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Abstract: This paper presents an underground silver mining operation outside Gomez Palacio,
Durango, Mexico, terminated around the 1930s, of which previous knowledge of its operations was
poor. Durango’s current silver exploration campaigns are likely to overlook historic silver mining sites
due to interest in specific prospect regions. A two-dimensional (2D) Electrical Resistivity Imaging
(ERI) survey coupled with reconnaissance of the area was performed at this historic silver mining site.
The exploration campaign aimed to find the abandoned mineshaft, map its subsurface extent, and
explore the occurrence of mineralization zones (silver ore). The ERI survey comprised five profiles
measured with the extended dipole-dipole array with a consistent electrode spacing of 5 m. The
smooth, robust, and damped least-squares inversion methods were used to invert the 2D data. Our
field observations and ERI survey results collectively reveal the following findings: (a) reconnaissance
reveals mining infrastructure consistent with historical mining activity; the infrastructure includes
a complex of habitational rooms, an ore-processing pit near a concrete slab next to a dirt road, and
two limestone-wall structures interpreted as the entrance of abandoned backfilled mineshafts named
Mesquite and Lechuguilla; (b) high-resistivity anomalies suggest vestiges of shallow, underground
mine workings including backfilled mineshafts that connect a mine gallery complex, and (c) various
low-resistivity anomalies, juxtaposed against mine galleries, suggestive of unmined shallow vein-type
and manto-type mineralization of hydrothermal origin. The imaging depth is estimated at ~65 m.
Underground silver mining moved southwards and was limited to ~40 m depth.

Keywords: mineral exploration; geoelectrical methods; 2D imaging; near-surface; Mexico

1. Introduction

Thousands of years ago, humans started using metals, moving from the stone to the
metal age. Therefore, they began searching for metals (the exploration phase) to utilize any
available metallic mineral resources (e.g., gold, silver, copper, and iron). The outcropping
ores were found, mined, and remained the primary metallic mineral sources [1]. Soon,
the demands for metallic mineral resources increased, mainly since the beginning of the
third industrial revolution, but at the same time, the outcropping ores were exhausted.
Due to the new ore deposit conditions, theoretical (prediction), geological, geochemical,
geophysical, and drilling methods have been developed to map concealed ore bodies [2–6].
The critical factor in mining exploration is knowing the mineralization’s nature, origin, and
tectonic nature (faults, fractures, and shear zones) of the mineral deposit of interest. In
general, mineralization is mainly controlled by all three factors mentioned above.

This research uses direct current (DC) Electrical Resistivity Imaging (ERI) and Induced
Polarization (IP) methods for the present subsurface exploration among the geophysical
prospecting methods used in mineral exploration. Electrical resistivity and IP imaging
allow the spatial distribution of the low-frequency resistive and capacitive characteristics
of subsurface earth materials such as mineral ores, weathered or fresh rock, unconsoli-
dated sediments, and, respectively, uncontaminated and contaminated soils [7–13]. These
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methods are extensively utilized in mineral exploration campaigns, engineering and envi-
ronmental investigations, hydrogeological studies, and archeological prospecting [7,14–22].
Both methods have proven successful in the mineral exploration arena worldwide because
of their cost-effective and rapid ability to image natural shallow subsurface geologic struc-
tures with mineralization potential [7,8], with a certain degree of resolution dependent
on the electrode spacing [23]. Specifically, underground mine workings, mainly air- and
water-filled galleries, have been detected using the ERI [24,25].

Silver and other metals have been mined in Mexico since pre-colonial times [26];
however, the Spanish Empire catapulted silver mining during colonial times [27–29] until
about the late 1880s [30]. Silver mining reshaped the economy of the Spanish Empire (e.g.,
the Old World) and was pivotal to creating the New World [28]. The (systematic) fall of
silver mining in Mexico occurred between 1870 to 1910, coinciding with the onset of the
Mexican Revolution [31]. Therefore, around the early 1900s, several mines in Durango and
other states were inevitably abandoned due to economic and political unrest [28].

Currently, mineral (i.e., metallic and non-metallic) exploration efforts target many
areas within northern Mexico, and Durango is one of them [29]. Currently, there are
twenty-six mines extracting gold, silver, copper, lead, zinc, iron, and manganese in the State
of Durango [29] in Mexico. Non-metallic minerals mined in Durango include bentonite,
perlite, marble, fluorite, gypsum, clays, limestone, sands, and gravel [29]. Silver mining
operations were still occurring in small proportions in the early 1900s in Durango [30,31].
An example is the (new) La Soledad mineral claim northwest of Gomez Palacio city within
the Mapimi mining region. This new mining claim is adjacent to three neighboring mining
districts, including Dinamita (gold, silver, and lead), Ojuela (silver, lead, and zinc), and
La Platosa (iron, manganese, and marble). Historical accounts call for an unmarked, lost,
abandoned mine shaft that likely stopped operation about a century ago. However, vague
descriptions of the historic mining operations hampered the entire understanding of this
historic silver mining site. The present two-dimensional (2D) ERI survey searched for
an unmarked, old, and abandoned mineshaft within the La Soledad mineral claim limits.
Field observations coupled with the 2D ERI strongly support the presence of anomalies
consistent with historic underground mine workings, including two abandoned mineshafts,
mine galleries, and shallow unmined mineralized zones.

2. Study Area

This section describes the study area by discussing the local geology and the findings
of field observations. Figure 1 shows the geographic location of the geophysical survey.
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Figure 1. The satellite image shows the study area’s location in the State of Durango, Mexico (Google 
Earth). 

2.1. Local Geology 
The study area is within a broad carbonate-dominated region [32] and near the junc-

tion of significant tectonic terrain boundaries. In the geological map of the area (Figure 2), 
abandoned mines within the survey area as well as vein-type and manto-type minerali-
zation of hydrothermal origin are reported [29,33,34]. A considerable alteration zone by 
oxidation affects the intrusive rocks and the limestones [34]. The study area comprises the 
Lower Cretaceous Aurora Formation, part of the Mezcalera Group-Baluarte Formation 
[34]. The Aurora Formation comprises folded, fossiliferous, weathered, gray limestones 
intercalated with minor thin shale horizons. Field observations reveal wide open fractures 
and dissolution features in the limestones and localized folding. Limestones of the Aurora 
Formation occur in long NW-SE-trending ridges that change into an E-W orientation. A 
NE-SW-striking, SE-dipping, and an NW-SE-striking, SW-dipping normal fault occur 
northeast and south of the survey area. Both normal faults uplifted the limestones of the 
Aurora Formation. Other normal and reverse faults and NW-SE-trending large-scale folds 
occur around the study area. The folds are overturned and recumbent, and only deformed 
Lower Cretaceous limestones are north and west of the survey area. The folds are a struc-
tural element of the Sierra Madre Occidental fold-thrust belt linked to the thin-skinned 
Sevier orogeny [33], comprised of Mesozoic marine sediments deformed during the 
Laramide orogeny in late Cretaceous-early Paleocene [35]. 

Exposed igneous rocks of granitic and dioritic composition yield an Eocene-Oligo-
cene radiometric age and intrude the Aurora Formation [34]. The intrusive relationship is 
seen immediately north of the study area, separating the Sierras Mapimi and El Sarnoso 
(Figure 2). In particular, this pluton is part of an alkaline intrusive complex in northeast 

Figure 1. The satellite image shows the study area’s location in the State of Durango, Mexico
(Google Earth).

2.1. Local Geology

The study area is within a broad carbonate-dominated region [32] and near the junc-
tion of significant tectonic terrain boundaries. In the geological map of the area (Figure 2),
abandoned mines within the survey area as well as vein-type and manto-type mineral-
ization of hydrothermal origin are reported [29,33,34]. A considerable alteration zone by
oxidation affects the intrusive rocks and the limestones [34]. The study area comprises the
Lower Cretaceous Aurora Formation, part of the Mezcalera Group-Baluarte Formation [34].
The Aurora Formation comprises folded, fossiliferous, weathered, gray limestones interca-
lated with minor thin shale horizons. Field observations reveal wide open fractures and
dissolution features in the limestones and localized folding. Limestones of the Aurora
Formation occur in long NW-SE-trending ridges that change into an E-W orientation. A
NE-SW-striking, SE-dipping, and an NW-SE-striking, SW-dipping normal fault occur north-
east and south of the survey area. Both normal faults uplifted the limestones of the Aurora
Formation. Other normal and reverse faults and NW-SE-trending large-scale folds occur
around the study area. The folds are overturned and recumbent, and only deformed Lower
Cretaceous limestones are north and west of the survey area. The folds are a structural
element of the Sierra Madre Occidental fold-thrust belt linked to the thin-skinned Sevier
orogeny [33], comprised of Mesozoic marine sediments deformed during the Laramide
orogeny in late Cretaceous-early Paleocene [35].
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Figure 2. The geological map of the study area (modified by Servicio Geológico Mexicano [34]). The
study area is located within Lower Cretaceous limestones (white-red star) in the Sierra El Sarnoso,
which comprises igneous and sedimentary rocks.

Exposed igneous rocks of granitic and dioritic composition yield an Eocene-Oligocene
radiometric age and intrude the Aurora Formation [34]. The intrusive relationship is
seen immediately north of the study area, separating the Sierras Mapimi and El Sarnoso
(Figure 2). In particular, this pluton is part of an alkaline intrusive complex in northeast
Mexico and Texas, USA [36]. Around the study area, including neighboring states of
Chihuahua, Coahuila, Nuevo León, and Tamaulipas, these plutonic rocks are isolated and
scarce, and their exposures are relatively small [36].

Depending on the regional tectonic observation framework, the study area is in the
Sierra Madre Occidental terrane [34] or the Parral terrane [33]. A major terrain boundary
separates the southern edge of the Parral terrain from the adjacent Mesa Central (MC)
silicic volcanic province [33], which occurs as a wedge immediately south of the study
area. The MC is an elevated plateau part of the southern Basin and Range extensional
province, and the Sierra Madre Occidental volcanic province [35]. Much of the ore deposits
and mineralization in the state of Durango are Mesozoic in age. The deposit types include
Mississippi Valley-type (MVT) and intrusion-related deposits [33]. Ores of Zn-Pb, barite,
celestine, and fluorite occur under the MVT around Gomez Palacio city [36]. The miner-
alization includes disseminated Cu skarns [32] and polymetallic skarn, porphyry Au-Ag,
and porphyry Cu-Mo [33].
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2.2. Field Observations

Reconnaissance identified anthropogenic structures in the historical mining context
(Figure 3). In addition, numerous hand sample specimens of argentite ore are still found at
the site. Collectively, all features support the hypothesis of a small-scale mining operation.
The infrastructure includes two habitational room complexes, an ore processing pit, a work
dirt road, and two mineshafts located north and south of the study area, Mesquite and
Lechuguilla. The mineshafts are currently backfilled with dirt and debris. Each mine shaft
is outlined by a 1.5 m tall wall circuit of limestone blocks and faces a habitation room
complex. The mineshafts are immediately adjacent to the foothills of the limestone ridge
and are separated by ~110 m apart. Figure 3 shows field photographs of the location of the
historic mining infrastructure and their spatial relationship with the ERI survey layout.
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were acquired. The survey layout was designed to confine the existing historic mining 
operations. All geoelectrical profiles were deployed within a surface area of approxi-
mately 33,280 m2 (3.33 hectares) and encompass a perimeter of ~800 m. In general, profiles 
L1, L2, and L3 strike east-west, while profiles L4 and L5 trend northwest-southeast (Figure 
3). The inter-profile distance is not uniform. Profiles L1, L4, and L5 traverse the Mesquite 
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are rugged within and around the survey area. A limestone ridge dominates the eastern 

Figure 3. Aerial photograph of the ERI survey layout around the abandoned historic mining infras-
tructure shown in white squares and yellow shapes (image from Google Earth). Field photographs
(a–f) show the infrastructure that supported the underground silver mining operation: (a) a concrete
slab near a (b) rock-and-brick ore processing pit, (c) an adobe and clay-brick room complex next to
the (d) Mesquite mineshaft, and (e) an adobe room complex next to the (f) Lechuguilla mineshaft.
Argentite ore hand sample collected by the ore processing pit (g). Notice that the adobe rooms are
near the mineshafts for convenient surveillance.

3. Electrical Resistivity Imaging Survey
3.1. Data Acquisition

The survey area received rainfall before the first day of fieldwork which improved
the data quality. A total of five (5) two-dimensional (2D) profiles, here labeled L1 to L5,
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were acquired. The survey layout was designed to confine the existing historic mining
operations. All geoelectrical profiles were deployed within a surface area of approximately
33,280 m2 (3.33 hectares) and encompass a perimeter of ~800 m. In general, profiles L1,
L2, and L3 strike east-west, while profiles L4 and L5 trend northwest-southeast (Figure 3).
The inter-profile distance is not uniform. Profiles L1, L4, and L5 traverse the Mesquite
mineshaft. Profiles L2 and L5 traverse the Lechuguilla mineshaft. The terrain conditions are
rugged within and around the survey area. A limestone ridge dominates the eastern side
of all geophysical profiles, while the western side slopes gently westwards. A differential
GPS (Trimble Inc., Sunnyvale, CA, USA) was used to collect the location for each electrode
for all acquired profiles, and proper topographic corrections were applied during the data
inversion.

The SuperSting R8/IP/SP Resistivity meter with 56 electrodes capability (AGI Inc.,
Austin, TX, USA) was used to acquire resistivity and IP data with the extended dipole-
dipole (DD) array and a consistent electrode spacing of 5.0 m. The electrode spacing was
decided based on the desired resolution of the resulted anomalies and the expected depth of
the targets. The DD protocol was selected for the data acquisition since lateral changes were
mainly expected, and the DD protocol produces a better lateral extent of the subsurface
features [37]. While L1, L2, and L4 were acquired in resistivity/IP mode, profiles L3 and
L5 were only acquired in resistivity mode. Time constraints dictated this data acquisition
restriction. The maximum electrode capability (i.e., 56 electrodes) was not possible in any
of the profiles due to challenging terrain conditions for the last cable section (i.e., the end of
the cable reached the edge of the limestone ridge or cliff). For all profiles, the first electrode
(lowest number) was deployed on the west side of the survey area (i.e., lesser topography)
so that the last electrode (highest number) and the instrument were deployed on the east
side (i.e., rugged topography). This layout was due to the rugged topography. Especially
for the IP survey, optimizing the IP survey’s geometry and maximizing the acquired signal
by keeping at least one potential electrode between the current electrode’s pair [38] was
attempted. Stainless steel electrodes were used [39] instead of the recommended porous
pot (Cu-CuSO4). The resistivity meter can inject up to 2 amperes of current; however, the
instruments regulate the current automatically since it is proven that more current is not
always the best option [40]. An alternating polarity transmitter and hardware notch filter
and stacking were used for the IP survey to minimize the noise [41].

The measurement settings were kept constant during the entire survey. Factors causing
downtime included vegetation clearance along the profile path and galvanic coupling
between the electrodes and the ground. Before each measurement, the resistivity data
acquisition system was tested to ensure the system’s proper functioning. Instrument testing
consisted of the relay test, the receiver test, and the contact resistance test. The relay test
checks the performance of the relays in the switchbox. The receiver test checks that all
the (eight) receivers operate correctly. The contact resistance test checks the quality of the
galvanic contact between electrodes and ground before the measurement. Measurements
for each profile did not begin until satisfactory and successful test results were obtained.
Table 1 summarizes the data acquisition parameters.

Table 1. Summary of the data acquisition parameters for all profiles (L1–L5) in the ERI survey.

Parameter L1 L2 L3 L4 L5

Electrodes used 42 52 50 48 50
Profile length (m) 205 255 245 235 245
Terrain file and Y-offset Acquired Acquired Acquired Acquired Acquired
Data acquired ERI/IP ERI/IP ERI ERI/IP ERI

3.2. Data Processing and Inversion

The ground contact resistance measured along each profile was favorable during the
resistivity and IP survey campaign, with most contact resistances between 200–2000 Ohm
(Ω) (Figure 4); however, high values occurred in profiles L1 and L3, but they amount
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to a small fraction of the readings. The high contact resistance clusters are attributed to
poor electrode-soil contact that was difficult to improve. The low contact resistance values
facilitated electrical current injection into the ground, suggesting that the area’s inter-site
natural conditions are uniform. Thus, essential data reduction (noisy data removal) was
made before further processing and inversion. After pre-processing the resistivity and
IP data, even though most of the suggested ways were applied to improve the quality of
the IP data mentioned above, the quality of the IP data was not found acceptable. It is
concluded that the injection time for the IP data (500 ms, same as for the ERI survey) was
not enough since a square pulse with an on-off duration of 1000 ms is suggested by Bérubé
and Bérubé [42] for an IP survey. Thus, IP data were not used for the interpretation.
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low contact resistance (<2000 Ω). Profiles L1 and L3 show a few measurements with high contact
resistance.

All 2D resistivity extended DD profiles required topographic corrections before the
2D inversion. Hence, proper topographic corrections were applied since a failure to correct
local topographic effects leads to inaccuracies in the final electrical resistivity model that
can affect further interpretations. Consequently, a 2D terrain file containing the electrode’s
distance and elevation was created for each 2D raw data file. The finite element method was
chosen for the forward modeling because it effectively handles local rugged topography.

The EarthImager 2D software (v2.1.6.503, AGI Inc., Austin, TX, USA) was used for
data inversion and visualization. Three inversion methods were used to invert all the
2D resistivity data. These include smooth inversion, robust inversion, and damped least-
squares inversion. While all three inversion methods were applied to all data sets, only
the smooth inversion method was used for the IP data sets of profiles L1 and L2. Only
the robust inversion method was applied to profile L4 due to the data mentioned above
acquisition modes. Regardless of the selected 2D inversion method, the mesh transform
method (i.e., damped transform) and the boundary topography (i.e., constant slope) terrain
settings remain the same for all the inversions. In the damped mesh transform method,
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the vertical shift of nodes is gradually reduced from the ground surface to the bottom of
the mesh. It is more applicable to terrains with ridges and valleys, which is the case in the
present survey. The constant slope boundary topography extrapolates is based on the slope
defined by two ending electrodes.

The stopping criteria for the 2D inversion for the resistivity profiles were based on
the root-mean-square (RMS) percent error and the L2-Norm. The resulting RMS percent
error and L2-Norm value determine the quality of the final solution, hence determining the
quality factor. Three classes for the quality factor were used as follows: ok when RMS %
error and L2-Norm are <20% and <10 respectively, good when RMS % error is <5% and
L2-Norm is <10, and excellent in case of RMS % error is <5% and L2-Norm is about 1.

Specifically, even though three inversion methods were utilized to invert the 2D data
sets of each profile, satisfactory results are not attributed to a single inversion method. For
each profile, the best and most satisfactory results are based on the superior performance of
the inversion method. Table 2 summarizes the resistivity inversion results (i.e., root-mean-
square % error (RMS), L2-Norm, and iteration number). The RMS and L2-Norm constitute
the criteria for the “quality factor” of the inversion. So, the geophysical interpreter can
be confident that the interpretation of the 2D inverted resistivity is based on the best
results possible for a given data set. It is expected to have variability in the quality factor
of the inversion due to the unique site conditions, unique measurement conditions, and
associated noise levels in the observed data sets. Each profile’s resulting inversion quality
factor (Table 2) is used to judge the quality of the inversion and, in turn, final interpretations
and conclusions. The resistivity inversion results from each profile, shown in Table 2, are
presented on a profile-by-profile basis. As the IP data sets of L1, L2, and L4 yielded poor
decay curves, their IP inversion yielded unsatisfactory results.

Table 2. Resistivity inversion method identifier. The selected result for final interpretation and
reporting is in bold underscored letters.

Profile
RMS % L2-Norm

Iteration Number Quality Factor
Yes/No Value Yes/No Value

L1
No 7.68 a Yes 0.87 a 8

ExcellentNo 6.24 b Yes 4.32 b 8
No 6.87 c Yes 0.81 c 8

L2
Yes 7.01 a Yes 1.96 a 8

ExcellentNo 5.48 b Yes 1.20 b 8
Yes 6.32 c No 1.6 c 7

L3
Yes 6.11 a No 4.01 a 8

GoodYes 6.70 b Yes 4.85 b 8
Yes 6.80 c No 5.01 c 8

L4
Yes 5.40 a No 3.24 a 8

ExcellentYes 3.80 b No 1.58 b 8
Yes 3.81 c No 1.58 c 8

L5
Yes 9.34 a No 9.65 a 8

GoodYes 10.94 b No 13.29 b 8
Yes 7.34 c No 5.99 c 8

a = smooth; b = robust; c = damped least-squares.

4. Results and Interpretation

The results and interpretations are presented on a profile-by-profile basis. However,
the same color scale and resistivity values from 5 to 50,000 Ohm·m (Ω·m) were applied to
all five electrical resistivity profiles for comparison purposes. The resulting shades of red
color are assigned to high resistivities, and shades of blue are for low resistivities. Figure 5
presents the final inversion results for all five profiles (L1 to L5).
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and the mineshafts are interpreted as water-saturated soils. The detected mineshafts were backfilled 

Figure 5. Final inverted 2D resistivity models of profiles L1 to L5 based on Table 2 and survey layout
results. The high-resistivity anomalies (shades of orange-to-red) are interpreted as abandoned historic
silver mine galleries (MG). The low-resistivity anomalies labeled MZ are interpreted as unexploited
mineralized zones (MZ) of silver ore. Other low-resistivity anomalies closest to the surface and the
mineshafts are interpreted as water-saturated soils. The detected mineshafts were backfilled with soils
and debris that trap moisture from rainwater; hence, this explains the low-resistivity values at the
surface and around the mineshafts. The survey layout map also highlights a previously undiscovered
and unexploited mineralization zone (dashed-green line).
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4.1. Profile L1

This northernmost east-west-trending profile runs near the Mesquite mineshaft and
the northernmost adobe room complex and ore processing pit at a profile distance of
~143 and 167 m, respectively. It also interests profiles L5 and L4 at ~130 and ~150 m,
respectively (Figure 5). The 2D inverted resistivity model, based on the smooth inversion
method (Figure 5), yields an excellent quality factor. The depth of the investigation is ~60 m.
The east side of the inverted resistivity model yields two semi-concentric high-resistivity
anomalies at the depth range of ~3 to 45 m, labeled here as MG, interpreted as a mine
gallery (MG). Both high-resistivity anomalies (MG) seem structurally connected by a drop
in resistivity (~5000 Ω·m) at a 65–75 m distance along with the profile, so the MG complex
length is estimated at 120 m in this profile. The relatively high-resistivity value that bisects
both MG anomalies is interpreted as a tunnel (dashed lines in Figure 5, L1) that connects
the mine galleries. Juxtaposed against the right-side of the high-resistivity anomalies is a
shallow low-resistivity anomaly (shades of blue) interpreted as the Mesquite mineshaft’s
geophysical expression. Field observations indicate that the mineshafts were backfilled
with soils comprised of clay, silt, and debris (see Figure 3). However, the elongated shape
of this low-resistivity anomaly is explained by moist clayey and silty soils scattered on the
ground surface around the mineshaft.

4.2. Profile L2

This east-west-trending profile runs near the La Lechuguilla mineshaft at a profile
distance of ~205 m, and intersects profiles L5 and L4 at ~100 and ~135 m, respectively.
The 2D inverted resistivity model, based on the robust inversion method (Figure 5), yields
an excellent quality factor. The depth of the investigation is nearly 70 m. The east side
of the inverted resistivity model yields a shallow and elongated high-resistivity anomaly
from 170 to 235 m along the profile interpreted as the Lechuguilla mineshaft connecting a
shallow mine gallery (MG). A second moderately high-resistivity anomaly occurs at ~35 m,
between 75 to 85 m along the profile.

4.3. Profile L3

This southernmost east-west-trending profile does not pass near any mineshaft; how-
ever, at a profile distance of 80 m, it intersects profile L4. The 2D inverted resistivity model,
based on the smooth inversion method (Figure 5), yields a good quality factor and reaches
an investigation depth of ~70 m. A semi-concentric high-resistivity anomaly labeled MG is
centered at a depth of ~30 m, is ~15 m high, and ~30 m wide. Low-resistivity anomalies
(labeled MZ) enclose it. These MZ low-resistivity anomalies have irregular geometries of
larger sizes and are interpreted as unexcavated unmined mineralization zones (MZ) of
significant proportions within the Lower Cretaceous limestone.

4.4. Profile L4

The northern end of this northwestern-southeastern-trending profile passes next to
the southern adobe room complex and the Mesquite mineshaft at a profile distance of
~85 and ~200 m, respectively (Figure 5). It also intersects L3, L2, L1, and L5 profiles at a
profile distance of ~75, 160, ~210, and ~220 m, respectively. The 2D inverted resistivity
model, based on the robust inversion method (Figure 5), yields an excellent quality factor.
At a profile distance of ~195 m, an elongated sub-vertical high-to-low-resistivity anomaly
projects to the ground surface. The deeper have high-resistivity values that grade into
low-resistivity values. This resistivity structure is indicative and explained by a vertical
mineshaft backfilled with clayey and silty soils in the uppermost levels that trap moisture.
The deeper levels of the mineshaft are still probably partially open. The adjacent and
shallow low-resistivity anomalies around the entrance of the Mesquite mineshaft are
interpreted as dispersed moist backfilled materials. A high-resistivity anomaly (labeled
MG) is centered at a ~40 m depth and ~125 m distance. One side stretches towards the
bottom of the mesquite mineshaft, suggesting a passage or tunnel. The opposite side
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connects to an inclined and elongated high-resistivity anomaly that projects to the ground
surface from ~25 m depth to a profile distance of ~85 m, and it is suggestive of an inclined
mineshaft that lacks a surface expression or structure. Juxtaposed against the possible
inclined mineshaft are two broad low-resistivity anomalies (labeled MZ) that extend from
a profile distance of 50 to ~85 m, and are thought to represent a crucial shallowly buried
and unmined mineralized zone (MZ).

4.5. Profile L5

The northern end of this northwestern-southeastern-trending profile passes next to
the Mesquite mineshaft at a profile distance of ~183 m, and it ends close to the concrete
slab adjacent to the ore processing pit (Figures 3 and 5). The backfilled Mesquite mineshaft
shows a sub-vertical, ~10 m long, low-resistivity anomaly due to the clayey and silty soils
that backfilled it and retained moisture after the rain predating the survey. The Lechuguilla
mineshaft is 20 m away from profile L5 and is projected at a profile distance of 85–90 m
(see Figure 5). Profile L5 also intersects profiles L3, L2, L1, and L4 at a profile distance
of 3, ~120, ~170, and ~200 m, respectively. The 2D inverted resistivity model, based on
the damped least-squares inversion method (Figure 5), yields a good quality factor. The
imaging depth is estimated at ~63 m. Juxtaposed high- and low-resistivity values define
broad high-resistivity (labeled MG) and low-resistivity (labeled MZ) anomalies of irregular
shape. A sub-horizontal high-resistivity band interconnects the high-resistivity anomalies
(MG) at the profile center. Additionally, two broad low-resistivity anomalies (MZ) wrap
the MG anomalies. The high-resistivity MG anomalies extend from nearly 100 m across the
profile, are ~35 m high, and occur between the Lechuguilla and Mesquite mineshafts.

The MG anomalies’ high-resistivity nature, together with the historic mining context of
the site and the adjacent profiles, strongly suggests they are vestiges of historic silver mine
galleries that might connect the Mesquite and Lechuguilla mineshafts. The immediately
adjacent low-resistivity anomalies labeled MZ represent large unmined or abandoned
mineralization zones (i.e., MZ).

5. Discussion

Underground silver mining in the study area straddled the 18th and 19th centuries; it
was supported by infrastructures such as mineshafts and galleries developed within shal-
low depths (<~50 m), adobe room complexes for the mineworkers, and an ore processing
area next to a work road (Figure 3). Unfortunately, technical documentation of the mining
operation was either lost or never produced after mine closure or abandonment. This lack
of information hampers our understanding of the whole historic operation. Furthermore,
for nearly a century, this historic mine site has remained a rural brownfield in a highly min-
eralized region of Durango, Mexico, currently producing significant volumes of gold, silver,
copper, iron, lead, and zinc. Therefore, to explore and re-evaluate this historic underground
silver mine site’s economic potential, it was essential first to find the abandoned mineshaft
and map the historic underground mine workings and any previously undiscovered or
unexploited mineralized zones within the near-subsurface of the La Soledad mineral claim.

The present localized 2D ERI survey is the first prospecting work performed at this
locality since its closure. There is no previously published geophysical work for this
historic silver mining site; however, the Servicio Geológico Mexicano (Mexican Geological
Survey) [29] carried out an airborne magnetic survey encompassing the entire state of
Durango. Mining practices in colonial and post-colonial Mexico consisted of developing
habitational room complexes nearby and facing the mine entrance (e.g., mineshaft) or the
open pit, which is the case at this historic site. Therefore, the visual identification of historic
crucial mining infrastructure (mineshafts in Figure 3) was pivotal in the survey design.
Specifically, the mineshafts were expected to produce high-resistivity anomalies, a fact
that was confirmed (see Mesquite and Lechuguilla mineshafts) in some of the collected
profiles (Lines 2, 4, and 5). For example, it aided in the survey layout decision-making
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process, selecting the most optimal orientation and distributing the profiles within the
rugged terrain highly vegetated with cacti flora.

The application of the three inversion methods produced consistent results. The
final 2D inverted resistivity models detected anomalies consistent with both underground
mine workings (high-resistivity anomalies) juxtaposed against mineralization zones (e.g.,
low-resistivity anomalies). These results show that underground silver mining started on
the northern side of the area without reaching the southern side, containing a significant
occurrence of still unmined silver ore. In particular, the south side is an excellent target (see
Figure 5) for further geophysical prospecting and an exploration drilling campaign.

6. Conclusions

The present 2D ERI survey, aided by field observations, successfully detected the
abandoned and undocumented historic silver mining infrastructure. While the detected
high-resistivity anomalies represent abandoned underground mine workings (i.e., back-
filled mineshafts and a mine gallery complex), the low-resistivity anomalies represent
unmined mineralized zones. Underground silver mining was confined to shallow depths
(<~50 m). Silver ore extraction was probably done from north to south, and there is still a
significant underground untapped ore on the south side. This observation can be verified
with exploration drilling. Geologic structures in the area include normal faults, reverse
faults, strike-slip faults, fractures, fold axes, and present zones of alteration and mineral-
ization. The adjacent intruding granite-diorite body might have brought and released the
mineralized fluids. Although the current results detected underground mine workings and
unmined mineralized zones of significant size, they are insufficient to accurately charac-
terize their dimensions and geometries. Hence, a multiphysics exploration campaign is
needed to enrich the ore-body understanding. The La Soledad mine claim is a prospect
with the potential of hydrothermal origin’s vein-type and manto-type silver mineralization.
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