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Abstract

Hydraulic fracturing activities and the subsequent wastewater injection into the subsurface
have increased the number of felt seismicity in Oklahoma. Some of the smaller magnitude
(M <3.5) earthquakes have been associated with reported damage to the built environment.
We evaluate the subsurface structure of the near-surface sediments in Union City, Oklaho-
ma to identify and delineate subsurface structures that amplify ground motion in the area.
The study area is adjacent to the Canadian River, a major braided meandering river that
traverses Oklahoma generally from west to east, that has significant alluvial depositions
that are visible near roadways and from aerial imagery. We analyzed ambient noise data
from 60 continuously-recording seismic nodes as well as approximately two kilometers of
electrical resistivity tomography (ERT) and induced polarization (IP) data. We performed
horizontal-vertical spectral ratio (HVSR) to deduce the dominant resonant frequencies and
paired the resonant frequency information with the higher resolution ERT to resolve the
sedimentary structures that produce the observed resonance. Our analysis indicates that the
higher resonance frequencies are found further away from the riverbanks, and the inverted
depth matches the depth and thickness of the mapped terrace deposits in the area. In the
southern area, closer to the riverbank, the dominant resonant frequencies are controlled by
thick clay layers that are deeper than the alluvial deposits from the Canadian river. The
lower frequency resonance corresponds to the depths where the transition between Perm-
ian and Pennsylvanian deposits produce high impedance contrast at the strata boundaries
resulting in amplified ground motion.
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1 Introduction

The practice of horizontal drilling, combined with fluid injection into subsurface cracks for
oil extraction, commonly known as hydraulic fracturing or fracking, has been identified as
a common source of induced seismicity in Oklahoma (Hincks et al. 2018; Ries et al. 2020;
Zhai et al. 2019). Injection of fluids into the deep subsurface initiates stress and pore pres-
sure changes within hydrocarbon host rock (Eaton and Schultz 2018) and, in some cases,
causes reactivation of existing faults (Schoenball and Ellsworth 2017). Historically, active
fault zones have produced earthquakes in central and southern Oklahoma but the surge
in wastewater injection from oil and gas production has triggered activity in previously
dormant fault systems across the state thereby increasing the rate of seismicity by 30 fold
by mid 2016 (McNamara et al. 2015). To date, Oklahoma’s induced seismic activity has
decreased due to implementation of new regulations regarding wastewater injection (Mur-
ray et al. 2023). However, there remains significant hazard from occurrence of medium sized
to smaller magnitude earthquakes (M <3.5) which subsequently increases risk to residential
buildings in rural areas. The ground motion in Oklahoma caused by induced earthquakes
(M>3.5) exhibits amplitudes comparable to California’s natural earthquakes (Atkinson
2020). In areas with frequent earthquakes, buildings deteriorate at a high rate thereby nega-
tively contributing to the economic welfare of the affected areas (Atkinson 2020; Cheung et
al. 2018) in addition to physical damage to the built environment. In Oklahoma, there were
over 3,000 moderate to small magnitude earthquakes (i.e., M<3.5) recorded during the cal-
endar year 2022. During that time period, only two induced earthquakes with M>3.5 were
recorded (USGS Earthquake Catalog 2024). In general, earthquakes damage to structures
depends on the structure size, age, and other seismogenic factors such as proximity to the
recorded earthquakes (Taylor et al. 2018). Such damages, for instance drywall cracking on
residential buildings, have been widely reported in Union City, OK, an area that has expe-
rienced frequent small magnitude earthquakes from hydraulic fracturing activities. In most
cases, the small magnitude earthquakes may not be felt by people, but surface resonance
has been observed to produce ground motions and amplified amplitudes relative to similarly
sized earthquakes in other regions, as previously reported (Ogwari et al. 2022). This has
been demonstrated to have the effect that earthquake magnitudes that are typically not felt
may reach perceived intensities that observers report feeling such ground motions. Union
City is located about one mile north of the Canadian River in central Oklahoma where the
near surface sediments are heterogenous due to several depositional episodes following
the change of the river course since at least the start of the Holocene. The layered alluvial
deposits have previously been suggested to be the source of seismic energy amplification
(Walter et al. 2019).

We evaluate the near surface sediments to determine the source of the ground motion
amplification near Union City. We conduct a small geophysical study crossing a transition
of the river deposits and evaluate their response to seismic energy in order to understand
their contribution to ground motion amplification in the area. We use electrical resistivity
tomography (ERT), induced polarization (IP) and passive seismic to characterize the near
surface region (depth<100 m). The ERT and IP surveys provide continuous and high-res-
olution imaging of the near surface horizons (compared to passive seismic surveys) which
can relay lithologic information about subsurface sediments, especially when paired with
in-situ ground truthing. On the other hand, the horizontal-vertical spectral ratio (HVSR)
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from the passive seismic identifies and characterizes zones of resonance at greater depths,
thereby mapping horizons that the ERT and IP surveys are limited by the survey setup.
Although HVSR’s horizontal resolution, limited by seismometer spacing, is less than ERT
and IP, it has the capacity to provide details about deep subsurface horizons (Mulargia and
Castellaro 2016). All methods utilized are inherently non-invasive; therefore, they do not
negatively impact the environment. Moreover, the methods can monitor seismic activity
while studying the near surface sediments at a large scale (~2 km). These methods, as com-
bined, synergistically delineate the subsurface structures that amplify the ground motion in
Union City.

2 Study area

The study area is located in southwest of Oklahoma City, Oklahoma, USA (red square in
Fig. 1). Soil types include intermittent clayey soils intertwined with sandy or silty soils
within the first few meters of the subsurface (Carter and Gregory 2008). Surficial geologic
deposits in the areas mainly consist of alluvium, terrace deposits, and Dog Creek shale
(Curtis 2003). The alluvium in Canadian County averages about 15 m in depth and has
intermittent lenses of clay and silt (Breit et al. 2008; Tuttle et al. 2009) and, with depth,
becomes increasingly sandy (Havens 1989; Moreno 2012; Tuttle et al. 2009). Often adjacent
to the alluvium deposits are terrace deposits which are Pleistocene in age (Curtis 2003) and
have lenticular bedding with similar grains size variations as the alluvium (Geologic Units
in Canadian County, Oklahoma, 2024). The oldest sediments in the study area are primarily
shales, such as the Dog Creek shale and the Oscar Group, that are Permian and Pennsylva-
nian in age, respectively (Geologic Units in Canadian County, Oklahoma, 2024).

3 Methods
3.1 Electrical resistivity tomography and induced polarization

The direct current (DC) electrical resistivity method is based on the conduction of electrical
current in materials according to Ohm’s law. In ERT surveys, current is transmitted through
the media at two current electrodes and the voltage drop is measured across two potential
electrodes. By knowing the geometry of the electrode configuration, the apparent resistivity
(p ,—Qm) is calculated as,

po= K x R:K—AIV )

where R is resistance (), AV is potential drop (V), / is current (A), and K (m) is the geo-
metric factor.

In heterogeneous media, the resistivity ( p ) is determined from an inversion process (see
Binley and Slater 2020 for a review). Here we used the open-source geoelectrical modeling
and inversion software, ResIPy (Blanchy et al. 2020; Boyd et al. 2019). p is independent
of the measurement setup and is an intrinsic property of the medium. In near-surface soils
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Fig. 1 A geological map of surficial deposits and outcrops in southwest-central Oklahoma (from Moreno
2012) showing the study area (the red square). The blue lines trace the stream tributaries flowing into the
Canadian River

where electronic conductors (e.g., metals) are typically absent, electrical current travels
through parallel electrolytic and surface ionic pathways (Waxman and Smits 1968). Thus,
p depends on many textural characteristics of soil such as porosity, tortuosity, and surface
area (Kemna et al. 2012) which results in signal ambiguity. To overcome signal ambiguity,
ERT surveys are usually accompanied by IP surveys. IP surveys are commonly performed in
the time domain (TDIP) and the measured parameter is apparent chargeability (m,—mV/V),

m, = o @)

where V; is the measured secondary voltage at time ¢ after current shut-off and V), is the pri-
mary voltage (current is on). In practice, measuring V is difficult; therefore, m,, is measured
over the voltage decay curve during time ¢ when the current is shut off (Eq. 3),
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The m,/p ratio is defined as normalized chargeability (MN), which is mainly controlled
by the ionic polarization at the grain-fluid interface and depends on specific surface area,
surface ionic density and cation exchange capacity. Thus, MN can be used for subsurface
lithological characterization (Kemna et al. 2012; Slater and Lesmes 2002a).

3.2 Passive seismic method

The HVSR technique is primarily utilized for mapping horizons using three component
seismometers which record ambient noise, which are the natural reverberations within the
subsurface from the seismic noise environment. In HVSR, the identification of the resonant
frequencies with the most power, or peaks, are dependent on the soils and sub-surficial geol-
ogy that vary in thickness, density, and gain-size (Stanko et al. 2017). The technique used in
this study is based on Nakamura’s method of site response analysis (Nakamura 1989, 2019;
Oubaiche et al. 2016).

Larger amounts and specific frequency bands of resonance in earth material can result
in enhanced ground motion at a site (Giocoli et al. 2019; Leyton et al. 2013; Stanko et al.
2017). HVSR has been traditionally utilized for seismic hazard monitoring (Mahajan et
al. 2021) and building resonance (Giocoli et al. 2019); therefore, it is an adequate tool to
distinguish near-surface sediment interactions with ground motion. Furthermore, buildings
are engineered to withstand specific frequency band resonance, so the measurement of the
earth’s natural resonance is an important facet of building design.

The nodes in our study are three-component Fairfield Nodal nodes with 5 Hz natural
frequency geophones that continuously record in three components, two perpendicular
horizontal components and one vertical component. The ambient noise should not include
human interaction, traffic induced energy, or other sources of anthropogenic surface noise as
this could give false characteristic frequencies that do not reveal resonance of frequencies.
Recording times vary in studies depending on the local area (a city may have few spots for
nodes) and time constraints, but studies with thirty minutes of recording time (Arimuko et
al. 2020) to twenty-four hours of recording time (Sivaram et al. 2018) are common. The two
horizontal components are geometrically averaged and then divided by the vertical compo-
nent in the frequency domain. This may produce a peak at a certain frequency depending on
the study area. The peak describes the resonance frequencies at the nodal location (Fig. 2).
The criteria for identifying selectable resonance frequencies were established based on
comparisons with a 3-component broadband sensor installed in a nearby permanent station,
02: UCTY. The broadband sensor provided a benchmark to select resonance frequencies.
Despite the nodes having an integrated low-pass filter, the instruments provide resourceful
information since the HVSR method relies on the waveform ratio from the same instrument
and is not adversely affected by the instrument limitation.

We utilize Hvsrpy (Vantassel 2021), a python package that contains the methods in Cox
et al. 2020; and Cheng et al. 2020; as the primary analysis tool for the HVSR calculations in
this study. The minimum and maximum frequencies after resampling were defined as 0.1—
50 Hz. Resonant frequencies close to 50 Hz were identified as potentially originating from
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Fig.2 An example of two resonance spectra produced using hvsrpy, including a benchmark spectra from
a broadband seismometer at station O2: UCTY and b resonance spectra from a nodal sensor. The black
solid curve traces the mean spectrum from the selected signal (gray), after removing noisy signal (cyan),
to identify the peak resonance frequency (green diamond) selected by the algorithm. We manually picked
additional resonance frequencies denoted by the yellow diamonds

unfiltered noise due to the resonant frequency picking algorithm keeping high frequency
signals sourced from anthropogenic noise. Manual picking of the resonant frequencies was
employed to select multiple peaks at each nodal location. Inputting the resonance frequency
picks into Eq. (4), other parameters of the subsurface can be calculated.

Vs

- = 4)

Jo

Where f,is resonance frequency, V is shear wave velocity, and D is the thickness of the
sediment body. The resonance frequency range we observed in this study (0.4—-12 Hz) is
high for application of ambient noise inversion of phase velocity using the nodes’ configu-
ration. We adopt a Vg, velocity of 560 m/s achieved by Mendoza et al. (2017) on OKO01
and OKO2 sites that have similar geological deposition (located~50 km from study area).
Mendoza et al. (2017) characterize high frequency phase velocities equivalent to the upper
spectrum of the resonance frequencies achieved in our study using field-based Vs active
source survey. For the lower frequencies (0.4—0.8 Hz), we used our study array to deter-
mine the phase velocities by analyzing the time moveout of the selected phases across the
array through linear regression for local earthquakes located due north of the study area.
The recorded waveforms are bandpass filtered between 0.6 and 0.8 Hz and analyzed for
the S-wave phase travel across the N-S Nodes array recorded on the horizontal channels.
We selected earthquakes with approximately zero back azimuth to eliminate the need for
correction of the wavefront angle across the array. The analysis yielded a phase velocity of
1.65 km/s that we apply to invert for the resonance depths in this frequency range.

3.3 Survey setup and data processing
Six electrical survey lines (Table 1), ranging from 182 to 478.5 m, were designed (Figs. 3

and 4). ARES 1I resistivity meter and IRIS Syscal Terra were used to record resistivity and
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Table 1 Description of each Length  Array configurations Number of elec-
ERT/IP survey conducted, and trodes-spacing

array configurations utilized Line 1 177.5m  Dipole-Dipole, 72-2.5m
Wenner, Schlumberger,
Multi-Gradient

Line 2 478.5m  Dipole-Dipole and 88-5.5m
Schlumberger

Line 3 390.5m Dipole-Dipole, Schlum- 72-5.5m
berger, Wenner

Line 4 478.5m Dipole-Dipole 88-5.5m

Line 5 346.5m Dipole-Dipole, 64-5.5m
Schlumberger

Line 6 346.5m Dipole-Dipole, 64-5.5m
Schlumberger

IP measurements using an 850 W power output and 200 ms pulse length with stacking of 4
measurements (2% error). Dipole-Dipole, Schlumberger, and Wenner array configurations
were selected based on survey time for optimal profiling (Binley and Slater 2020; Ward
1990). Electrode contact resistances were checked prior to every survey and the values were
ensured to be below 50 kQ. For each line a reciprocal data collection was conducted where
the current and potential electrodes are swapped compared to the original (normal) survey
(Binley and Slater 2020). Data points with higher than 10% reciprocal resistance error were
filtered out prior to inversion. Furthermore, data points with extremely low current injec-
tion (<10 mA) and measured potential (<15 mV) were filtered out. Electrical surveys were
accompanied by in-situ shallow core samplings. A manual coring device was used for col-
lecting approximately 1-meter-long undisturbed samples up to 5 m depth. The samples were
used for grain size analysis and laboratory electrical measurements.

The passive seismic setup consisted of 60 three-component nodes spaced~400 m with
36 nodes in the north-south and 24 nodes in the east west direction. Passive seismic data
was recorded continuously for 19 days in 24 h cycles per node. The cross-array design
was chosen, in part, to investigate north-south variation in seismic velocities relative to
the distance from the Canadian River. Prior to commencement of field operations, we had
preliminary data suggesting ground-motions were enhanced relative to the expected shaking
from similar magnitudes in this area and designated the field study area to investigate the
relative variations in the shallow seismic velocity field. At the same time, the cross-array
allows us to locate any small microseismicity in the area using traditional earthquake loca-
tion techniques.

3.4 Laboratory testing
3.4.1 Grain size analysis

A 3 cm portion at the bottom of each core sample (representing 1 m depth intervals) was
used for grain size analysis. Samples were oven-dried at 105 °C overnight. Once dried, 5 g
from each sample was sieved (2 mm mesh size pan) and taken for grain size characteriza-
tion. The sieved samples were mixed with a sodium hexametaphosphate solution to break
down particle bonds (Hesaraki et al. 2009) and suspended clay particles were extracted and
baked at 105 °C for 24 h. The remaining of the sample was sieved again with a 50 um mesh,
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Fig. 3 Geophysical survey setup. Green lines are ERT/IP survey lines and yellow circles are passive seis-
mic nodes. The nodes are numbered sequentially from west to east and north to south. Holocene meanders
from the Canadian River (bottom of the figure) are the visible geomorphic features in the southern extent
of the map
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Fig. 4 ERT/IP survey lines with their respective in-situ sampling locations. a Lines 1-3, b Line 4, ¢ Line
5,d Line 6

separating sand and silt. Sand particles were dried, and silt percentages were determined as
the remaining weight difference from the original 5 g sample after accounting for the sand
and clay weights.

3.4.2 Electrical measurements

Core samples retrieved from each survey line were used as ground truth for interpreting field
electrical signal. A custom cylindrical sample holder was designed and equipped with two
disk current electrodes at each end and two potential electrodes at the middle to ensure 1D
electrical current flow in the sample, eliminating the need for inversion processes to calcu-
late p (for more details see Binley and Slater 2020). All samples were packed in the sample
holder in order to preserve their field conditions (e.g., the moisture content). The Ontash and
Ermac portable spectral induced polarization device, operating from 10 mHz to 1 kHz was
used for measuring MN and p of each sample.

4 Results
4.1 ERT results

Lines 1 to 3, near the Canadian River, are interconnected (collected without any gaps —
Fig. 4). In Line 1, a thin (<10 m), horizontal and resistive (30 Qm) layer occurs at eleva-
tion 385 m (~7-10 m beneath the surface), overlies a less resistive layer (indicated by
the red dashed lines) and appears to be reaching to the surface in Line 2 and thinning out
around distance of 300 m elevation in Line 3 before completely disappearing towards the
north (Fig. 5). The less resistive layer, approximately 10 m thick, extending to elevations of
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Fig. 5 A depth profile of ERT survey for Line 1, Line 2, and Line 3. The red dashed lines trace the in-
terpreted low resistivity zones while the yellow dashed line traces the depth of investigation (DOI) for
each line. The inverted red triangles at the surface of each profile mark the sampling point for grain size
analysis

~370 m to ~380 m (depth of ~20 to ~30 m), continues into Line 2 and Line 3, maintaining
its depth. However, it appears that this layer is getting thicker towards the end of Line 3.
Line 4, located 400 m north of Line 3, is showing a similar pattern following Line 3 with
a less resistive layer at elevation 370 m and no evidence of a resistive surface layer. A low
resistivity (<10 Qm) horizontal band, extending laterally at elevation of 380 m also exists
here. Lines 5 and 6, located farther north (Fig. 6), both reveal a~20 m thick resistive (>30
Qm) layer at elevations 380 m to 410 m, maintaining a similar depth from the surface. In
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Fig. 6 A depth profile of ERT survey for Line 4, Line 5, and Line 6. The red dashed lines in Line 4 traces
interpreted low resistivity zone. The red dashed Line in line 5 and 6 traces a high interpreted high resistiv-
ity zone. The yellow dashed line traces the depth of investigation (DOI) for each line. The inverted red
triangles at the surface of each profile mark the sampling point for grain size analysis
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both lines a thin (<20 m thick) conductive layer, extending from surface, overlies the resis-
tive layer.

4.2 |Presults

Lines 1 to 3 show a similar MN pattern as their ERT results with a distinct low normalized
chargeability layer occurring at 385 m elevation (depth of ~7-10 m beneath the surface).
This layer is reaching to the surface in Line 2 but unlike the ERT results it does not get
thinner with distance and maintains its thickness throughout the entire Line 3 (Fig. 7). Fur-
thermore, Lines 1 to 3 reveal a thick (>20 m) high normalized chargeability layer (>15
mS/m - indicated by the red dashed lines) underlain the low chargeability layer. This layer is
horizontal and maintains its depth and thickness throughout Lines 1 to 3. Similar to its ERT
results, Line 4 shows a horizontal low normalized chargeability (<50 mS/m) layer at the
surface down to elevation of 380 m (Fig. 8). This layer overlies a distinct high normalized
chargeability (>50 mS/m) layer at 380 m with 20 m thickness. Line 5 and Line 6 show that
surface has a high normalized chargeability. In both lines a low normalized chargeability
layer exists below elevation of 400 m. This layer overlies a high normalized chargeability
layer below 380 m, however at this elevation we reach to the depth of investigation limit
and cannot confidently say if this layer is confirmed to be a high normalized chargeability
layer or not.

4.3 Grain size analysis

Grain size analysis is crucial for correlating deeper sediments with ERT and normalized
chargeability profiles. The first three samples exhibit higher clay and silt content than sand,
with Sample 1 A and 1B having the highest sand content per meter. Sample 2 shows a sig-
nificant decrease in sand content while having high silt levels. Sample 3 has high silt and
clay compared to Samples 1 A and 2, with nearly zero sand percentage (Table 2). Sample 4,
located 130 m away, has similar composition to Sample 3. Sample 5 is mainly made out of
silt and clay, with some meters containing almost 50% clay. Sample 6 has the highest sand
content (~85%) in the third meter.

4.4 Laboratory testing of the in-situ samples

Electrical results for Samples 1-3 (Fig. 5) consistently show low resistivity and high nor-
malized chargeability, especially at Sample 1. Across all samples, there’s a trend of higher
chargeability correlating with lower resistivity measured in the field (at the ARES II resis-
tivity meter’s 1.25 Hz acquisition frequency). However, Sample 3 presents an abnormality
where the normalized chargeability values for the first meter are greater than the third and
second meters, but the first meter corresponds to a lower resistivity value compared to the
second meter. This trend is observed in Samples 5 and 6 (Fig. 9) as well, where higher nor-
malized chargeability corresponds to higher resistivity values.
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Fig. 7 The normalized chargeability depth profiles for Line 1, Line 2 and Line 3. The red dashed lines
trace a zone of high normalized chargeability layer while the yellow dashed line traces the depth of in-
vestigation (DOI) for each line. Note the color scale for Line 1 is different than Lines 2 and 3 due to the
significantly lower signal magnitude. The inverted red triangles at the surface of each profile mark the
sampling point for grain size analysis

4.5 HVSR results from passive seismic data
The HVSR results reveal variations in two parameters: resonating frequencies of the sub-

surface geologic body and thickness of the stratigraphy producing the resonance inverted
using Eq. (4). In the north-south node array, the resonant frequencies reveal three distinct
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Fig. 8 The normalized chargeability depth profiles for Line 4, Line5 and Line 6. The red dashed lines
trace the horizontal trends and yellow dashed line traces the depth of investigation (DOI) for each line.
The inverted red triangles at the surface of each profile mark the sampling point for grain size analysis

horizons responsible for the seismic wave resonance on the north-south nodal array. We
use the chargeability and resistivity inversions to guide us in tracing and extrapolating the
horizons. The northern nodes have higher resonant frequency of 9 Hz (Fig. 10a), that gradu-
ally decreases southward towards the Canadian River. A second lower resonant frequency is
apparent on most of the nodes except nodes ranging between 2041 and 2047. This resonance
frequency has an apparent dip to the south and north of the array from the center. One more
resonant frequency band is observable between 0.4 and 2 Hz (blue horizon in Fig. 10a).
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Table 2 Grain size analysis

1st meter 2nd meter 3rd meter

4th meter 5th meter

results for each meter depth at all

sample locations Sample 1.4

Sand %
Silt %
Clay %
Sample 1B
Sand %
Silt %
Clay %
Sample 2
Sand %
Silt %
Clay %
Sample 3
Sand %
Silt %
Clay %
Sample 4
Sand %
Silt %
Clay %
Sample 5
Sand %
Silt %
Clay %
Sample 6
Sand %
Silt %
Clay %

5.38
69.52
25.10

41.63
48.21
10.16

11.75
63.15
25.10

3.39
62.48
34.13

4.78
61.16
34.06

6.77
47.21
46.02

7.40
52.40
40.20

37.15
49.80
13.04

23.15
57.68
19.16

16.20
67.20
16.60

3.40
68.40
28.20

23.71
48.21
28.09

25.70
49.20
25.10

55.38
31.47
13.15

33.07
44.95
21.98

2.59
69.26
28.14

0.40
47.71
51.89

84.66
5.18
10.16

40.87
16.27
41.86

57.29
32.53
10.18

1.99
69.92
28.09

4.40
49.40
46.20

2.40
75.40
22.20

The resonant frequencies reproduce similar trend in inverted stratigraphic layers. The
shallower depth inversions are interpreted as separate stratigraphic layers composed of dif-
ferent facies (Fig. 10b). The variation in resonant frequency to the south and north images
wedged stratigraphic bodies that seem to join at the center of the array. The inverse relation-
ship between frequency and thickness of the geologic body, suggests a stratigraphic bound-

ary at approximately 1000 m depth.

The east-west nodes (node 1001-1021) show less variation in resonant frequencies, with
the higher resonance frequency ranging between 6 and 8 Hz across the array. Only two sets
of resonate frequency are apparent in the west-east nodes (Fig. 11d), with the low frequency
ranging between 0.45 and 2 Hz for each node. This mirrors the resonant frequency of the

centrally-located nodes in the north-south array.
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5 Discussion
5.1 ERT/IP findings and interpretations

The geologic map (Fig. 1) of the region suggests that the alluvial deposits only exist very
close to the Canadian River in the southern part of the study area (Moreno 2012) where we
collected Lines 1 through 3. According to Heran et al. 2003; these deposits mainly consist
of sand which usually appear as resistive features with low MN values in ERT/IP surveys
(Akhtar et al. 2021; Binley and Slater 2020; Lesmes and Frye 2001; Lesmes and Morgan
2001). The grain size analysis (Table 2) of Samples 1 A and 1B show high sand content
(>50%) for the surface deposits at the regions where ERT results show high resistivity
values (Fig. 5), and IP surveys show low MN values (Fig. 7). Therefore, we assume that
the resistive features with low values of MN appearing at depths below our coring limit
are made of similar materials. With this assumption, the thin resistive layer with low MN,
which exists at ~15 m in Line 1 and completely disappears towards the north in Line 3, is
consistent with alluvial deposits in the study area that are within proximity of the Canadian
River (Fig. 1), the source of these deposits (Moreno 2012). Towards the end of Line 3 the
surface exhibits low resistivity, marking the end of surficial alluvium deposits. As we move
to Line 4, the low resistivity features become more prominent (Fig. 6). These features also
show low MN values (Fig. 8). We conclude that at this stage we are in the Oscars Group
(Fig. 1). An extensive layer with low resistivity and high MN consistently exists at depth of
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~25 min Lines 1 through 4 (marked in between red dashed lines — Figs. 5, 6, 7 and 8). This
zone, reaching depths of up to 45 m, is unlikely connected to the Canadian River deposi-
tional system due to the Oscar Group reaching deeper depths than the alluvium (Heran et al.
2003). The high MN in this zone is due to high clay content (Binley and Slater 2020; Lesmes
and Frye 2001; Slater and Lesmes 2002b), as evident by grain size analyses. In contrast,
low resistivity/high MN features are notably absent in Lines 5 and 6 at a similar depth and
it appears that these features have been replaced by high resistivity features with low MN
values (marked between red dashed lines in Figs. 6 and 8). The high resistivity feature is
laterally extensive and covers the entire Line 5, reaching to the middle of line 6. In Fig. 1,
the feature aligns well with the surficial deposits map and corresponds to terrace deposits.
Furthermore, grain size analyses and laboratory electrical testing further supports the iden-
tification of the feature as terrace deposits, consisting of mainly sand (Table 2). For both
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Lines 5 and 6, below this laterally extensive high resistivity feature (i.e., terrace deposits),
the resistivity decreases to very low values, whereas MN increases. In Line 5, two small
lobes of higher MN, indicative of higher clay and silt content, are observed which seem
to continue into in Line 6. However, this region is very close to the depth of investigation
(DOI) limit, which makes it difficult to confidently interpret the signal.

5.2 Passive seismic (HVSR) and surficial geology influence

There are noticeable spatial trends in the HVSR results of north-south passive seismic
surveys (Fig. 10) that directly correlate to the electrical surveys, grain size analysis, and
laboratory results. The alternating deposition strata of varying clay, sand and alluvial con-
tent produces variations in impedance contrast, thus providing strata boundaries that excite
seismic resonance. The northern nodes exhibit resonant frequencies whose depth inversion
correlates with strata with substantial sand content in the terrace deposits in that region, as
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revealed in the ERT/IP Lines 5 and 6. The depth of the sandy deposits aligns well with ERT/
IP survey Lines 5 and 6, using the reference shear wave velocity of 560 m/s (Mendoza et al.
2017). Lines 5 and 6 show the depth of the sandy layer~25 m in the north, which matches
with the HVSR results for the red horizon (Fig. 10) in the northern nodes. The terrace
deposits seem to thin towards the center of the array and widen while dipping to the north.

The southern nodes image deeper strata compared to the northern nodes. The southern
node resonant frequency analysis also suggests deeper structures that are evident in the
ERT/IP Lines 1 through 3. The green horizon bounds a stratum rich in clay that is overlain
by alluvial deposits. This change in strata composition provides a change in impedance
contrast resulting in seismic signal resonance. The clay strata are thicker and dip towards the
Canadian River. The layer seems to truncate towards the center of the north array. The east-
west array samples an area that is subparallel to the river channel and a zone that is devoid
of the clay strata. This is apparent across the array and may mark the edge of deposition by
the current or recent (since the Holocene) river channel. We note, using the current data,
we are not able to resolve depositions that constitute gradual change in strata composition.

The deeper blue horizon in the two arrays cannot be imaged using the ERT/IP method.
The horizon at approximately 1 km depth corresponds to the transition between Permian
and Pennsylvanian deposits (Geologic Units in Canadian County, Oklahoma, 2024). This
zone is composed of a series of sandstone and shale strata that produce high impedance
contrast at the strata boundaries, resulting in seismic wave resonance. While the nodes have
a natural frequency of 5 Hz, the combined application of signal ratios and high impedance
contrast enhances the resonant signal thereby enabling the imaging using the lower frequen-
cies (<2 Hz).

We identified borehole descriptions from water wells in the area, though they lacked the
accuracy and detail necessary for inclusion in our geophysical analysis. Additionally, well
log data, including resistivity information, was unavailable, as logging does not usually
occur until deeper depths are reached into known oil-bearing zones. Thus, these techniques
may be important for characterizing near-surface zones. Nonetheless, shallow direct sam-
pling in this study proved valuable as ground truth. While the nodal spacing in passive
seismic surveys allowed extensive coverage here, future work with a denser nodal array
may help refine the imaging of the subsurface strata, particularly in the north-south array of
the study area. In the context of in-situ sampling, additional geotechnical parameters could
complement the methods outlined here.

6 Conclusion

This study effectively combines elements of electrical and passive seismic geophysical
methods to spatially characterize near-surface structures that heighten seismic hazard.
Despite a decrease in the occurrence of large-magnitude induced earthquakes in Oklahoma
since 2016, small-magnitude induced seismicity remains frequent with amplified amplitude
due to seismic wave resonance. The nodal data provides valuable insights into deeper near-
surface structures that originate seismic wave resonance. The combined results of electrical
and passive seismic surveys with in-situ sampling, and laboratory testing unveil near-sur-
face features that amplify induced seismic energy. Specifically, ERT/IP surveys, with the
help of in-situ sampling, precisely delineate the spatial distribution of near-surface materials
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such as the Canadian River alluvium, terrace deposits and clayey layers, and assist in inter-
pretation of the passive seismic imaging.

Seismic energy amplification from crustal reverberations is governed by impedance
contrasts and the resonance conditions of layered sediments. When coarse-grained units
such as sands or gravels are interbedded with finer-grained deposits like silts or clays, the
strong acoustic impedance contrast at these interfaces causes partial reflection and construc-
tive interference of seismic waves. Amplification is most pronounced when the thickness
of a sedimentary layer approximates one-quarter of the dominant seismic wavelength (the
quarter-wavelength resonance condition), which typically corresponds to shallow depths
on the order of 10-30 m for frequencies between 2 and 10 Hz common in near-surface site
response (Bard and Bouchon 1985; Kramer 1996). Thus, layering within the upper 20 m is
particularly critical, since it coincides with frequencies that control ground shaking intensity
and potential damage (Field 1996). At greater depths, resonance can still occur if thick, low-
velocity layers underlie higher-velocity material, producing fundamental frequencies that
may overlap with the energy band of regional seismic sources. Our multi-method investiga-
tion highlights these conditions by demonstrating how specific combinations of sediment
velocity, thickness, and depth contribute to reverberations that amplify seismic energy. We
suggest that earthquake hazard maps should always consider the potential increased level of
risk from overlapping sedimentary depositions across the state of Oklahoma.
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