw in cooler waters during times of high withdrawals. Discharge
temperatures in B8, the well that is closest to a mapped fault (B8F in Figure 1), are consistently warmer than
the other production wells by 2-3 °C.

2.2. History of the Buckman Wellfield

The BWF is one of five sources that supply drinking water to city of Santa Fe (Annual Water Report,
2018). Early in the wellfield's history the BWF provided 50% of the city's water, but during the last five
years its contribution has shrunk to <10%. Initially six wells were drilled in the northwestern part of
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Figure 2. Buckman wellfield history. (a) Graph that highlights the three phases of development and water management
in the field. (b) Water level changes in four production wells in the field and the timeframes of the InSAR analyses

(see supporting information for individual well records of entire wellfield). Both the production and the production well
water level data were provided by the City of Santa Fe. (c). Water level changes in the monitoring wells and the
timeframe of the repeat temperature measurements. These water level data are from the U.S. Geological Survey.

(d) Changes in mean annual air temperature from two National Oceanic and Atmospheric Administration climate sta-
tions in the Santa Fe area.

the field near the Rio Grande in 1971 and 1972. Wells B1 and B2 were replaced in 1977, and Well B3 was
replaced in 1995. The U.S. Geological Survey drilled monitoring well nests SF2B, SF3, and SF4 for the
City of Santa Fe in 1986 and 1987. Two additional production wells in the northwestern field, Wells B7
and B8, were drilled in 1990 (Figure 1). The field produced an average of 544 + 122 million
liters/month between 1993 and 2003 (Shomaker, 2018), which resulted in water level declines of 100 to
200 m during this time (Figure 2, S1-S2; LANL, 2012; Shomacker and Associates, 2018). This
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precipitous drop in water levels induced ground subsidence up to about 20 mm/yr or a maximum of 14
cm over a 25 km? area from 1993 to 2000 observed with InSAR (Thomsen & Fialko, 2004; our section 3
and Figures 3, S1-S3). In 2001, to the east of this portion of the field, a fissure about 800 m long with 20
cm of dilation and 20-25 cm of down-to-the-west vertical offset formed parallel to the pattern of subsi-
dence along the East Buckman fault (EBF; Figure 1) (Haneberg, 2010; Koning et al., 2007). Such fissures
have been observed in other basins experiencing inelastic compaction (e.g., Galloway et al., 1998;
Pavelko, 2004).

The wellfield expanded toward the southeast in 2002 and 2003 when production Wells B9-B13 were brought
on line in an effort to reduce overpumping in the older part of the BWF. Production in the main part of the
field dropped to 266 + 108 million liters/month between 2004 and 2011, and the remaining production
shifted to the southeast (Wells B10-B13, Figures 1 and 2), which stabilized water levels in the original field
after an average drop between 120-170 m (Shomaker, 2014). In 2012, the City of Santa Fe completed the
Buckman Direct Diversion project, diverting additional water from the Rio Grande as part of the San
Juan-Chama Project (http://BDDproject.org). The city currently forecasts that no additional resources are
required until 2020. This history is best visualized as three distinct periods of groundwater use
(Figure 2a). Water levels at B1, B4, B6, and B8 are shown for comparison (Figure 2b); detailed depth-to-water
plots for all the wells can be found in Shomacker and Associates (2018) and on the internet (https://www.
santafenm.gov/buckman_wells_water_level_monitoring program).

3. InSAR Analysis
3.1. Data and Image Processing Methods

We performed InSAR analysis on data from the European Remote Sensing Satellite (ERS) (European Space
Agency), ALOS (Japanese Aerospace Exploration Agency), and Sentinel-1 (European Space Agency) mis-
sions. Details on analyzed tracks, frames, number of scenes and respective time periods are given in
Table 1. Table 1 also lists the master image we picked for each sensor to align the remaining scenes for time
series analysis with GMTSAR (Sandwell et al., 2011a, 2011b) using SRTM-3 (Farr et al., 2007) digital eleva-
tion models for terrain corrections.

After an initial run we eliminate pairs with poor correlation and heavily affected by atmosphere (e.g., water
vapor or ionospheric activity). Correlation between two SAR images is calculated on a pixel scale, and pro-
vides a quality metric for any given location. We generally benefit from longer-term temporal coherence due
to minimal vegetation (e.g., Wei & Sandwell, 2010) in the region of the BWF, but we still had to eliminate
highly decorrelated data below a pixel-based correlation threshold of 0.12. We unwrapped the remaining
phase observations for the region of interest shown in Figures 3-5 with snaphu, an algorithm that turns
modulo 2pi radian phase observations of interferograms (fringes) into unambiguous phase observations
(Chen & Zebker, 2000) and stacked the unwrapped interferograms for each sensor to determine average line
of sight (LOS) velocities for the respective time periods. LOS velocities are surface motions projected onto the
view angle of a stable satellite. LOS lengthening, that is, a longer distance between a satellite and an object
on the ground, can be induced by subsidence, horizontal motion away from the satellite, or a combination of
both. LOS shortening, in turn, is induced by the opposite ground motion.

The earlier periods observed with ERS and ALOS have fewer high quality observations; therefore, we
abstained from higher-resolution time series analysis (e.g., SBAS, Berardino et al., 2002). We removed con-
stant biases in each velocity field by averaging over a representative region with zero expected surface defor-
mation and minimal topographic effects (indicated by red lines along profiles in Figures 3-5). This process is
somewhat subjective and may bias the results by a constant that is reported in the last column of Table 1 for
each velocity product.

Significant noise sources in InSAR data are due to variations in the ionosphere, variations in tropospheric
water content, and imperfect digital elevation models or topographically driven tropospheric changes
between SAR acquisitions that remain unmodeled. Topography in mountainous areas locally influences
air temperature and moisture content, and as a result creates tropospheric delays that may mimic topogra-
phy (Delacourt et al., 1998). While the region of the wellfield has minimal topography and relatively higher
correlation values, we find significant topography outside of the valley (Figure 1) generally causing slight
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Figure 3. ERS stack showing average line of sight (LOS) velocity from 1993-2000 and EW (top) and NS (right) profiles
through the center of subsidence. White dots are production well locations (see Figure 1), colors are line of sight
velocities. Faults are marked by thick black lines (same as in Figure 1), white lines are additional regional faults. Black
straight lines in main panel mark locations for EW and NS profiles of LOS velocities shown at top and right of main map
(not in the same location for Figures 3-5). Red line segments in main map and top profile highlight region where
velocity correction was determined (see Table 1).

InSAR Observation Details. Master Images Were Chosen Such that Temporal Decorrelation and Orbit Baselines are Minimized. Regions Chosen to Determine the
Corrections are Marked in Figures 3-5 by red lines

Flight Supermaster Usable
Mission Date range Path  Frame direction image Used scenes interferograms Correction
ERS 15 July 1993 to 227 0711 Ascending el 21307 6 6 —8.5 mm/yr
15 October 2000
ERS 2 July 1993 to 098 2889  Descending e2_04962 15 13 —6.9 mm/yr
2 October 2000
ALOS PALSAR 10 June 2007 to 193 700 Ascending  207450700-H1.0 6 5 —22.8 mm/yr
3 May 2010
Sentinel-1A 20 November 2015to 056 471 Descending 20170713 48 (total) 62 (total)
23 October 2018 28 (2015-2017) 27 (2015-2017) —61.9 mm/yr (2015-2017)
20 (2015-2017) 35(2018)

—124.2 mm/yr (2018)

Abbreviations: ALOS = Advanced Land Observing Satellite; ERS = European Remote Sensing Satellite PALSAR = Phased Array type L-band Synthetic Aperture

Radar.
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Figure 4. ALOS stack from 2007 to 2010. Similar setup to Figure 3. Note sharp discontinuity between uplift and subsi-
dence in EW direction shown in southern EW profile (black), grey EW profile through maximum uplift feature. (pro-
files are not in the same location for Figures 3-5.)

atmospheric effects (Figures 3-5). In general, we base our averaged LOS velocity calculations on
interferograms with minimal impact of such effects.

3.2. InSAR Results

We obtain results for three disconnected time periods determined by availability of data from the utilized
SAR platforms (Figure 2B): 1993-2000 (ERS; Figure 3), 2007-2010 (ALOS; Figure 4), and 2015-2018
(Sentinel-1, Figure 5) during which we observe significant changes in the long-term deformation field driven
by wellfield management and climate impacts. Since matrix compaction and expansion in the shallow
subsurface drive the deformation processes, we assume that the observations reflect predominantly
(not exclusively, see e.g., Fuhrmann & Garthwaite, 2019) vertical motions. This is confirmed by a compari-
son of average LOS velocities from two different viewing geometries (ascending and descending ERS for the
1993-2000 time frame) showing similar features and sense of motion for the BWF (Figure S3). Even if elastic
flexure due to surface loading and unloading was invoked, the deformation would manifest predominantly
in the vertical component (e.g., Grapenthin et al., 2006; Pinel et al., 2007).

The observations from 1993-2000 (Figure 3) indicate broad subsidence over the entire northwestern
wellfield at a maximum of about 20-mm/yr LOS lengthening (ERS: 23° look angle) with maximum
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deformation in its center near Well B2 (Figures 1 and 3). During this time period only Wells B1-8 were
active; hence, we do not expect any deformation outside of the core wellfield. The N-S and E-W
profiles through the center of deformation show that the subsidence is indeed focused on the wellfield
with little to no marginal uplift, which could be expected due to elastic flexure after unloading (e.g.,
Amos et al., 2014; Borsa et al., 2014), but likely requires significantly larger mass removal to manifest
above the observed noise floor. Some relative LOS shortening (e.g., uplift) in the NW quadrant and east
of the wellfield in Figure 3 correlates with higher topography and is interpreted as
atmospheric interference.

Between 2007 and 2010 (Figure 4, ALOS: 34° look angle), we observe an intriguing pattern of about 20
mm/yr of average LOS shortening (approx. uplift) in the western part of the wellfield and up to 10 mm/yr
of average LOS lengthening (approx. subsidence) in the eastern part. Most, if not all, of the uplift occurs near
Well B8 (Figure 4), where water levels recovered by ~60 m from 2009 to 2010, approaching predevelopment
levels (Figure 2). Wells B1 and B7, also in the vicinity of this signal, recovered by ~100 m (B1) from
2007-2010 (Figure 2) but do not show as dramatic an uplift signal, which is potentially eclipsed by the sub-
sidence in the southeastern part of the wellfield that is centered on Wells B3-5 (Figure 4). The opposing
motion is in agreement with the general trend of well water levels during the observation period (supporting
information Figures S1 and S2). The sharp discontinuity between these regions with opposite polarity in
motion approximately corresponds with the location of a north-trending, normal fault, dipping to the east
and mapped by Koning and Read (2010) (B8F in Figure 1). These patterns are suggestive of aquifer compart-
mentalization consistent with a conduit/barrier fault (Bense & Person, 2006).

We split the observations from 2015-2018 into two time intervals (Figure 5). The almost complete lack of
snow pack in all of New Mexico and southern Colorado during the winter 2017/2018 (e.g., National
Weather Service, 2018) and the resulting lack of surface water supply increased the demand for ground-
water, which warrants separate consideration of observations for 2018 (Figure 5B). The earlier time period
from 2015-2017 (Figure 5A) shows slight and very narrow LOS lengthening with a maximum of about
13-17 mm/yr at Well B1. While the well water levels at B1 and B8 (Figure 2B) show slight recovery compared
to the not-imaged period from 2011-2015, the monitoring wells in the vicinity (SF3A, SF4A) show a signifi-
cant, albeit short-lived, lowering of well water levels toward the end of 2017 (Figure 2C). The resulting short-
term, but large amplitude signal in the observed ground deformation biases the long-term displacement field
toward subsidence. Importantly, however, we find this LOS lengthening to be of very short wavelength,
before overall stable background motion with slight LOS shortening to the west and north in regions away
from topography. This is particularly evident in the EW profile where we see a sharp drop in LOS velocity
within a subtle, but broad LOS increase in the region of prior subsidence near Well BS.

This picture changes dramatically in 2018 (imaged through end of October, Figure 5b) where we see the east-
ern part of the wellfield (Wells B3-6 and B9) induce significant LOS lengthening of up to 50 mm/yr due to
increases in production (particularly Well B4) in response to the lack of surface water flows or otherwise dri-
ven drops in water levels (Figures 2b and 5b). Again, the velocity drops sharply as we move from west to east
across the profile and recovers somewhat more gently at the eastern edge of the wellfield. The shorter
imaged time interval results in larger background noise, again well correlated with topography. A feature
of note outside of the primary study region is the subsidence-imaged south of Cuyamungue in the NE of
Figure 5b. This LOS lengthening on the order of 30 mm/yr is likely also caused by increased production from
local wells.

4. Groundwater Temperature Fluctuations

The primary goal of measuring temperature as a function of depth (thermal profiles) in the monitoring wells
in the Buckman area is to map out groundwater movement and compartmentalization in the complex fluvial
aquifer system beneath the municipal wellfield. In addition, repeat measurements were collected annually
in midsummer from 2013-2018 to determine temporal variations in temperature caused by rising water
levels (Figure 2c) and mean annual air temperatures (Figure 2d) during this timeframe. This timing coin-
cided with the installation of the Buckman Direct Diversion and diversions from the older portion of the
BWEF were at their lowest levels in two decades (Figure 2a). Here we focus on thermal profiles measured
in monitoring well nests SF4, SF3, and SF2 (Figures 1, 6, 7, and 8). Each nest has three wells (A, B, and
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Figure 6. Thermal profiles from five monitoring Wells in three piezometer nests near production Wells B1 and B8. The piezometers are shown as red circles on the

C) of decreasing depth. Each well has a short, 3-m screened interval, located at or near the bottom of the
casing. The deepest monitoring well in the field, SF2A, was damaged in 1999 during the peak of

4.1. Methods

Students attending the Summer of Applied Geophysical Experience
(SAGE) program recorded thermal profiles in monitoring well nests

inset map.
subsidence and is no longer accessible.
Elevation
(m B8 SF4 SF3 B1 SF2
1700 Rio CBA CBA cB

Grande

1600

1500
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Figure 7. Conceptual cross-section through the wells illustrated in Figure 6.
The screened intervals in the wells are shown as horizontal lines. Each
colored layer is an aquifer and the white spaces between are confining
layers. Aquifer correlations are based on interpretations of geophysical well
logs, responses of water levels in the monitoring wells to pumping in the
production wells, and water chemistry data. Modified from LANL (2012)
and Koning et al. (2007).

located in the BWF and elsewhere in the Espafiola Basin during the sum-
mers of 2013-2018. Temperature logging equipment used by SAGE con-
sists of a Fenwall thermistor attached to a wireline cable that is
mounted in a pickup truck covered with a camper shell. A digital multi-
meter attached to a computer records resistance in the thermistor, which
is converted to temperature by calibrating the truck-based system against
a laboratory-calibrated platinum resistance thermometer. This calibration
is done once a year, and through the years of the experiment (2013-2018),
the annual calibration points lie on the calibration curve that was estab-
lished using 5 years of data. In other words, the calibration of the thermis-
tor did not change during the experiment. Measurements in the field are
taken at 1-m intervals, and the cable is lowered down the well at a rate
of 2 m/minute. Repeat measurements in regional wells outside the area
of aquifer development are reproducible year-after-year to +0.02 °C using
this equipment. One source of error is associated with difficulties in start-
ing the thermistor at the same elevation relative to the ground surface
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during each repeat measurement; this error is less than 0.5 m. Vertical

geothermal gradients, dT/dz, are estimated by linear regression using

least squares estimation.

50 —
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4.2. Spatial Variations in Well Observations
Constrain Stratigraphy
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The geothermal gradients in the monitoring wells vary significantly over
short horizontal distances (Figures 6 and 7). Monitoring wells SF3A,
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interpreted by some as sampling the same aquifer (LANL, 2012;
Vesselinov et al., 2014). However, geothermal gradients range from 79.6
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. and 73.1 °C/km in SF4A and SF3A, respectively, to 38.0 °C/km in SF2C
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= the temperatures in SF2B follow those in SF2C exactly (Figures 6 and 8);
. then at greater depths, the geothermal gradient increases, likely due to
changes in rock type determined on the resistivity log of SF2A, located 3
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m south of SF2B (Hart, 1989). The best-fit linear gradients for SF2B are
- 38.0 °C/km above 120 m and 57 °C/km between 120 and 160 m
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sand and silt

sand
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!
& . (Figure 8), still well below the calculated gradients in SF3A and SF4A.
i Mapped faults have not been identified between the SF2 and SF3 nests
\ (Koning & Read, 2010). Analysis of drillers and geophysical well logs indi-
4 cates that the sand and clay intervals between these wells are discontinu-
. ous (Figure 7). A comparison of published geochemistry data (Johnson
et al., 2013; LANL, 2012) reveals that there are also changes in both major
ions and trace elements between wells SF3A and SF2C, but not between

300 | 1 1

Figure 8. Thermal profiles collected between 2013 and 2018 by SAGE stu-
dents from monitoring well SF2B. The 2005 log is from Manning (2009).
Lithologic information is derived from drillers log and geophysical logs for
SF2A located about 3 m to the south (Hart, 1989). The bold dot-dash lines
show the top and bottom of the two gradient intervals.

Temperature (°C)

20

25 SF3A and SF4A, indicating that the SF3A/SF4A pair and SF2C are
screened in different sand lenses (Figure 7). The abrupt change in geother-
mal gradient and water chemistry suggests a stratigraphic discontinuity in
the aquifers between SF2 and SF3. In contrast, the elevated geothermal
gradients in SF3 and SF4 appear to be related to slightly warm water
migrating up a small fault mapped by Koning et al. (2007) (Figure 1,

BSF). SF4 is closer to the fault and has the higher geothermal gradient.
4.3. Temporal Groundwater Temperature Fluctuations

Generally, thermal profiles measured in SF3 and SF4 between 2013 and 2018 generally show warming by
approximately 0.3-0.4 °C between 2014 and 2018, with the largest change occurring in 2015 (Figure 6). In
detail, repeat measurements at SF3 and SF4 between 2013 and 2014 showed little change; the geothermal
gradients were generally linear. Upon arrival at the wells in 2015, we found that SF3A and SF4A had been
capped by the U.S. Geological Survey because of artesian flow to the surface, which precluded measurement
of these wells in that year. Instead, we logged SF3B and SF4B, which had water standing in the casing ~0.5 m
above the ground surface. Temperatures in SF3B had never been measured before, and SF4B was measured
in 2013. The temperature in SF4B shifted 0.2 °C through the length of the 40-m hole between 2013 and 2015.
The 2016 measurements showed a continued warming trend in the SF3 and SF4 nests. Water levels had
dropped since 2015, and we obtained temperature measurements in all four deeper wells in the SF3 and
SF4 nests. Remarkably, the temperature in SF4A had warmed 0.3 °C along the 80 m length of the borehole.
In contrast, the temperatures near the bottom of the shallow wells SF3B and SF4B remained similar com-
pared to 2015, but the upper parts of these wells warmed. SF4B shows the largest increases in temperature
(close to 0.5 °C) between 10- and 30-m depth. Similarly, the bottom of deep well SF3A remained at tempera-
tures like those measured in 2014, and the top part of this well also warmed. Temperatures continued to rise
in 2016 and 2017. In summary, temperatures at the bottom of SF3 and 4 have increased by 0.28-0.37 °C
(£0.02 °C) between 2014 and 2018, with the most dramatic change occurring between 2014 and 2016.
Artesian flow in SF3A/B and SF4A/B began in 2015, and water levels have risen 2.5-8 m over the period
of observation. The upward flow of water in the wellbores has caused the upper parts of the wells to warm
by as much as 0.8-1.3 °C since 2014.
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this well was also logged by Manning (2009) in 2005 (Figure 8). SF2C was

— Annual Data— also logged multiple times during this timeframe (Figure 6). SF2C is on
/ average 0.1 °C warmer in 2016 and 2017 compared to 2013. This small dif-
A /\ | ference is within the precision of the thermistor and the elevation of the

thermistor when logging begins. In contrast, the thermal profiles for the
deeper parts SF2B have changed significantly over the years. In general,
the temperature log for SF2B was reproducible to within 0.1 °C between
2013 and 2015, except in the depth range between 205-230 m which cor-

1 1 1 1

|
1985

1
1995 2005 2015 responds to a sandy zone within an interval dominated by silt; the base of

Year this depth range is located ~15 m above the screened interval near the bot-
tom of the well (screen at 244-247 m). Initially, especially visible in the
Manning (2009) log, this interval was relatively cool compared to the
background gradient and the interval warmed between 2013 and 2015.
Then in 2016 and 2017, and to a lesser degree, in 2018, temperatures
below 125 m started to oscillate above and below the curves measured
in previous years. A region of slightly warmer temperatures developed

500 J near the top of the interval that was cool in in 2005, so the water flowing
/ W around the casing appears to be warming. We attribute this unusual beha-
480}F JC ‘ vior to possible damage of the casing, which is allowing water to enter,
; thus causing convection within the wellbore. Examination of the casing
i . . .
460} \ { / W'r with a camera will be necessary to confirm this.
a0k M/ 5. Modeling
| L L L L L 5.1. One-Dimensional Conductive-Convective Heat Transfer
1985 1995 2005 2015 In order to understand the temperature patterns within monitoring well
Year

SF3A, we constructed a suite of idealized one-dimensional models of
groundwater flow and heat transfer in order to calculate temperature pro-
files in the well. We solved the following groundwater flow equation in
one dimension:

oh 0 oh
S 3, — A_ K_> 1
T 5z{ Zaz} @

where S; is specific storage, K, is the vertical hydraulic conductivity, h is hydraulic head, t is time, and z is
elevation. We used a model domain that was about 500 m deep and an element spacing of 2 m. We imposed
drawdowns from Well B1 between 1982 and 2016, which include periods of drawdown (1982-2000) and
recovery (2000-2016). Specified hydrostatic head boundary conditions were set on the top and bottom of
the 500-m-thick solution domain based on well observations (Figure 9). We assumed a hydrostatic head
initial condition and upper boundary condition of 1,683 m. This elevation represents the topographic low
of the model cross section. Vertical groundwater velocities were calculated using Darcy's law:

oh
q; = _Kza—z ) (2)
where q, is the vertical Darcy flux. We then solved the following transient conductive-convection heat trans-
fer equation (Bredehoeft & Papaopulos, 1965):
oh 9 oT oT
-t ) Cr——
b5t az{”az} LFr1ae o ®

where T is temperature, Cy, is the bulk heat capacity (solids plus fluids), 4, is the bulk thermal conductivity
(solids plus fluids), C¢ is the fluid heat capacity, and pyis the fluid density. We varied the specified heat flux
boundary between 80 and 170 mW/m? at the base of the solution domain. We imposed a linear temperature
gradient with depth as an initial condition consistent with the basal heat flux. Mean annual changes in land
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Figure 10. Effect of permeability and land surface temperature boundary conditions on simulated temperatures at
Buckman well SF3A.

surface temperature based on measurements at the Santa Fe airport were imposed at the top of the model
domain (Figure 9). These data showed a warming trend with significant variability.

5.2. Hydrothermal Model Results

We assessed the effects of permeability and changes in the upper specified temperature boundary conditions
on simulated temperatures using our idealized one-dimensional hydrothermal model to observed tempera-
ture profiles from 2013 to 2016 in well SF3A (Figure 10). Our primary goal in developing these models was to
understand whether the curvature in the temperature profiles between depths of 20-60 m in well SF3A
could be explained by convective heat transfer effects combined with changes in temperatures at the water
table. We hypothesize that these changes are due to climate change and convective cooling effects during
times of high production in the wellfield (see Figure 2d).

We used a bulk specific storage within the upper 500 m of 4.0 x 10~°/m similar to that specified in the cross-
sectional hydrogeologic model described in the next section. We assigned a thermal conductivity of 1.93
W/m-K assuming a porosity of 0.3 and a thermal conductivity of the solids of 2.5 W/m-K for all units below
the water table. We used the drawdown history to adjust the thermal conductivity of the shallowest vadose
zone elements to 1.72 W/m-K for air-saturated pores. This had a second order effect on simulated tempera-
tures. We varied the bulk permeability of the 500-m-thick column from 107 to 10™'* m? These values fall
approximately in between the permeability of the aquifers and confining units for an intermediate perme-
ability scenario (107" to 10~** m?). We also varied the basal heat flux between 80 to 200 mW/m? We found
best fits to the observed temperature profile with a bulk permeability of 107'>! m? for the model domain and
a basal heat flux of 170 mW/m? (Figure 10b and 10d). Typical values of basal heat flow for the Rio Grande Rift
do not exceed 80 mW/m?> (Reiter et al., 1975), but using this value produces much lower deep thermal gra-
dients than are observed (compare Figure 10b to 10e). This corresponds to a thermal Peclet number of 1.6.
The one-dimensional Peclet number is given by:

HC
pe — — P19 ,

T @

where Pe is the thermal Peclet Number (ratio of convective to conductive heat transport), and H is domain
length. Best-fit models involved assigning permeability conditions that allowed for downward convective
cooling, simulating the influx of cool water from shallow aquifers during times of drawdown (compare
Figures 10a-10c). Increasing the permeability to 10~*® m? resulted in too much curvature in the simulated
temperature profile (Figure 10c). Reducing the permeability to 107'° m? resulted in more conductive
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temperature profiles (Pe = 0.2) with the only variations in simulated temperatures being due to the imposed
mean annual air temperature at the top of the model domain (Figure 10a). Large changes in water table tem-
peratures were realized by using the mean annual air temperature as the top specified value boundary con-
ditions in the heat transfer model (Figure 10d). However, the observed change in water table temperatures in
well SF3A did not monotonically increase 2013-2016. These simple hydrothermal models were unable to
reproduce the observed offsets in the temperature profiles in the depth range from 20-60 m between 2013
and 2016 observed in the data.

5.3. Conceptual Cross-Sectional Models of Pumping, Subsidence, and Uplift

Informed by the temperature observations and thermal modeling, we developed a suite of idealized cross-
sectional models in order to assess how changes in simulated hydraulic head would affect land
subsidence/uplift in response to pumping. One important goal of these conceptual hydrologic models is to
try to understand how the presence of fault zone B8F (Figure 1) between the B4 and B8 production wells
could account for the observed differential west to east uplift/subsidence across the BWF between 2007
and 2010 (Figure 4). These two wells were used because they are located in the respective centers of the
bimodal deformation field in Figure 4, had representative pumping/drawdown histories, and were located
on either side of the fault zone shown in Figure 7. We hypothesize that the presence of the fault zone may
have played an important role in modifying temporal uplift/subsidence patterns adjacent to the B4 and B8
production wells. A second goal of these models is to assess whether or not the inferred subsidence rates
and their spatial characteristics across the BWF observed with InSAR could be reproduced using an
elastic/inelastic hydromechanical model (Hoffman, Leake, et al., 2003).

The governing groundwater flow equation we solved in this study is given by:

oh 0 oh d oh
sa:§{Kxa} +Fz[KZFz}’ ©)
where S is specific storage (m™), his hydraulic head (m), and K, and K, (m s~1) are the components of
hydraulic conductivity in the x- and z-directions. Hydraulic conductivity in m/s is related to permeability
as follows: K = 5P Where k. is permeability in the x-direction, pyis fluid density, g is the gravity constant,
and u is fluid viscosity. Specific storage was varied depending on whether the vertical effective stress (o)
exceeded the preconsolidation stress (o7'**) as described by Hoffman, Leake et al. (2003):

S5 = Sgee 07 <0y (6a)

Ss = Sskv O'meZUzy (6b)

where S is the elastic, skeletal specific storage coefficient, Sy, is the inelastic or virgin storage coefficient,
o, is the vertical effective stress (g, = g, — P), 0, is the vertical load, and P is fluid pressure. We did not vary
the value of Sg based on lithology. We made this assumption, in part, because the coarse-grained facies are
heterogeneous containing silt and clay stringers, and because laboratory compressibility data for these sedi-
ments were not available to us. Since land surface erosion and sedimentation can be neglected on these time
scales, we assumed that Ao, = Ahpsg. The preconsolidation effective stress is exceeded when simulated
heads are less than the preconsolidation (hydrostatic) heads. According to Hoffman, Leake et al. (2003)
Sskv (inelastic deformation) should be much greater than S, (elastic deformation). In addition, Sy is typi-
cally assumed to be a nonlinear function of effective stress change during inelastic deformation. In this
study, we did not vary Sg, incrementally with changes in effective stress during inelastic deformation. We
set Sqry about 1.5 greater than Sg.. As noted in Hoffman, Leake et al. (2003), the use of “two constant values
for the skeletal specific storage, one each for stresses greater than and less than the preconsolidation stress,
only approximates the true stress/compaction relation of the sediments.” Laboratory compressibility-
effective stress data for the BWF were not available to evaluate either Sgy, or Sgye.

Because we used a cross-sectional model in this study, we did not include a pumping well sink term in our
governing groundwater flow equation. Rather, the head changes observed in the B4 and B8 wells were
imposed in all model runs along the well screen intervals (Figures 2b, S1, and S2). We specified hydrostatic
hydraulic heads along the top of the model domain and no-flux boundaries along all other sides. We did not
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Table 2

Permeability Assigned to Different Lithofacies in the Cross-Sectional Model.
Note that We Assumed an Anisotropy of 10 (K,/Ky) for All Units but the
Fault Zone. For the Fault Zone, We Used K,/K, = 0.1

Lithology Log; o permeability (mz) ky/k,
1 2 3
Silt —16/-17 —16/-17 —16/-17
Sand —12/-13 —12/-13 —12/-13
Alluvium —11/-12 —11/-12 -11/-12
Fault —-11/-9 absent —18/-16
Figures 10B-C, 10D-E, 10F-G,
11A 11B 11C
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Figure 11. (a) Cross-sectional hydrostratigraphic units (green, blue, and
brown patterns), fault zone (red line), and locations of Buckman-8 (B8)
and Buckman-4 (B4) production wells (black lines). See Figure 1b for map
location of this cross-section. The permeability assigned to the 4 lithofacies/
fault zones were represented in this model. (b-g) Computed 1993 and 2010
drawdown patterns for three different scenarios including the presence of a
high permeable fault zone (b-c), no fault zone present (d—e), and a low-
permeability fault zone (f-g). Compressibility and specific storage decreased
with depth. Observed drawdowns were imposed at nodes where the two
pumping wells were located (B4, B8) is also shown in Figure 2b.

attempt to represent the prepumping regional flow field in these models.
We assumed a hydrostatic initial condition prior to the onset of pumping.
We calculated land subsidence using a linear elastic/inelastic formulation
described by Hoffman, Leake et al. (2003):

Li([) = EiSsAhi(t)Abi; (7)

where L;(t) is the change in land surface elevation for a given nodal col-
umn (see below), Ab; is the vertical width of the i™" element, and Ahyt)
is the head change from hydrostatic conditions. The value of S used in
equation (7) was calculated at each time step using equations (6a,b). We
summed the changes in water levels over each of the 161 vertical nodal
columns (description below) in order to compute average land surface
changes for the years 1993, 1997, 2007, and 2010 across the cross section.
We then subtracted the average annual land surface elevation changes
along each nodal column between 1993-1997 and 2007-2010.

Equations (5)-(7) were solved with the finite element method model
RIFT2D (Person & Garven, 1992). Triangular elements that employed
linear shape functions were used. RIFT2D was modified to account for
land subsidence and uplift following Hoffman, Leake et al. (2003).
The model domain was discretized using 13,041 nodes and 25,600 trian-
gular elements. We developed a structured numerical grid consisting of
161 nodal columns and 81 nodal rows. In our structured mesh, vertical
nodal columns are comprised of a series of nodes that have the same x
coordinate but different z coordinates. This facilitates the calculation of
vertical land subsidence. Nodal spacing along each column was vari-
able. The triangular elements had an average characteristic length and
height of about 40 and 8 m in the x- and z-directions, respectively.
We used a (monthly) time step of 0.0833 years over the 29 year simula-
tion between 1982 and 2011. We included four hydrostratigraphic units
(Table 2); a silt/clay dominated confining unit, a sand unit, an alluvial
fan facies, and a fault zone. The sediments were assigned a uniform per-
meability anisotropy of 10 (k,/k;). The fault zone k, was set to be 100
times greater than k, (k,/k, = 0.01) assuming a conduit/barrier system
(Bense & Person, 2006). The distribution of silt and sand lithofacies was
estimated based on geologic data from Koning et al. (2007). The fault
zone B8F (Figure 1) was included in some models. Figures 7 and 1la
are similar; Figure 7 depicts small geologic details near the monitoring
wells, and Figure 11a represents a simplified version of this stratigraphy
extrapolated to B4.

5.4. Cross-Sectional Model Results

We present two simulations, which illustrate how fault permeability influ-
ences computed head and deformation patterns. We also present a simula-
tion in which no fault zone is present. We varied aquifer/confining, fault
zone permeability, Sq., and Sq, as part of a sensitivity study. We adjusted
these parameters until we approximately matched the uplift/subsidence
data. Only a narrow range of aquifer/confining unit properties could
match the InSAR deformation patterns. We found that values of S, and
Sy 0 3.8 X 107%/m and 5.6 X 10~%/m produced the best fit to the observed
InSAR subsidence data. Surprisingly, this is only a 1.5 increase in Sg.

During the 1993-1997 period, Wells B4 and B8 (purple and red lines,
Figure 2b) had similar trends of declining water levels and this is
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Figure 12. Observed (dashed lines, see Figures 3,4 for locations of respective EW-profiles) and calculated (solid lines)
uplift and subsidence using equation a linear and nonlinear elastic model [equation (6)] for different sediment fault sce-
narios including (a) conduit-barrier fault, (b) high permeability fault, and (c) no fault present. See Figure 1b for map
location of idealized cross section.

reflected in computed drawdown patterns shown in Figures 11b, 11d, and 11f. On both sides of the fault
zone, significant drawdowns occurred within the sand facies for the no fault and low-permeability fault
scenarios (Figures 11d, 11f). Because of the proximity of Well B8 to the permeable fault zone in Figure 11
b, less computed drawdown occurred on the west side of the BWF in the high permeability fault scenario.
Less drawdown occurred within the high permeability fault zone (Figure 11b) presumably because of the
connection of the fault zone to the upper water table boundary. As recovery began around 2003, heads
increased within the sand horizons but drawdowns within the lower-permeability silt/clay facies
remained high due to slower recovery times (Figure 11c, 1le, and 11g). The fault barrier scenario
(Figure 11f) showed the most dramatic head differences across the fault.

As would be expected, the high permeability scenario shows the lowest net change in land subsidence rates
between 1993-1995 on the west side of the fault (compare Figure 12b to Figures 12a and c). The low perme-
ability and no fault scenarios matched the 1993-1997 trends and magnitudes in changes in land subsidence
best (dashed and solid green lines in Figure 12A, 12C). However, between 2007 and 2010, Well B8 saw
recovery while Well B4 continued to decline on the east side of the fault (Figure 2b). During this time
the InSAR data revealed reversals in uplift and subsidence rates across the fault zone (blue, gray dashed
lines, Figure 12).

6. Discussion
6.1. InSAR Observations and Modeling

The InSAR velocity maps (Figures 3-5) present long-term averages over time periods with significant well
water level changes (Figures 2, S1-S2) and could hence be biased by the specific timing of SAR acquisitions
and their contributions to the long term average. However, the timing during which we observe subsidence
and uplift coincide temporally very well with those of aquifer depletion and recovery as suggested by the well
records. The elimination of scenes that are significantly affected by atmospheric and topographic effects, as
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well as the small wavelength of the observed signals and their correlation with head levels gives us confi-
dence in our observations.

The InSAR velocities do not suggest any longer wavelength flexural response due to loading and unloading
of the elastic crust as observed, for instance, in California (e.g., Amos et al., 2014; Borsa et al., 2014). This is
due to the much smaller wavelength of the load removed and hence much smaller mass changes compared
to the water needs of the Central Valley in California. The manifestation of such flexure is either completely
absent or remains below the noise floor of the InNSAR measurements, depending on the rigidity of the crust in
the region.

The 1993-2000 ERS observations (Figure 3) summarize 7 years of surface manifestation of high-intensity,
long-term production of the underlying aquifers (Figure 2). Our observations are similar to observations
of surface responses due to aquifer depletion elsewhere (e.g., Chaussard et al., 2014, 2017; Chen et al.,
2016). We found the signals to be robust across many interferograms in ascending and descending orbits
(Table 1, Figure S3).

The 2007-2010 ALOS observation (Figure 4) of deformation with opposing polarity across a sharp linear fea-
ture (potentially BSF in Figure 1) is best reproduced without invoking the mapped normal fault required to
reproduce the temperature observations. A linear feature shows up in several interferograms and is consid-
ered persistent in a region with little topography. It may be stratigraphic in origin, separating discontinuous
sand lenses as illustrated on Figure 7 between SF2 and SF3. The five interferograms (Table 1) going into the
stacking procedure for this time interval have been picked to minimize artifacts outside of the wellfield. We
find a similarly sharp feature with only subsidence on the eastern side in the 2018 average Sentinel-1 LOS
map (Figure 5b). This feature's slight offset to the east when compared to Figure 4 may be an actual shift
of the motion onto a different structure or stratigraphic feature due to changes in water levels in the wells
in the vicinity reflecting aquifer compartmentalization (e.g., lower water levels in B4 than B6 from 2007-
2010, which are reversed in 2015-2018; Figures 2b, S1, and S2), due to some distortion because of different
viewing geometries, or most likely due to a combination of both.

Based on these observations we find that the modeling we have performed in sections 5.1 and 5.2 provides a
convincing mechanism of uplift due to slow, longer term, long-wavelength recovery of a confined aquifer
(around BS8) and simultaneous fast, focused subsidence due to head changes driven by pumping at Well
B4 and wells in the vicinity. The close fit of the data to the no fault conceptual model suggests that the
mapped fault is not a barrier to lateral flow between Wells B4 and BS8; alternatively, the fault may terminate
toward the south. To fully understand the pumping-induced deformation field a 3-D study including all
wells and structure will be necessary.

The 2018 anomalously high subsidence in the eastern portion of the wellfield (Figure 5b) is most likely due
to the lack of surface water supply from the poor snow pack in all of New Mexico and southern Colorado
during the 2017/18 winter. Water levels in the wells for 2018, particularly Well B4, confirm this hypothesis.
This is similar to observations in California in response to drought conditions (e.g., Chaussard et al., 2017).

Due to the discontinuous nature of the InSAR observations, particularly between 2011-2014/15, we cannot
make any definitive statements about loss of storage in this system. It appears from our observations, how-
ever, that the period of subsidence was longer lived than the recovery; most of the latter may have been
achieved by the end of 2010 if judged by the well water levels (Figure 2). Since the water levels at this time
appear to be close to preproduction levels, the ALOS time frame from 2007-2010 may capture the bulk of the
recovery, which - at about 20 mm/yr over 3 years - significantly lags behind the initial subsidence of 15-20
mm/yr over at least 7 years. While preproduction well water levels have been reached, the inelastic deforma-
tion during the 1990s (e.g., surface cracking) suggests that at least some irreversible compaction to clay-
bearing units in the Santa Fe Group sediments has occurred during this time - representing a permanent loss
of aquifer storage.

The values of specific storage that best represented uplift and subsidence in the model were on the order of
10~°/m. This is in the range of lithified rocks rather than poorly consolidated sediments, which are about 2-3
orders of magnitude greater (~ 10~3/m; Domenico, 1972). There was little (a factor of 1.5) difference between
Sske and Sg,. Surprisingly, the absence of a fault zone best explains the paired subsidence/uplift patterns
(compare blue dashed and solids lines in Figure 12c). Because these models are cross-sectional and did
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not include all pumping wells nor three-dimensional radial flow, the model results presented in Figures 11
and 12 must be viewed as conceptual. A perfect fit to the InSAR deformation patterns should not be
expected. A three-dimensional model would better represent changes in head away from the production
wells, but it was beyond the scope of this study. The cross-sectional model suggested that the differential
uplift/subsidence between 2007 and 2010 is due to differences in drawdown histories between Wells B4
and B8 on the eastern and western portions of the wellfield. However, a relatively permeable vertical fault
zone in the vicinity of Well B1 and B8 is needed to allow for deeper hydrothermal fluids to migrate toward
the land surface, consistent with observed elevated geothermal gradients.

It is important to note that the cross-sectional models are idealized and focused solely on conceptually asses-
sing the effects of drawdowns on land subsidence. Cross-sectional models are poorly suited to represent
radial flow to a well. We overcame this limitation, to some degree, by imposing the observed drawdown his-
tory of two of the production wells nearest to the cross section. We did not attempt to represent the regional
topography-driven flow system to the Rio Grande using this cross-sectional model. This would have required
a much more laterally expansive cross section, perhaps 5 times as long. The goal of these models was solely to
assess how head changes due to pumping would affect land subsidence and uplift. Furthermore, it should be
noted that our models assumed purely vertical deformation. Because drawdowns across the BWF are loca-
lized, this assumption may not be strictly valid and comparisons to the InSAR LOS observations
are qualitative.

6.2. Temperature Observations and Modeling

The temperature data gathered during the SAGE geophysics program reveal the complex nature of recovery
following overproduction in a municipal wellfield that is situated in the discharge zone of a basin-scale
hydrologic system. Both thermal modeling results and hydraulic head information suggest a two-part ther-
mal history for the field. First, when the BWF was in high production, a significant cone of depression formed
(Shomacker and Associates, 2014, 2018), creating horizontal hydraulic gradients that drew in water from
shallower aquifers, thus cooling portions of the aquifer system. Then, as production generally decreased in
the BWF after 2003, the cone of depression relaxed, and vertical gradients associated with the regional-scale
flow system began to warm the aquifer system. The thermal models used parameters that were more or less
consistent with the surface deformation cross-sectional model. The best-fit hydrothermal model permeability
of about 107> m? is intermediate between the vertical permeability of the sand and silt units used in the
cross-sectional models. The presence of a fault zone locally near Well BS is consistent with the requirement
for elevated heat flow beneath the BWF. The observed and simulated curvature in the temperature profile of
Well SF3A is consistent with downward flow of groundwater and convective cooling during the operation of
the BWF. The lack of a good fit of computed and observed temperatures near the water table is largely due to
inconsistencies between the mean annual air temperature measurements (Figure 2d) and the measured tem-
perature profiles. This suggests that transient thermal signals associated with rising water levels and upflow
in the measured boreholes are currently overwhelming any downward propagating transient signals related
to rising mean annual air temperature that is currently being observed in the Santa Fe area.

7. Conclusions

The combination of repeat temperature measurements and InSAR observations in a conceptual model of
fluid-flow-driven ground deformation using realistic stratigraphy reveals the complexities of the BWF and
its compartmentalized aquifer system. The repeat thermal profiling data were instrumental in characterizing
the fault as vertically permeable in one part of the wellfield, while the InSAR data and pumping records sug-
gest no fault (i.e., the fault is not a barrier to lateral flow) for another part of the wellfield. However, the mea-
sured local geothermal gradients constrain small-scale stratigraphy required to reproduce the observed
ground displacements with our conceptual model of the wellfield. Knowledge of permeability contrasts
and small-scale stratigraphy are necessary for sustainable management of the wellfield and an improved
understanding of aquifer recharge.

More broadly, our combination of InSAR time series analysis and repeat temperature measurements
reveals substantial dynamics of a wellfield in response to changes in wellfield management and produc-
tion that we were able to reproduce in conceptual models: early groundwater pumping caused downward
flow and initial cooling within the wellfield reflected in land surface subsidence; the later temperature
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data suggest warming and upward flow also evidenced by the simultaneous surface deformation. When
compared to the early-production subsidence, the similar uplift rates over a shorter period necessary to
achieve preproduction well water levels during the wellfield recovery suggest a permanent loss of storage
for the BWF.

The locally elevated geothermal gradient indicates upward movement of hydrothermal fluids from depths
likely exceeding 2 km near Well B8, suggesting enhanced vertical permeability by faulting (Bense et al.,
2008; Morgan & Witcher, 2011). However, the modeling of the 2007-2010 differential uplift/subsidence pat-
terns suggests the absence of a fault zone over much of the BWF. We hypothesize that fault zone properties
across the BWF must be spatially variable and that in the vicinity of Well B8, a fault zone must be locally
present allowing vertical flow, consistent with the mapped Fault B8F (Figure 1). In line with our hypothesis,
Fairley et al. (2003) and Bense et al. (2008) found significant lateral variability in fault zone thermal beha-
vior. Our conceptual model reveals the substantial complexities involved in turning surface observations
into meaningful models of shallow subsurface dynamics. To quantitatively understand such processes,
detailed stratigraphic and structural information provide essential constraints. Thermal observations can
complement broad scale surface deformation locally to assess groundwater flow directions and further con-
strain stratigraphy locally.
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