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Abstract: The Rio Grande/Rio Bravo del Norte (hereinafter referred to as the “Rio Grande”) is the
primary source of recharge to the Mesilla Basin/Conejos-Médanos aquifer system in the Mesilla
Valley of New Mexico and Texas. The Mesilla Basin aquifer system is the U.S. part of the Mesilla
Basin/Conejos-Médanos aquifer system and is the primary source of water supply to several commu-
nities along the United States—-Mexico border in and near the Mesilla Valley. Identifying the gaining
and losing reaches of the Rio Grande in the Mesilla Valley is therefore critical for managing the quality
and quantity of surface and groundwater resources available to stakeholders in the Mesilla Valley
and downstream. A gradient self-potential (SP) logging survey was completed in the Rio Grande
across the Mesilla Valley between 26 June and 2 July 2020, to identify reaches where surface-water
gains and losses were occurring by interpreting an estimate of the streaming-potential component of
the electrostatic field in the river, measured during bankfull flow. The survey, completed as part of
the Transboundary Aquifer Assessment Program, began at Leasburg Dam in New Mexico near the
northern terminus of the Mesilla Valley and ended ~72 kilometers (km) downstream at Canutillo,
Texas. Electric potential data indicated a net losing condition for ~32 km between the Leasburg Dam
and Mesilla Diversion Dam in New Mexico, with one ~200-m long reach showing an isolated saline-
groundwater gaining condition. Downstream from the Mesilla Diversion Dam, electric-potential
data indicated a neutral-to-mild gaining condition for 12 km that transitioned to a mild-to-moderate
gaining condition between 12 and ~22 km downstream from the dam, before transitioning back
to a losing condition along the remaining 18 km of the survey reach. The interpreted gaining and
losing reaches are substantiated by potentiometric surface mapping completed in hydrostratigraphic
units of the Mesilla Basin aquifer system between 2010 and 2011, and corroborated by surface-water
temperature and conductivity logging and relative median streamflow gains and losses, quantified
from streamflow measurements made annually at 16 seepage-measurement stations along the survey
reach between 1988 and 1998 and between 2004 and 2013. The gaining and losing reaches of the Rio
Grande in the Mesilla Valley, interpreted from electric potential data, compare well with relative
median streamflow gains and losses along the 72-km long survey reach.

Keywords: self-potential; temperature; conductivity; surface water; groundwater; groundwater and
surface water interactions; rivers; resistivity; streamflow

1. Introduction

In 2006, the United States (U.S.)-Mexico Transboundary Aquifer Assessment Act
(Public Law 109-448, herein referred to as the “Act”) authorized collaboration between the
U.S. and Mexico in conducting hydrogeologic characterization, mapping, and groundwater-
flow modeling for priority transboundary aquifers that are internationally shared [1,2].
The following criteria were used to identify priority transboundary aquifers along the U.S.—
Mexico border region: (1) the proximity of a transboundary aquifer to metropolitan areas
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with high population density, (2) the extent to which an aquifer would be utilized as a source
of water supply, and (3) the vulnerability of an aquifer to anthropogenic or environmental
contamination. Based on these criteria, the Mesilla Basin/Conejos-Médanos aquifer system
(Figure 1) was designated a priority transboundary aquifer. The Mesilla Basin aquifer
system is the U.S. part of the Mesilla Basin/Conejos-Médanos aquifer system (Figure 1).
The Mesilla Basin aquifer system (hereinafter referred to as the “Mesilla Basin aquifer”) is
hydraulically connected to the Conejos-Médanos aquifer system in Chihuahua, Mexico,
and there are no natural barriers to inhibit groundwater flow across the border [2]. Many
communities along the U.S.-Mexico border in and near the Mesilla Valley rely partially
or completely on groundwater in the Mesilla Basin aquifer for industry, agriculture, and
drinking water.
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Figure 1. Location map of the entire surveyed reach of the Rio Grande across the Mesilla Valley in
Dofia Ana County, New Mexico (N. Mex.) and El Paso County, Texas (Tex.). The surveyed reach
began at Leasburg Dam, N. Mex., and ended downstream at the Farm-to-Market (FM) 259 bridge in
Canutillo, Tex., and was divided into survey segments 1-4. Modified from Figure 3 in [2-10].
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There is active litigation and adjudication of water rights associated with transbound-
ary aquifers along the U.S.—-Mexico border [1]. Adjudication is often complicated by
disparate policy frameworks for groundwater and surface-water resources, even though
they are often interdependent and function as a single resource [11]. Among the unique
policy and management-related challenges for these resources are the need to develop a
shared definition of aquifer boundaries and to develop methods to assess whether the
aquifers on both sides of the border are indeed hydraulically connected and internationally
shared. These challenges are exacerbated by uncertainty about the interdependence be-
tween transboundary aquifers and regional surface-water resources, which is also necessary
to understand how to adequately manage and sustain water resources in the border region.

Addressing the complex challenges associated with transboundary aquifers depends
upon a scientific approach to inform the management practices and policies that are en-
acted. The Act outlines specific scientific objectives for transboundary aquifers including:
(1) establishing relevant hydrogeological, geochemical, and geophysical field studies that
integrate ongoing monitoring and metering, (2) developing and enhancing geographic
information systems databases pertaining to priority transboundary aquifers, and (3) de-
veloping groundwater-flow models of priority transboundary aquifers [2,12].

This paper describes a contribution to scientific objectives (1) and (2), and is an ex-
tension of the scientific investigation of [2]. The self-potential (SP) method of geophysical
prospecting was applied in this investigation to study regional-scale groundwater and
surface-water exchanges between the Rio Grande and the Mesilla Basin aquifer. SP measure-
ments consist of naturally occurring electrical voltages at the land-surface, in surface-water
bodies, and in boreholes, that contain information about coupled thermodynamic flows
in near-surface aquifers [13-17] that are driven by hydraulic gradients (associated with
streaming potentials), temperature gradients (thermo-electric potentials), concentration
gradients (diffusion potentials), redox gradients (mineralization potentials), and certain
biogeochemical reactions [18-22].

The physics of streaming potentials is well understood [15,23-32]. Streaming po-
tentials are generated by streaming currents, flowing in the pore spaces of an aquifer
in opposition to the groundwater-flow direction. Streaming currents originate by the
advection of accumulated electrical charges in the electrical double layer (EDL) along
the solid—fluid interface [33]. As a condition of electroneutrality, the streaming current
is counterbalanced by a conduction current that flows through the heterogeneous elec-
trical conductivity structure of the aquifer and ensures that the physical divergence of
the total current in the aquifer (the sum of streaming currents and conduction currents)
is zero. In the case of an unconfined saturated aquifer, the streaming and conduction
currents are nearly balanced and the electric equipotentials tend to mimic the hydraulic
equipotentials [32]. The transport of accumulated ions in the EDL by advection in the
direction of groundwater flow (the direction of decreasing hydraulic gradient) results
in a dipolar electrical-potential field, with positive regions that correspond to locations
where groundwater exits the aquifer pore space (i.e., surface-water gains), and negative
regions that correspond to locations where surface water enters the aquifer pore space
(surface-water loss) and flows along preferential groundwater-flow paths [34,35].

Numerical simulations by [36,37] showed that fixed-reference land-based SP profiles,
measured perpendicular to a river reach, can likely identify whether the river reach is
losing, gaining, or flow-through, based on the polarity of the streaming-potential field in the
surface-water relative to the polarity of the field on either side of the floodplain. However,
fixed-reference SP surveys of surface-water gains and losses are generally impractical along
reaches longer than a few river-kilometers because the fixed reference SP electrode must be
continuously revisited and relocated, and because the SP electrodes must contact porous
earth at every measurement location to complete an electrical circuit.

Waterborne gradient SP logging is an alternative approach to fixed-reference land-
based SP mapping. The waterborne gradient SP logging approach differs from most
land-based SP surveys in that both SP electrodes are mobile (no fixed reference electrode)
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along a profile or grid in a river or lake, and the electrical circuit is completed at each mea-
surement location by the contact between the SP electrodes and the surface water instead
of the aquifer [37]. Immersion in surface water reduces contact resistance between the
electrodes and the surface water, which enhances the signal-to-noise ratio, and meaningful
anomalies of less than a few tens of microvolts have been measured and published [38—43].
Recently, waterborne gradient SP logging enabled the characterization of reach-scale het-
erogeneous hyporheic-driven groundwater and surface-water exchange between the lower
Guadalupe River and the Carrizo-Wilcox aquifer in central Texas [37] (in their Figure 1),
identified meter-scale groundwater discharge locations in the Quashnet River of Cape Cod,
Massachusetts [44], and identified gaining and losing reaches of the Colorado River where
it crosses the Bee Creek Fault, and is incised into the surficial exposures of the rocks that
comprise the lower and middle zones of the Trinity Aquifer in central Texas [43,45].

The waterborne gradient SP logging approach is extended herein to identify gaining
and losing reaches of the Rio Grande at the basin-scale in the Mesilla Valley. The water-
borne gradient SP logging data presented herein are processed into electric potential and
interpreted in the context of streaming potential by assuming that streaming potential
attributed to surface-water gain and loss through the riverbed and floodplain was the
predominant contribution to the electric-potential field in the river. Interpretations of
surface-water gain and loss are supported by surface-water temperature and conductivity
logging, and geophysical and hydraulic datasets presented by [2] that consist of: (1) profiles
of resistivity beneath the Rio Grande channel to depths of 50 m [2], (2) relative median gains
and losses in streamflow, quantified at 16 seepage-measurement stations along the survey
reach by annual streamflow measurements between 1988 and 1998 and between 2004
and 2013 [2,46], and (3) water-level differences and inferred vertical hydraulic gradients
beneath the Rio Grande, quantified by potentiometric surface mapping in wells completed
in the Rio Grande alluvium and upper part of the Santa Fe Group between November 2010
and April 2011 [2].

2. Description of the Study Area

The geographic, geologic, and hydrogeologic settings and geochemistry of the Mesilla
Basin are described comprehensively by [2] and in references cited therein and are summa-
rized here from those sources. The Mesilla Valley (Figures 1 and 2) is in the region of the
Mesilla Basin that is incised by the Rio Grande, between Selden Canyon at the northern
end and the El Paso Narrows at the southeastern end. The Mesilla Basin aquifer is heavily
relied upon in the Mesilla Valley and in the greater Mesilla Basin for irrigation water and
as a primary source of municipal and domestic water supply for numerous communities
along the United States—-Mexico border including Las Cruces, New Mexico (N. Mex.), El
Paso, Texas (Tex.), and Ciudad Juarez, Mexico.

2.1. Hydrogeology of the Mesilla Basin

The Mesilla Basin aquifer is divided into four distinct hydrogeologic units, each
of which is recharged primarily by the Rio Grande. The hydrogeologic units are (from
youngest to oldest) the middle-to-late Quaternary (Holocene) channel and floodplain
deposits of the Rio Grande (referred to as the Rio Grande alluvium), and the poorly
consolidated middle-Miocene to late-Pleistocene basin-fill deposits of the Santa Fe Group,
which are divided into upper, middle, and lower lithofacies assemblages based on differing
granulometric, hydraulic, and geochemical properties. The base of the Mesilla Basin is
underlain primarily by lower-to-middle Tertiary volcanic and volcaniclastic bedrock that
is block-faulted and influences the groundwater-flow system at depth within the Mesilla
Basin aquifer [2].

The Rio Grande is the primary depositional feature in the Mesilla Basin. The river
has deposited the Rio Grande alluvium on the Mesilla Valley floor by continued channel
avulsion and overbank deposition [2,46-48]. The alluvium is a relatively thin surface layer
(generally about 24-m thick, with a maximum thickness of about 46 m) of fluvial sediments
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derived from outwash fan deposits, eolian sands, and re-worked basin-fill eroded from
nearby mountains [47,49]. Recharge to the Mesilla Basin aquifer occurs primarily by
vertical flow through the riverbed into the Rio Grande alluvium, and from associated
canals, laterals, and drains.
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Figure 2. Electric resistivity of the Rio Grande channel and subsurface beneath the channel, determined from helicopter

frequency-domain electromagnetic surveys of the levee system (modified from Figure 13 in [2]). Resistivity profiles of the

channel are shown at or about the land surface (0 m below land surface) and at depths of 15.2 m and 30.5 m.

The Rio Grande alluvium is hydraulically connected to the thick unconsolidated to
semi-consolidated basin-fill deposits of the upper, middle, and lower parts of the Santa
Fe Group [2]. Santa Fe Group deposits are composed of alluvium from adjacent uplifts,
eolian sediments, and some fluvial sediments from the ancestral (pre-Pleistocene) Rio
Grande. In general, the Santa Fe Group consists of sand lenses interbedded with clays and
silty clays that exhibit internal discontinuities attributed to basin-and-range extensional
faulting [47,49]. The Santa Fe Group is relatively thin in the Mesilla Basin compared to
adjacent basins; the saturated thickness is between 610 m and 914 m [2,49,50]. The upper
part of the Santa Fe Group is the most productive zone of the Mesilla Basin aquifer but is
only partially saturated throughout most of the Mesilla Basin [2]. The upper part of the
Santa Fe Group is a thick sequence of fine- to coarse-grained fluvial deposits of gravel and
sand, interbedded with fine-grained basin fill (silt and clay over-bank muds) deposited
by the ancestral Rio Grande [2]. The middle part of the Santa Fe Group is the primary
water-bearing zone of the Mesilla Basin aquifer and is generally fully saturated [2]. The
fine-grained lacustrine-playa sediments of the middle part of the Santa Fe Group consist
of alternating beds of sand, silty sand, and silty clay, and represent a terminal depocenter
environment of the ancestral Rio Grande. The lower part of the Santa Fe Group constitutes
the least productive zone of the aquifer; sediments consist of fine-grained basin-floor playa
and fluvial-lacustrine facies deposits interbedded with layers of bentonitic claystone and
siltstone, with some discontinuous sand lenses [7].
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2.2. Electric Resistivity of the Mesilla Basin Aquifer

A three-dimensional resistivity model of the Mesilla Basin aquifer was published
by [2] (Figure 15, p. 25), showing horizontal resistivity depth-slices in the southern Mesilla
Basin between depths of 0 m and 530 m beneath the land surface. The resistivity model
was developed by kriging inverted resistivity from a compilation of historical resistivity
datasets, using a horizontal grid spacing of 100 m and a vertical grid spacing of 3 m. The
historical resistivity datasets were obtained from helicopter frequency-domain electromag-
netic (HFEM) induction surveying of the Rio Grande levee system [51], 12 ground-based
time-domain electromagnetic (TDEM) induction soundings [2], and 65 vertical electrical
soundings [52] completed within the Mesilla Basin. The locations of HFEM flight paths
and TDEM and vertical electrical soundings were mapped by [2] (Figure 9, p. 19).

The HFEM-derived resistivity data were incorporated into this work to assist in
the interpretation of the electric potential processed from waterborne gradient SP data,
described in Section 3. HFEM data were acquired along three flight paths over the levees
along the Rio Grande in the Mesilla Valley. The flight paths consisted of one path along
each levee and two additional paths offset 50 m on each side of the levees at the toe of each
levee (the flight paths are depicted in Figure 9 of [2]). The rate of data collection along each
flight path was 10 samples per second, such that the horizontal resolution of the HFEM
resistivity data was one sounding every 3 m along the flight paths. Technical information
pertinent to the HFEM survey and quality assurance, and ground-truthing results, are
provided by [51].

Figure 2 shows three subsurface profiles of HFEM resistivity data beneath the riverbed
of the Rio Grande at depths of 0, 15.2, and 30.5 m. Near the land surface (at or about 0 m
below the land surface), the HFEM resistivity profiles show that the resistivity beneath the
Rio Grande is generally greater than 20 ohm-m north of Anthony, N. Mex., and resistivity
values of less than 10 ohm-m begin to appear south of Anthony, N. Mex. Resistivity values
of less than 10 ohm-m are also increasingly prevalent with increasing depth beneath the
channel; about half of the resistivity values were less than 10 ohm-m at depths of 15.2 m and
30.5 m (Figure 2), and there were transitions from relatively high resistivity (greater than
20 ohm-m) to relatively low resistivity (less than 10 ohm-m) at depths of 15.2 and 30.5 m
near Vado, N. Mex. These low-resistivity areas were interpreted by [2] in combination
with water-quality data from 239 wells [2] (Figure 16, p. 30) as sand and gravel deposits
saturated with dense saline water upwelling through fractures within the deeper bedrock
of the Mesilla Basin.

2.3. Groundwater-Surface Water Connectivity in the Mesilla Valley

The hydraulics of groundwater and surface-water connectivity in the Mesilla Valley
are complex (Figure 3). Horizontal hydraulic gradient maps published by [2] (Figure 48,
p- 80) indicate that groundwater within the Mesilla Basin aquifer is generally unconfined
and flows southward, longitudinal to the Rio Grande, along an average gradient of 0.75-1.1
m per kilometer [2,7]. The Leasburg and Mesilla Diversion Dams in the Mesilla Valley both
steepen the local hydraulic gradient from upstream to downstream, and potentially alter
regional horizontal and vertical hydraulic gradients and groundwater-flow patterns. Gen-
eralized numerical modeling performed by [53-56] indicates that the dams may produce a
localized losing condition on the riverbed upstream, and a localized gaining condition on
the riverbed downstream, because of steep reductions of the hydraulic gradient across the
dams from upstream to downstream.
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Figure 3. Water-level altitude differences between the Rio Grande alluvium and the Santa Fe Group,
with electric resistivity at a depth of 30.5 m beneath the Rio Grande. Water-level differences greater
than 0 m indicate that the hydraulic head in the Rio Grande alluvium is greater than the hydraulic
head in the upper part of the Santa Fe Group, whereas differences less than 0 m indicate the opposite.
Other hydrogeologic features are shown, such as fault zones that intersect the river channel, and the
locations of seepage-measurement stations and gradient self-potential survey segment endpoints.

Vertical hydraulic gradients beneath the Rio Grande vary substantially across the
Mesilla Valley from upstream to downstream (Figure 3). Figure 3 shows a comparison of
differences in 2010-2011 water-levels in the Rio Grande alluvium (measurement locations
shown by pink dots) and upper part of the Santa Fe Group (measurement locations shown
by yellow dots) with the sub-channel resistivity at a depth of 30.5 m below the land
surface. The locations of seepage-measurement stations (red dots, S01-526) corresponding
to seepage investigations of the Rio Grande by [46] are also shown. The 20102011 water-
level altitudes [2] (Table 15; p. 155) in the Rio Grande alluvium were higher than the
water-level altitudes in the upper part of the Santa Fe Group throughout most of the
Mesilla Valley (Figure 3, blue sections corresponding to water-level differences greater
than 0 m), indicating that the vertical hydraulic gradient was oriented downward and
surface-water losses were likely to occur in locations where the differences were greater
than 0 (e.g., S08-514 and downstream from S17). The reductions (white sections, e.g.,
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S514-517) and reversals (red sections, e.g., S05-508) of the vertical hydraulic gradient were
also mapped by [2]. In these locations, the vertical hydraulic gradient either decreased
substantially (Figure 3, white sections corresponding to water-level differences of about
0 m) or flattened across faults that intersected the channel, or reversed direction, indicating
a likelihood for surface-water gains (Figure 3, red sections corresponding to water-level
differences less than 0 m).

Seepage investigations were conducted in the Rio Grande by the U.S. Geological
Survey annually between 1988 and 1998, and between 2004 and 2013. During each an-
nual seepage investigation, streamflow was measured over a period of 1-2 days during
low-flow conditions in the non-irrigation season (February) at the seepage-measurement
stations shown in Figure 3. Net seepage gains or losses were quantified at each station
by subtracting the streamflow measured at each station from the streamflow measured
at the closest upstream station, and then subtracting inflows to the Rio Grande within
the survey segment bounded by the two stations. As indicated by [46], outflows from
the river did not occur during the seepage investigations, and inflows were gaged. The
annual net streamflow gain/loss data were published by [46] and [2] (App. 1, p. 176),
and processed into relative median streamflow gain/loss between seepage-measurement
stations in Figure 3 by [2]. These data are plotted in Section 4.

3. Materials and Methods

The waterborne gradient self-potential (SP) survey was completed between 26 June and
2 July 2020 during peak releases of surface water (54 to 65 cubic meters per second) from
the Elephant Butte and Caballo Dams upstream from the survey reach. The purpose of the
survey was to produce profiles of electric potential, surface-water temperature, and specific
conductance measurements in the Rio Grande that could be interpreted in the context of
surface-water gains and losses and compared with resistivity and water-level data shown in
Figures 2 and 3 and relative median gains and losses in streamflow, determined from seepage
investigations of [46] (Section 4). The survey was completed along the left (east) bank of the
Rio Grande during bankfull flow conditions (see photographs in Figures 3 and 4). The time
period corresponding to bankfull flow was chosen for surveying based on the assumption
that vertical hydraulic gradients, and therefore rates of loss in losing reaches, would be
optimized during bankfull flow conditions, better enabling their identification. The survey
was completed along the left bank instead of the center of the channel because of shallow
submerged gravel bars (a few centimeters deep) in the center that were hidden by high
suspended bed load during bankfull flow conditions. The average and maximum flow
depths during the survey were about 0.5 m and 1 m, respectively.

The survey began at Leasburg Dam, N. Mex. and ended near the Farm-to-Market
(FM) 259 bridge in Canutillo, Tex. approximately 72 km downstream (Figure 1). The
overall survey reach was subdivided into four 15- to 25-km long segments that were
surveyed individually and combined during data processing into two longer reaches for
interpretation; one reach between Leasburg Dam and Mesilla Diversion Dam, and a second
reach downstream from Mesilla Diversion Dam to Canutillo, Tex. The first survey segment
began at the Leasburg Dam and ended a few meters downstream from the Shalem Colony
Trail bridge in Las Cruces, N. Mex. (Figures 1 and 4a). The second began a few meters
downstream from the Shalem Colony Trail bridge and ended about 160 m upstream from
the Mesilla Diversion Dam, between Mesilla and Mesquite, N. Mex. (Figure 4b). The third
began a few meters downstream from the Mesilla Diversion Dam and ended a few meters
downstream from the New Mexico State Road 189 bridge in Vado, N. Mex., and the fourth
began a few meters downstream from the New Mexico State Road 189 bridge and ended a
few meters downstream from the FM 259 bridge in Canutillo, Tex.
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b. Drift Measurement at Mesilla Diversion Dam

Voltage {(mV)

Explanation
Shalem Colony Trail bridge, Las Cruces, N. Mex. {Segment 1}

Shalem Colony Trail bridge, Las Cruces, N.Mex. {Segment 2}

Mesilla Diversion Dam, Mesilla, N. Mex. (Segment 3}

5 \ L ‘ | l | | ‘ l | Farm to Market 259 bridge, Ganutillo, Tex. {Segment 4k

100 200 300 P 500 %0 700 80 90 1000
Elapsed Time (seconds)

Figure 4. Electrode-drift measurements performed in eddies along the banks of the Rio Grande.
(a) Photograph of the kayak equipped with GPS, power, and logging equipment used to make drift
measurements (red and blue, panel c) at Shalem Colony Trail bridge in Las Cruces, New Mexico (N.
Mex.) near the left bank (looking downstream toward the southwest). (b) Photograph of the kayak
equipped with GPS, power, and logging equipment used to make drift measurements (green, panel
c) at Mesilla Diversion Dam in Mesilla, N. Mex., near the right bank (looking upstream toward the
northeast). (c) Electrode drift data measured for each survey segment used to determine electrode-
drift corrections for gradient SP data. The start and end point of survey segments 1—4 are depicted in
Figures 1-3.

All measurements were made from a kayak at 0.15-m depth in the water, by posi-
tioning sensors through the drain ports in the kayak hull. Two freshwater-submersible,
non-polarizing copper-sulfate electrodes were used to create a 0.5-m long electric dipole,
which was oriented with the reference electrode upstream from the potential electrode.
An Onset HOBO temperature and conductivity logger was placed into the Rio Grande
surface water through a drain port adjacent to the reference SP electrode. GPS, power, and
logging equipment were transported on board the kayak, and the geospatial coordinates of
the dipole midpoint were logged with a Trimble DSM232 differential GPS with horizontal
accuracy between 5 cm and 10 cm. The geophysical datasets and processing codes are
available online by [57]. The resistivity, water-level altitude, relative median streamflow
gain, and loss data, and other related hydraulic, geophysical, and geochemical datasets are
provided [2,57,58].

3.1. Gradient Self-Potential Logging

The raw gradient SP data measured in the Rio Grande consisted of voltages between
the reference and potential electrodes of the dipole, which were logged at a period of 1's
per measurement by an Agilent U1252B multimeter as the dipole floated downstream in
the river. The raw measurements were contaminated by transient electrode-drift voltages
(Figure 4c), which were removed from the data during processing. During the survey,
time-lapse electrode-drift measurements were logged in eddies along each survey segment
at either the beginning or end of the segments to estimate the drift characteristics of
the electrodes and enable electrode-drift corrections to the raw gradient SP data. Drift
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measurement locations were re-occupied for several drift measurements to evaluate the
repeatability of the electrode drifts during the course of the survey. For example, the
survey segment 1 drift measurement was performed at the Shalem Colony Trail bridge at
the end of the survey day after acquiring segment 1 data, and the survey segment 2 drift
measurement was made at the same location on a different survey date before acquiring
segment 2 data. Photographs of two electrode-drift measurements along the overall survey
reach are shown in Figure 4a,b (one taken on the downstream side of the Shalem Colony
Trail bridge (Figure 4a) and another taken downstream from the Mesilla Diversion Dam
(Figure 4b)). The electrode-drift measurements corresponding to each survey segment
are shown in Figure 4c. During all electrode-drift measurements, the electrode drifts
were approximately linear and characterized by relatively flat slopes and small voltages.
Electrode-drift measurements corresponding to survey segment 4 (Figure 4c, black),
which are attributed to turbulence in the channel at the location of the survey segment
4 electrode-drift measurement, show more noise and larger total electrode drift compared
to the other survey segments.

To correct the raw gradient SP data for transient electrode drift, ordinary least-squares
(OLS) regression lines were fitted to the electrode-drift data corresponding to each survey
segment and then subtracted from the gradient SP data corresponding to the survey
segment. The results of electrode-drift corrections are shown in Figure 5 for gradient
SP data measured along each individual survey segment. The slopes, intercepts, and
coefficients of determination of the fitted OLS regression lines that define the electrode
drift patterns are summarized in Table 1.

a. Electrode-drift-Correction for Segment 1 Gradient Self-Potential Data b. Electrode-drift-Correction for Segment 2 Gradient Self-Potential Data
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Figure 5. Demonstration of electrode-drift correction applied to raw gradient SP data along individual survey segments.
The starting and ending points of survey segments 1-4 are depicted in Figures 1-3.

The drift corrections aligned individual survey segments (Figure 5) into two longer
continuous profiles (Figure 6); one upstream from the Mesilla Diversion Dam composed of
data from survey segments 1 and 2, and the second downstream from the Mesilla Diversion
Dam composed of data from survey segments 3 and 4. An exact alignment was achieved
between the endpoints of survey segments 3 and 4; however, a shift (DC offset, Figure 5b)
of +3.42 mV was required for gradient SP data along segment 2 after drift-correction to
properly align the beginning of survey segment 2 with the endpoint of survey segment
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1. The drift-corrected gradient SP data were then scrutinized to identify and manually
remove electrical noise in the form of relatively large-amplitude dipolar spikes caused
by approximately 10-15 low bridges (e.g., see Figure 4a) and several cast-iron pipelines
that spanned the river (geospatial coordinates of approximate noise locations are provided
by [57]). The maximum amplitude of manually removed electrical noise spikes in the data
exceeded 50 mV in some locations. This sequence of electrode-drift correction and manual
noise removal produced the drift-corrected, gradient SP profiles shown in Figure 6b (black).

Table 1. Summary of slopes, intercepts, and coefficients of determination from ordinary least
squares (OLS) regression lines fitted to the gradient SP data (electrode drift voltage), surface-water
temperature, and specific conductance.

. Survey Coefficient of

Data Series Segment ! Slope Intercept Determination
1 0.00035 —0.00472 0.9556
Electrode Drift 2 —0.00004 0.02242 0.0569
Voltage 3 —0.00013 0.25666 0.0318
4 0.0002 —0.96317 0.0097
1 0.00026 23.71262 0.9292
Surface-water 2 0.0002 22.60852 0.9717
Temperature 3 0.00045 22.33067 0.9758
4 0.00035 22.71919 0.9939
1 0.00304 623.7121 0.7115
Specific 2 0.00532 605.9887 0.7971
Conductance 3 0.00614 611.4147 0.9433
4 0.00567 614.8888 0.9666

1 Survey segment 1: Leasburg Dam, New Mexico (N. Mex.) to Shalem Colony Trail bridge, Las Cruces, N. Mex.
Survey Segment 2: Shalem Colony Trail bridge to Mesilla Diversion Dam, Mesilla, N. Mex. Survey Segment 3:
Mesilla Diversion Dam to New Mexico State Road 189 bridge, Vado, N. Mex. Survey Segment 4: New Mexico
State Road 189 bridge to Farm-to-Market 259 bridge, Canutillo, Texas (Figures 1-3).

The drift-corrected gradient SP data (Figure 6b, black), denoted as AV (in units of mV),
were assumed to be a superposition of large and small-scale spatial components; a large-
scale (low-frequency spatial variation) “L” component, AVy, (Figure 6b, red), a small-scale
(high-frequency spatial variation) “H” component AVy (not shown), and some unknown
level of noise, AV, referred to herein as the “N” component (not shown). This assumption
was expressed as AV = AV + (AVy + AVy), where the combination of the H and N
components are considered the “HN” component and shown in Figure 6¢ (an intermediate
step in the decomposition). The drift-corrected gradient SP data were decomposed into
each of these components by signal processing, following the approach of [37].

The L component of the drift-corrected gradient SP data was estimated by convolution
of the drift-corrected data with the Gaussian filter in Equations (1) and (2). In the convolution
equation (Equation (1)), g[k] is the Gaussian-shaped impulse response function given in Equa-
tion (2), o = 30 is the number of gradient SP measurements that define the half-width of g[k], n
is an index for the raw gradient SP data, and k is an index for the discrete sequence g[k].

30
AVi[n] = )  AV[n-Kklglk] 1)
k=-3c
glk] = (27102) 71/2e_k2/2"2, k=-30,..., 30 )

The HN component of the drift-corrected gradient SP data (Figure 6¢) was produced
by subtracting the L component determined by Equation 1 from the drift-corrected gradient
SP data by AVyn = (AVy + AVN) = AV — AVy. This component represents variability
in the gradient SP data that occurs over a much smaller spatial scale in the Rio Grande
compared to the L component data, which is smooth compared to the HN component.
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The H component (i.e., a signal of possible interest [37]) was partitioned from the HN
component by applying the windowed moving average filter formulated by [37] to the HN
component data in Figure 6¢. The moving average filter is a technique that is commonly
used to partition gravity, magnetic, and SP data into residual and regional components [59].
This filter, when applied to the data in Figure 6¢, produced an estimate of the N compo-
nent of the gradient SP data, which was subtracted from the HN component to produce
AVy = AVuNn — AVN.

a. Gradient Self-potential (SP), Surface-water Temperature, and Surface-Water Conductivity Logging in the Rio Grande.
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Figure 6. Photograph of data acquisition procedure, and drift-corrected gradient SP data measured in the Rio Grande
across the Mesilla Valley with decomposed large- and small-scale spatial components. (a) Photograph of data acquisition
procedure along the left (east) bank of the Rio Grande (looking downstream to the southeast). (b) Drift-corrected gradient
SP data (black) and low-frequency (L) component (red) of the data determined by convolution with a Gaussian filter.
(c) Combination of high-frequency (H) and noise (N) components of the drift-corrected gradient SP data, determined by
subtracting the L component from the drift-corrected gradient SP data. The starting and ending points of survey segments
1-4 are depicted in Figures 1-3.

The drift-corrected gradient SP data, and the L, H, and N components, were each
converted to electric field strength by E; = —AV;/AL (in mV per meter), where AV; (mV)
is the gradient SP data of component j and AL = 0.5 m is the length of the electric dipole
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a. Integration of Drift-Corrected Gradient Self-potential (black, Fig. 6b)
A= A

used during data acquisition. The E;j profiles were each numerically integrated into electric-
potential profiles, V; (mV), by Equation (3), where Vj[n] is the integrated electric potential
corresponding to component j.

B

1 4
ZEin] + ZEjln —1] + 3

®)

The electric-potential profiles corresponding to each component of the gradient SP
data are shown in Figure 7. Figure 7a shows the result of integrating the drift-corrected
gradient SP data (black curve, Figure 6b) prior to partitioning the data into the L and
HN components. Figure 7b,c show the results of integrating the L and H components of
gradient SP data, respectively.

h. Integration of L-component (red, Fig. 6b) of Gradient Self-potential
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Figure 7. Electric potential profiles in the Rio Grande across the Mesilla Valley, determined by numerical integration of
drift-corrected gradient SP data and the corresponding L and H components using Equation (3). The starting and ending
points of survey segments 1-4 are depicted in Figures 1-3. (a) Integration of drift-corrected gradient SP data prior to
decomposition into L and HN components. (b) Integration of the L component. (c) Integration of the H component after
removing an estimate of the N component produced by filtering with a windowed moving average filter described by [37].
The spike observed along survey segment 2 is about 200-m wide and collocated with the drop in gradient SP data along
survey segment 2 (Figure 6b) and discrete spikes in measured surface-water temperature and specific conductance (Figure 8).
Note the differences in scale of the y-axes based on the integrated component.

3.2. Surface-Water Temperature and Conductivity Logging

Surface-water temperature and conductivity data were logged simultaneously with
gradient SP data at a period of 2 s per measurement. The surface-water conductivity data
were corrected to specific conductance using Equation (4) [60], where o5 is the specific
conductance (conductivity relative to a temperature of 25 degrees Celsius, in microsiemens
per centimeter), T is the measured surface-water temperature (degrees Celsius), and o is
the measured surface-water electric conductivity (microsiemens per centimeter).

o

%5 = 15 0.02(T — 25)

4)

The temperature and specific conductance data are color-coded by survey segment
and plotted in Figure 8a,b relative to the initial measurements at the upstream ends of the
segments, to show the total change in temperature and specific conductance along each
segment in a comparable manner. Linear increases in temperature and specific conductance
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data occurred along each of the survey segments, from upstream to downstream, and the
temperature and specific conductance data were therefore corrected (before referencing the
initial measurements). Data corrections were made by fitting OLS regression lines to the
data from each survey segment and subtracting the OLS regression lines corresponding
to each survey segment from the corresponding temperature and specific conductance
data. Subtracting the OLS regression lines produced profiles that showed the deviations
of the respective variables around the linear increases in the data. The deviations are
aligned end-to-end by survey segment between the Leasburg Dam and the FM 259 bridge
in Canutillo, Tex. (Figure 8c,d). The slopes, intercepts, and coefficients of determination of
the fitted OLS regression lines are summarized in Table 1.
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Figure 8. Surface-water temperature and specific conductance data measured in the Rio Grande. (a) Raw temperature
data measured along individual survey segments, plotted relative to the initial measurements at the upstream ends of the
segments. (b) Raw specific conductance data measured along individual survey segments, plotted relative to the initial
measurements at the upstream ends of the segments. (c) Temperature deviations about the linear increases of the data in
panel a, versus survey distance. (d) Specific conductance deviations about the linear increases of the data in panel b, versus
survey distance. The starting and ending points of survey segments 14 are depicted in Figures 1-3.

4. Results and Discussion

The locations of surface-water gains and losses are interpreted in this section by a
combined analysis of electric-potential data (Figure 7), surface-water temperature and
specific conductance data (Figure 8), and relative median gains and losses in streamflow
along the survey reach (Figure 9a). Across the Mesilla Valley, hydraulic conditions beneath
the Mesilla Valley floor control the vertical hydraulic gradient between the river and the
Rio Grande alluvium via the vertical hydraulic gradient between the Rio Grande alluvium
and the upper part of the Santa Fe Group. Because the vertical hydraulic gradient varies
along the survey reach (Figure 3), streaming potentials appear to make a predominant
contribution to the electrostatic field in the surface water, and the electric potentials deter-
mined from the gradient SP data correspond notably well to the relative median gain/loss
curve determined by annual streamflow measurements.



Water 2021, 13, 1331

15 of 23

o
=

a. Comparison of Integrated H-Component Electrical Potential with Relative Median Gain and Loss in Streamflow
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b. Profiles of Electric Resistivity beneath the Rio Grande from Helicopter Frequency-domain Electrmagnetic Induction Surveys
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Figure 9. (a) Comparison of integrated electric potential (black) integrated from the H component of drift-corrected gradient
SP data (see also Figure 2 for locations of seepage-measurement stations) with streamflow data (blue) published by [2,46,61].
Station S02 is relative to station S01 located near 0 km on the horizontal axis (Figure 3). Station S14 is relative to Station S13.
Color-shading represents the 2010-2011 water-level differences between the Rio Grande alluvium and the upper part of the
Santa Fe Group (Figure 3). Water-level differences greater than 0 m (blue shades) indicate that the hydraulic head in the Rio
Grande alluvium is greater than the hydraulic head in the upper part of the Santa Fe Group, whereas differences less than 0
m (red shades) indicate the opposite. (b) Comparison of resistivity profiles at average depths of 3.5 m (black) and 50 m (red)
beneath the Rio Grande, determined from helicopter frequency-domain electromagnetic surveys.

4.1. Comparison of Electric Potential to Streamflow

Integration of the H component of the gradient SP profile produced a streaming
potential profile that contains both low- and high-frequency variations (Figure 7c). This
effect was also observed by [37] (see their Figure 5) along 15 km of the lower Guadalupe
River across the surficial exposure of the rocks that compose the Carrizo-Wilcox aquifer.
The H-component electric potential of the lower Guadalupe River was related by [37]
to a superposition of localized bedform-driven hydrodynamic hydraulic gradients and
reach-scale hydraulic gradients driving hyporheic flow cells, which were collectively
superimposed upon a broader quasi-static regional hydraulic gradient. Superposition
of the hydraulic gradients at various spatial scales influenced the exchange processes
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between the lower Guadalupe River and the Carrizo-Wilcox aquifer at variable spatial
scales, from localized gains and losses attributed to channel bedforms, to the regional
net gains and losses across the surficial exposure of the rocks that compose the aquifer.
Through numerical modeling and waterborne electric resistivity tomography, the low-
frequency variation of the data presented by [37] was attributed to net gains and losses
influenced by the regional hydraulic gradient in the surficial exposure of the rocks that
compose the Carrizo-Wilcox aquifer. Through signal processing and numerical modeling,
the high-frequency variation was attributed to localized hydrodynamic gradients, created
by riffle and pool sequences along the riverbed that created negative and positive vertical
hydraulic gradients, associated with distinct patches of surface-water losses and surface
water gains, respectively. The H-component electric potential in the lower Guadalupe
River was shown by [37] to be a signal of interest because it reflected gaining and losing
conditions at the regional scale, the reach scale, and smaller spatial scales.

If the underlying assumption that the electric potential is predominantly of streaming
potential origin is valid, then the electric-potential profiles in Figure 7a—c, in theory, repre-
sent net gain or loss in the Rio Grande by changes in the polarity of the steaming-potential
component inherent within the data. A comparison of the electric potential integrated from
the H component of gradient SP data (Figure 7c) with relative median streamflow gain
and loss along the survey reach (Figure 9) indicates that streaming potential was likely
the predominant contribution to the electric-potential field in the surface water of the Rio
Grande at the time of the geophysical logging survey. Figure 9a depicts the relative median
gain or loss (blue curve) at seepage-measurement stations shown in Figure 2, relative to the
adjacent (upstream) measurement station along the survey reach of Rio Grande (502-504,
etc.), in comparison to 2010-2011 water-level differences (color-shading) between the Rio
Grande alluvium and upper part of the Santa Fe Group in Figure 3 and the H-component
electric-potential in Figure 7c. Profiles of electric resistivity at average depths of 3.5 m and
50 m beneath the Rio Grande are shown in Figure 9b. The relative median net streamflow
gain/loss curve reflects long-term conditions, whereas the electric potential is a relatively
instantaneous representation by comparison. The double vertical axes in Figure 9a are
aligned at 0 cubic meters per second (blue series, left vertical axis) and 0 millivolts (black
series, right vertical axis), such that everything above the red line represents a surface-water
gain, and everything below the red line represents a surface-water loss, for both data series
(assuming the black curve is an adequate representation of the streaming potential). Station
502 is plotted relative to the initial station S01 near x = 0 km on the horizontal axis (see also
Figure 3), and station S14 is plotted relative to station S13. Reductions of relative median
gain or loss in streamflow between two adjacent stations represent net losses along the
survey segments and increases represent net gains, whereas negative electric potential
is interpreted as representative of a net losing condition and positive electric potential is
interpreted as representative of a net gaining condition [44].

The shape and sign of the relative median streamflow gain/loss curve in Figure 9
resemble quite closely the shape and polarity of the electric-potential profiles upstream
and downstream from the Mesilla Diversion Dam (proximal to station S13). The relative
median streamflow gain/loss curve indicates not only that the Rio Grande is generally
a losing river throughout much of the study area, but also that there are several reaches
where a relative gain in streamflow may occur between adjacent stations. Net losses occur
between stations S02 and S13 in spite of apparent net gains between S02 and S04, S05 and
S07, and S10 and S12. The electric-potential profile has the same general pattern of the
streamflow gain/loss curve upstream from the Mesilla Diversion Dam. Electric potential
is entirely negative upstream from the Mesilla Diversion Dam and decreases along the
entire reach between the Leasburg Dam and Mesilla Diversion Dam. There are several
clear slope breaks in the electric potential along this reach (just upstream from S05 and at
510), although it is unclear if or how they may be related to the relative median streamflow
gain/loss curve. The intermittent gain between 510 and S12 appears to be a result of
the isolated ~200-m long gaining reach, demarcated by the discrete spike in the electric
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potential at S10. The spike at S10 is coincident with discrete increases in surface-water
temperature and specific conductance (Figure 8) and a discrete reduction in gradient SP
voltage measured in the river along segment 2 (Figure 6b).

The increase in electric potential at the Mesilla Diversion Dam between S12 and S13 is
a result of the discontinuous nature of the electric profile across the dam. Gradient SP data
could not be measured over the dam, and so the electric-potential profile downstream from
the Mesilla Diversion Dam represents conditions relative to the beginning of the reach at
the Mesilla Diversion Dam, which represents a point of zero reference potential. A neutral
condition (no apparent gain or loss) is indicated in the relative median streamflow gain/loss
curve between S13 and S16. This neutral condition, shown in the streamflow gain/loss
curve, corresponds to an approximately constant neutral to mild gaining condition, as
shown by the electric-potential profile between the Mesilla Diversion Dam and a point
about 6 km downstream from S16. This condition, marked by a positive electric potential
of less than 1 mV, begins at the Mesilla Diversion Dam and remains relatively constant
for approximately 12 km downstream along most of survey segment 3. The net losing
condition between stations 516 and S17 in the relative median streamflow gain/loss curve
is not clearly observed in the electric-potential profile and is a possible result of either a
true gaining condition at the time of the survey or a strong vertical concentration gradient
masking the losing condition in the relative median net streamflow gain/loss curve by
a positive diffusion potential. The resistivity profile data in Figure 9b support the latter,
where resistivity at an average depth of 50 m shows a notable decrease in resistivity at
this location that is not prevalent in the resistivity profile at an average depth of 3.5 m
beneath the channel. However, the net gain between 517 and S21 is clearly represented by
the electric-potential profile, which shows a steadily increasing potential from negative to
positive between 12 km and 22 km downstream from the Mesilla Diversion Dam at the
end of segment 3 and into approximately the first half of survey segment 4, before it peaks
near station S19 and begins to decrease. The net loss between 521 and 526 is clearly seen in
the electric potential profile in the second half of survey segment 4, which decreases over
an 18-km segment to the end of segment 4 and indicates a net surface-water loss.

The shaded areas in Figure 9 represent the 2010-2011 water-level differences between
the Rio Grande alluvium and the upper part of the Santa Fe Group that are mapped in
Figure 3. Water-level differences greater than 0 m (blue shade) indicate that the hydraulic
head in the Rio Grande alluvium is greater than the hydraulic head in the upper part of
the Santa Fe Group, whereas differences less than 0 m (red shade) indicate the opposite.
Under any flow conditions, a losing reach of the river occurs when the hydraulic head
in the Mesilla Basin aquifer is less than the hydraulic head supplied by the Rio Grande
with the vertical hydraulic gradient oriented downward, and a gaining reach of the river
occurs when the hydraulic head in the Mesilla Basin aquifer exceeds the hydraulic head
supplied by the river, with the vertical hydraulic gradient oriented upward. With this
in mind, it is worth noting that the relative median streamflow gain/loss and electric
potential data in Figure 9 represent different seasons (non-irrigation vs. irrigation seasons,
respectively) and therefore entirely different flow conditions in the river and vertical
hydraulic gradients. Streamflow was measured in February of each survey year (1988-1998,
2004-2013) during a low-flow condition in the non-irrigation season, whereas the electric
potential profile was measured in June and July 2020 during a bankfull flow condition
at the peak of the irrigation season. During the non-irrigation season, well pumps are
off and horizontal hydraulic gradients between the floodplain and the river are reduced
relative to the irrigation season, which minimizes surface-water loss into the floodplain in
the capture zones of irrigation wells. The river stage is at a minimum, which minimizes the
vertical hydraulic gradients and the potential for surface-water losses in losing reaches and
enhances the vertical hydraulic gradients in gaining reaches and maximizes the potential
for surface-water gains. In contrast, during the irrigation season, groundwater pumping
on the floodplain steepens horizontal hydraulic gradients between the floodplain and the
river and maximizes surface-water losses into the floodplain in the capture zones of the
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pumping wells. The river stage is at a maximum (bankfull flow), which maximizes the
vertical hydraulic gradients and the potential for surface-water losses in losing reaches
and reduces vertical hydraulic gradients in gaining reaches (possibly reversing them)
and minimizes the potential for surface-water gains. The implication of the differences
in flow conditions represented by the relative median streamflow gain/loss and electric
potential profile in Figure 9a is therefore that the relative median streamflow gain/loss
curve likely minimizes surface-water losses and enhances surface-water gains, whereas the
electric potential profile likely enhances surface-water losses and minimizes surface-water
gains. One possible example of this effect in Figure 9a is the noticeable gains in streamflow
between S02 and S04, and S05 and S07, which are not apparent in the electric potential
profile data.

4.2. Surface-Water Temperature and Specific Conductance Data

Surface-water temperature and specific conductance data show subtle, indirect indica-
tors of surface-water gains at several locations along the survey reach, but do not appear
to show clear anomalies attributed to losing reaches. The data (Figure 8a,b) show that
differences exist between the survey segments upstream and downstream from Mesilla
Diversion Dam. Data corresponding to survey segments upstream from Mesilla Diversion
Dam (survey segments 1 and 2) have roughly the same slope, as do those of survey seg-
ments downstream from the dam (survey segments 3 and 4); however, the slopes of profile
data downstream from the dam are comparatively greater than for those upstream. When
plotted against one another (Figure 10), the temperature and specific conductance devia-
tions indicate that survey segments 2 and 4 can be further subdivided into sub-segments on
the basis of different relations between surface-water temperature and specific conductance
deviations about the linear increases that were removed from the data (Figure 8a,b).
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Figure 10. Scatter plot of specific conductance deviations versus temperature deviations showing different relations exist
between surface-water temperature and specific conductance along survey segments 2 and 4.

The apparent main pattern in Figure 10 (approximated by the pink box) shows a
general linear increase to which the main point cloud of surface-water temperature and
specific conductance data appear to adhere. The general adherence to this pattern by data
from multiple survey segments shows that the surface-water temperature and specific
conductance relations are roughly similar throughout the majority of these segments.
However, two individual survey segments show that more than one unique temperature-
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specific conductance relation exists in the surface water along the survey segments. The
upward inflection from the pattern observed in survey segment 2 data (Figure 10, Pattern 2)
indicates that temperature and specific conductance vary differently in some parts of survey
segment 2 than in others, with specific conductance showing increases (positive deviations)
relative to the linear increase that was removed from the data. Data that comprise Pattern
2 coincide with temperature and specific conductance spikes observed along the survey
segment 2 (Figure 8c,d), the discrete decrease in gradient SP voltage observed on survey
segment 2 (Figures 5b and 6b), and the isolated ~200-m wide positive electric-potential
spike on survey segment 2 near seepage-measurement station S10 (Figure 9).

Two distinct surface-water temperature and specific conductance relations exist along
survey segment 4 (Figure 10, Patterns 3 and 4). Like survey segment 2, the different patterns
indicate that temperature and specific conductance vary differently in some parts of survey
segment 4 than in others, and also differently relative to the main apparent pattern and
Pattern 2. Both individual increases observed in the data from survey segment 4 have
approximately the same apparent slope, which also appears to be consistent with the slope of
the main apparent pattern of increases (pink box). Pattern 3 is characterized by larger specific
conductance deviations than Pattern 4 and shows both positive and negative temperature
deviations relative to the linear increase that was removed (Figure 8a,b). The Pattern 3
data coincide with the positive electric-potential observed between seepage-measurement
stations S17 and S21 (Figure 9), which is shown to be a gaining reach in both the electric
potential and the relative median streamflow gain/loss curve. This reach of the river is
characterized by decreased electrical resistivity (Figures 2, 3 and 9b) beneath the riverbed,
attributed to saline groundwater upwelling from the Santa Fe Group into the Rio Grande
alluvium and ultimately into the Rio Grande [2,62]. Pattern 4 is characterized generally
by smaller positive specific conductance deviations compared to those of Pattern 3, and
the temperature deviations that comprise the increase appear to be predominantly, if
not entirely, positive. The surface-water temperature and specific conductance data that
comprise Pattern 4 coincide with the reach between seepage-measurement stations S21
and 526, which is a losing reach defined by both the streamflow gain/loss curve and the
electric potential profile (Figure 9).

5. Conclusions

Gradient SP, surface-water temperature, and surface-water conductivity data were
continuously logged along the left bank of the Rio Grande between Leasburg Dam, New
Mexico, and Canutillo, Texas, during bankfull flow conditions between 26 June and 2 July
2020. Four survey segments, each 15 km to 25 km in length, were individually surveyed and
processed into two longer reaches (one reach upstream and one reach downstream from
the Mesilla Diversion Dam) for the interpretation of surface-water gain or loss. Gradient SP
profiles were corrected for transient electrode-drift, decomposed into scale-representative
components, and numerically integrated separately into electric-potential profiles that were
interpreted in the context of surface-water gains and losses by comparison with water-level
differences mapped in wells completed in the Rio Grande alluvium and the upper part of
the Santa Fe Group, and relative median streamflow gain/loss quantified by streamflow
measured at 16 stations along the survey reach.

The electric-potential profiles integrated from gradient SP data each displayed a similar
appearance along the survey reaches upstream and downstream from the Mesilla Diversion
Dam, but with larger amplitudes corresponding to the larger spatial scale. Integration of
the L component produced an electric potential amplitude of ~14 V along the 32-km reach
between the Leasburg Dam and Mesilla Diversion Dam, and an amplitude of about 8 V
downstream from the Mesilla Diversion Dam, whereas integration of the H component
produced an electric potential amplitude of ~40 mV and 25 mV, respectively, along the
same reaches. At the time of the survey, the 32-km long reach between the Leasburg Dam
and Mesilla Diversion Dam showed a strong propensity for net surface-water losses along
the entire reach, with only one location showing indicators of small-scale isolated gain of
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saline groundwater over a 200-m long reach that coincided with increased surface-water
specific conductance (positive deviations relative to the increase observed in the specific
conductance data). Downstream from the Mesilla Diversion Dam, electric-potential data
indicated a neutral to a mild propensity for surface-water gain for approximately 12 km,
that increased between 12 km and 22 km from the Mesilla Diversion Dam, where the gaining
condition peaked and began the final transition to a losing condition along the remaining
18 km of the survey reach. The electric potential in the Rio Grande compared notably
well with relative median streamflow gain/loss along the reach, and the combination
of geophysical and hydraulic data interpreted herein shows the value and usefulness of
gradient self-potential logging in rivers for identifying gaining and losing reaches at the
regional or basin scale.

The gradient self-potential survey and data processing described herein support the
fundamental science objectives of the Transboundary Aquifer Assessment Act (Public Law
109-448) by expanding the available geophysical tools and developing new datasets to
assess groundwater and surface-water connectivity between transboundary aquifers and
surface-water resources in the United States-Mexico border region. The approach used in
this work has great potential for enabling a better understanding of the extent to which
transboundary aquifers may be used as sources of water supply, and a means of quickly
assessing the vulnerability of transboundary aquifers to anthropogenic or environmental
contamination through surface-water connectivity. Gradient self-potential logging is appli-
cable to other transboundary aquifers and is easily adapted to time-lapse monitoring for
studying seasonal and annual changes in groundwater and surface-water connectivity in
the border region.
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