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Abstract Subsurface structures play important roles in seismic ground motion, crustal hydrology, stability
of the built environment, and more. Constraining temporal changes of subsurface shear wave velocity (V) can
provide useful information to all these topics and the growing field of hydrological monitoring with seismic
velocity. Using borehole records at Garner Valley, CA, we estimate seasonal subsurface V; variations from
impulse response functions (IRFs) of earthquake data (2005-2018) along with IRFs and cross-correlation of
cross-hole experiment data (2015-2018). The inferred V variations are up to ~25% in the top 6 m and ~10%
at 2-5 m in depth. The Vj variations correlate strongly with the water table depth changes, suggesting that the
changes are mostly due to fluctuations of pore pressure in the shallow material. The shallow velocity changes
alter the near-surface conditions, can affect seismic hazard estimation, and may be improperly attributed to
deeper processes without careful analysis.

Plain Language Summary Seismic properties of subsurface materials are of great importance

for multiple topics including surface science, estimates of seismic ground motion, and performance of
considerable infrastructure. Monitoring temporal changes of seismic velocities in the top few meters provides
key information for structural design and better hazard estimates. The Garner Valley Downhole Array (GVDA)
is a well-instrumented test-site facility that includes seismic and pore pressure sensors installed at different
depth ranges. In this study, we use seismic recordings from the GVDA to infer variations in near-surface shear
wave velocity (V) with high spatial resolution. The results reveal significant (~25%) seasonal variations of Vj
in the top 6 m that correlate well with changes in the water table. This implies that the weak near-surface soil
is highly susceptible to variations in the fluid content and other loadings such as strong shaking generated by
earthquakes. While the V variations are concentrated in the top few meters, such changes may be improperly
attributed to variations of deeper structures without high-resolution data and methods.

1. Introduction

The properties and dynamics of shallow materials are of great importance for a wide range of topics includ-
ing environmental seismology, seismic ground motion prediction and performance of infrastructure above and
below the surface. Near-surface materials have extremely low shear wave velocities (V) of 100-400 m/s (e.g.,
Boore et al., 2011; Tanimoto & Wang, 2021; Zigone et al., 2019), and sustain variations caused by earthquakes
(e.g., Nakata & Snieder, 2011; Wu et al., 2010), temperature (e.g., Oakley et al., 2021), and water level changes
(e.g., Mao et al., 2022). The properties and high susceptibility to failure of shallow materials affect near-surface
processes, influence the stability of vast infrastructure, alter the seismic recordings at the surface, and can
mask information from deep structures (Juarez & Ben-Zion, 2020; Yang et al., 2019). Imaging properties of
near-surface materials and monitoring how they respond to loadings can provide important constraints on the
rheology of shallow materials with implications for seismic hazard estimates, structural engineering design, and
various near-surface studies.

One critical factor that significantly influences properties of near-surface materials is the fluid content. This
was investigated early on by Biot (1956a, 1956b), and examined later in laboratory experiments and with field
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measurements (e.g., Batzle et al., 2006; Miiller et al., 2010; Solazzi et al., 2019). At low saturation (usually
<10%) when the effect of capillary pressure governs materials' elastic moduli, V increases significantly relative
to dry soil, because the material strength increases due to the suction between particles (Kuster & Toksoz, 1974;
Lu & Sabatier, 2009; Nur & Simmons, 1969). As saturation level increases, V decreases at a lower rate caused
by the decrease of effective stress (De Landro et al., 2022; Dong & Lu, 2016; Qiu et al., 2015). Seismic velocities
of saturated materials have been monitored to predict potential liquefaction effects (Steidl et al., 2014; Uyanik
et al., 2013), infer porous media properties (Berryman et al., 2002; Cheng & Toksoz, 1979) and manage under-
ground water resources (Clements & Denolle, 2018; Lecocq et al., 2017). However, there have been a few in situ
studies of how near-surface Vg and fluids co-evolve on a decadal long term.

The Garner Valley Downhole Array (GVDA) is a well-instrumented geotechnical test-site facility, and has been
providing data and analysis results for three decades now (e.g., Archuleta et al., 1992; Chandra et al., 2015; Steidl
et al., 1996). The top 18 m at the site exhibits V¢ between 90 and 400 m/s and Q values of 10-15 and the water
table at the site depends on rainfall and seasons with depth variations up to 3 m (Bonilla et al., 2002). The instru-
mentation includes accelerometers installed at different depths augmented by various pore pressure transducers
(Youd et al., 2004), and a cross-hole experiment installed in 2010 (ASTM, 2014). The data provide opportu-
nities to monitor near-surface materials with evolving fluid content in response to various loadings with high
spatio-temporal resolution. In this study, we analyze seismic and pore-pressure data from GVDA including the
cross-hole experiment with a focus on how long-term changes in pore fluid pressure (due to rainfall and droughts)
and the resulting water table changes affect the near-surface V.

2. Data and Method

Figure la provides a regional view of the GVDA site and data sources used in the study. Figure 1b shows the
locations of accelerometers with a sampling rate of 200 samples per second (sps) and pore-pressure sensors at
GVDA analyzed in this study. The cross-hole experiment includes a solenoid-powered dual-directional hammer
located at 5 m depth and vertical-component seismic sensors at 2 m (stations 21 and 41) and 5 m (stations 11,
22, and 42) depths that record at 2,000 sps. The hammer source is activated in both directions once per week on
Sundays at 7:30 a.m. from August 2015 to June 2019.

We use the impulse response functions (IRFs; e.g., Bonilla et al., 2019; Nakata & Snieder, 2012) from earthquake
and cross-hole experiment data to infer S-wave travel times (f;) between stations. We also use cross-correlation
to analyze the travel time between different stations (Hoar, 1982) and compare results with those from the IRF
analysis. The relative travel time variation dt/t is calculated using (#—,)/t, where ¢, is the median value of meas-
ured travel time 7. Assuming dv/v = —dt/t, measurements of dt/t between different station pairs reveal temporal
changes of V in the shallow materials at different depth ranges, and can provide a new level of information about
dynamic soil behavior. It is also interesting to obtain P-wave velocity (V) variations. However, V,, is >1,200 m/s
in the top 6 m, resulting in a short travel time on the order of 1073 s and changes that are beyond the resolution
of the data. The cross-hole experiment data has enough temporal resolution (2,000 sps), but lacks P wave signal
(Section 3.2). We therefore focus on the temporal variation of V.

Precipitation and temperature recorded by the nearby weather station at San Jacinto, California (Figure 1a) and
water table data at the GVDA site are compared to the observed dt/t. The water table depth is given by &, = 4.3—
(P~P,)/pg, where P, and P, are the barometric pressure and the recording from the 4.3-m-deep pressure trans-
ducer, respectively, with p and g being the density of water and acceleration of gravity.

3. Results
3.1. Analysis of Earthquake Data

We analyze the IRFs between stations 01 (6 m) and 03 (22 m). Since the inter-station distance (<20 m) is much
smaller than the event-station distance (a few kilometers), the wave propagation path is almost the same for the
two stations. Considering that Vg is >3 km/s at the depth of events (e.g., Qiu et al., 2019) and <250 m/s in the
top 6 m (e.g., Bonilla et al., 2002), Snell's law suggests the S-wave incident angle is <5°, so the propagation path
between the two stations is near vertical, independent from earthquake locations. The two stations are chosen
because both have high-quality borehole seismic data. Clear free-surface reflected S-waves are observed at the
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Figure 1. Array and event information: (a) Locations of the Garner Valley Downhole Array (GVDA) (white triangle), San Jacinto weather station (WS; white square),
example event (Evtl; white star), and earthquakes between 2005 and 2018 that have reliable impulse response functions (color circles). (b) The configurations of
GVDA. Each station is labeled with the name code and depth. Background textures represent different soil behavior types from cone penetration testing measurements,
labeled on the right (http://nees.ucsb.edu/facilities/GVDA). Bottom left inset shows the surface layout. The black dashed box includes the cross-hole experiment
sensors, and the hammer source is co-located with station 11. Please note that dashed lines indicate distances/depths not to scale.

6 m borehole station, and are well separated from the direct waves at the two stations. Free surface reflected
S-wave is also recorded at 22 m, but does not affect the z; measurement (Text S1 in Supporting Information S1).
The measurement of two-way travel time also has a smaller relative error than measuring the one-way travel time
if we use a surface sensor and borehole station 01.

We first bandpass filter the waveforms at 1-30 Hz, and calculate the IRFs via the multitaper spectral analysis
(Prieto et al., 2009; Thomson, 1982) with five tapers in a 6 s time window starting 1 s before the SH-wave
arrival. Five tapers are applied to balance the smoothness and resolution of the results. We then bandpass filter
the IRFs at 1-30 Hz, normalize them by the maximum values, and interpolate from 200 to 1,000 sps to increase
the time resolution of detecting peaks. Figure 2a shows the transverse-component waveforms (SH-waves) and
IRFs from an earthquake (Evt 1 in Figure 1a). The IRF contains two prominent peaks at P (~0.0625 s) and 1?
(~0.125 s). The parameter /1 represents the travel time of direct SH-waves from 22 to 6 m, and ® corresponds
to the SH-wave travel time from 22 m to the surface and then reflected downward to 6 m. We note the free surface
reflection does not change the polarity of S-waves (Aki & Richards, 1980). The difference 7 = t® — 1) is the
SH-wave two-way travel time in the top 6 m.

We analyze the SH-waves from earthquakes during 2005-2018 (Figure 1a). Events are excluded if: (1) the
signal-to-noise ratio, defined as the ratio of root-mean-square values between the signal window and noise
window (6-s before the P-wave arrival), is smaller than 2; or (2) the peak ground acceleration at GVDA is larger
than 20 Gal, which may cause co-seismic V decrease (Qin et al., 2020). This results in ~7,500 IRFs (Figure 2b).
The primary peak at ) remains stable suggesting no significant V variations in the depth range 6-22 m, while
the secondary peak at ® shows clear seasonal variations implying variations in the top 6 m. The travel time
suggests that the average V is ~250 m/s over 6-22 m, and varies between 180 and 220 m/s in the top 6 m. We
track the variations of t = t® — ¢t for temporal changes of V; in the top 6 m.

We calculate the relative travel time variation d#/t and apply an 11-point median filter to smooth the dt/t curve
and suppress potential dt/t spikes that may have been induced by earthquakes. This window size is chosen based
on the tradeoff between temporal resolution and smoothness of the results. The measurement uncertainties are
defined as three times the standard deviation of the difference between the raw and smoothed dt/t in the smooth-
ing window. As shown in Figure 2c, the SH-wave dt/ results exhibit clear seasonal variations between —10% and
15% with an uncertainty of +2%. Since the absolute value of d#/t depends on the choice of reference travel time #,,
which is the median value of ¢, we focus on the peak-to-peak amplitude of d#/t value that is 25%.
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Figure 2. Earthquake data analysis: (a). Transverse-component waveforms at stations 01 (6 m) and 03 (22 m) for Evt 1 (Figure 1a) and the corresponding impulse
response function (IRF). Two peaks at ) ~ 0.0625 s and 1® = 0.125 s are labeled. (b). Transverse-component IRFs between stations 01 and 03 for all earthquakes. (c).
Transverse-component dt/t before (gray dots) and after (red) smoothing. Uncertainties are outlined by blue curves. (d). Smoothed d#/t curves for transverse (HNT) and

radial (HNR) components.
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IRF results in a higher frequency band (15-30 Hz) show similar results (Figure S1 in Supporting Information S1),
suggesting dt/t is not affected by the frequency band. We also analyze the SV-waves, and obtain similar IRFs
(Figure S2 in Supporting Information S1), implying no significant anisotropy in the top 6 m. This is consistent
with previous studies that V anisotropy at GVDA mainly exists in structures below 22 m due to the alignment of
minerals and/or microcracks, or stress-induced pore/crack deformation (Coutant, 1996). Therefore, the estimated
dt/t values from SH- and SV- waves are almost identical (Figure 2d).

3.2. Analysis of Cross-Hole Experiment Data

With the same method, we analyze the IRF of the cross-hole experiment data, calculated in a 0.15s-long time
window centered at the arrival at station 11 (Figure 1b). The detected IRF peak amplitude provides a rough
estimation of measurement quality. The velocity is obtained by dividing the distance (Table S1 in Supporting
Information S1) by the travel time between the sensors, assuming straight-line propagation of S waves. Since the
V,at 5 m depth is ~200 m/s (Bonilla et al., 2002), we interpolate the IRF from 2,000 sps to 40,000 sps, to increase
the resolution of ¢ estimation, and achieve a resolution of ~0.25 m/s in detecting temporal velocity changes of V.

Data and IRFs from one down-swing are presented in Figure 3a. The frequency content of IRF decreases signifi-
cantly with propagation distance due to geometric spreading and attenuation. This is also illustrated in the power
spectral density of the data (Figure S3 in Supporting Information S1). We note the main signal's travel time is
consistent with estimates from the local Vi model (Bonilla et al., 2002; Theodulidis et al., 1996), except for a
slightly larger V value from 21-11. This suggests the vertical-component waveform is dominated by SV-waves,
as expected for a hammer source well-coupled to the polyvinyl chloride (PVC) casing generating both P- and
S-waves at the PVC/soil interface (ASTM, 2014). However, the coupling of the source to the PVC casing may
generate a vertical S-wave line source, while we assumed a point source co-located with station 11, resulting in a
slightly larger V value obtained from the station pair 21-11. The slightly larger V measurements are probably not
caused by a P-wave signal, since the P- and S- waves are well separated based on the velocity structure and wave
frequency content (Text S2 in Supporting Information S1). Therefore, this does not affect the corresponding d#/t
measurements. Since anisotropy is not observed (Figure 2d) at the sensors' depth (2-5 m), we do not distinguish
between SV- and SH- waves in the subsequent analysis.

Figure 3b presents the IRFs between stations 22 and 11 (22-11) during 2015-2019. The IRF peak amplitude
indicative of the S-wave arrival is stable and close to 1 (colored triangles in Figure 3c), implying the S-wave is the
dominating signal and the measurement of travel time is reliable. The f varies between 0.0102 and 0.0114 s (i.e.,
V, between 235 and 218 m/s), and the dt/t values at 5 m depth range from —4% to 6% (orange dots in Figure 3d),
resulting in 10% peak-to-peak variations. IRFs between stations 21 and 11 show similar d#/f variations at 2-5 m
(black stars in Figure 3d), except between December 2015 and June 2016 perhaps due to the low-quality IRFs
during the time period (Figure S4 in Supporting Information S1). We do not show the IRFs between stations
42/41 and 11 since they are too noisy to provide reliable d#/t measurements.

We also cross-correlate the data between different stations in the same time window used to calculate the IRFs
(Text S2 in Supporting Information S1). The obtained #; from 22-11 are similar to those from IRF analysis
(Figure 3c), and consistent with a previous study (Hudson, 2017) that used cross-correlation between stations 22
and 42. The ¢ values based on cross-correlation from other station pairs are given in Figure S5 (Supporting Infor-
mation S1). Figure 3d presents the dt/t from different station pairs using IRFs and cross-correlations. We note that
dt/t from station pairs 22-11, 42-11, 42-22 correspond to V variations at 5 m depth, while d#/t from 21-11, 41-11
and 41-21 represent the along-path average (i.e., between 2 and 5 m) variations between these stations. The d#/t at
2-5 m are similar to those at 5 m, except during December 2015 and June 2016 when low-quality data caused a
spurious increase of dt/t with larger scatterings. We therefore conclude that the average travel time variations
between 2 m and 5 m are uniform and similar to those at 5 m.

4. Discussion

Our study at GVDA indicates 25% seasonal variations of V over the top 6 m and 10% over the depth range
2-5 m, while little changes are observed below 6 m (Figures 2 and 3). Figure 4 compares the dt/t measurements
with temperature and precipitation data from a nearby weather station at San Jacinto, California (Figure 1a), and
the water table depth at the site. Increasing d#/t correlates well with increasing precipitation and rising water
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Figure 3. Cross-hole experiment data analysis: (a) Waveforms from a cross-hole experiment with impulse response functions
(IRFs) calculated in the 0.15-s-long window (between red vertical lines). (b) All IRFs from station pair 22-11. (c) ¢, from
22-11 estimated via IRF (triangles) and cross-correlation (white squares). Triangle colors represent peak amplitudes. (d). dt/t
from all station pairs. Warm and cool colors illustrate results at 5 m and 2—5 m, respectively.
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Figure 4. (a) Comparison between the dt/f curves averaged in the top 6 m (red curve; same as Figure 2c) and precipitation (green lines) and surface temperature (blue
curve) recordings at the San Jacinto weather station. (b) Water table depth (green curve) and dt/t curves from impulse response function analyses of earthquakes and
cross-hole experiment data.

table (fluctuating around 2 m in depth), and vice versa. During the winter storms in early 2017 that brought the
water table height above 2 m the d#/f increased by almost 5%, while in the drought years between 2012 and
2016 a long-term decrease of the water table correlates well with a long-term decreasing trend of d#/t. During
the analyzed period, all stations used in this work are below the water table, except 21 and 41 (2 m deep) that
are occasionally above it. This may contribute to the scatterings of dt/t values at 2-5 m and slight discrepancies
between dt/t values at 5 m and 2-5 m.

The dt/t variation in the top 6 m is almost linearly related to the water table height. The soil moisture effect is
not visible likely because of the high-saturation level of the soil caused by the near-surface water table at the
site. This suggests that the V changes in the shallow materials are induced primarily by fluid pressure variations
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due to the change in the overlying water column height (Clements, 2021, and references therein). As the water
level rises, fluid pressure reduces the effective stress in the sediments, decreasing the shear modulus more than
it increases the mass density, and thus V, decreases (e.g., Li et al., 2018; Mahmoodabadi & Bryson, 2021; West
& Menke, 2000). The amount of V; variation in response to pore pressure change highly depends on the soil
properties (e.g., porosity) and drying/wetting state (e.g., Inci et al., 2003). Based on laboratory experiments (e.g.,
Dong & Lu, 2016), Vs variation of silt can range from 1,000 m/s when dry to tens of meters per second when
fully saturated. Since the top 6 m is mainly composed of alluvial soils with a range of grain size from sands to
clays (Figure 1b), the observed velocity variations at ~150-250 m/s (Figure 2b) may imply ~5-10% volumetric
water content change.

Considering the correlation of dt/t and water table depth curves in both annual and decadal time scales, the water
level change is the major driving mechanism for the observed variations. However, thermoelastic strain at shallow
materials (e.g., top 1 m) can also contribute to the observed d#/t and velocity changes (e.g., Oakley et al., 2021;
Qiu et al., 2020). The subsurface variations caused by seasonal thermoelastic strain are delayed by 2—-3 months
relative to the surface temperature (e.g., Ben-Zion & Leary, 1986; Berger, 1975). This phase delay is similar to
the phase delay between the observed dt/t and the temperature at GVDA, so the thermoelastic strain may slightly
increase the dt/t variation induced by water level changes. We note that temperature variations and thermoelastic
strain can also affect the moisture level at subsurface locations, thus also contributing to the effects of fluid.

Compared with the 25% dt/t variations in the top 6 m, the dt/t over 2-5 m only shows 10% variations. The differ-
ences could be caused by two mechanisms. First, the V, change is expected to decrease with depth, since shallow
materials are weaker, are under lower normal stress, and have higher thermoelastic strain compared with deeper
materials. Second, the different dominant frequency bands used for the analysis in the top 6 m (1-30 Hz) and
at 2-5 m (above 100 Hz) may resolve elastic properties of the near-surface materials over different scales (e.g.,
Pimienta et al., 2016; Sarout, 2012).

Monitoring studies have revealed widespread velocity changes in the subsurface (e.g., Lu & Ben-Zion, 2022; Niu
et al., 2003; Wang et al., 2017; Wu et al., 2009). In particular, the correlation of subsurface velocity changes with
underground water level has led to the growth of hydrological monitoring work using seismological tools (e.g.,
Mao et al., 2022; Rodriguez Tribaldos & Ajo-Franklin, 2021). Among these studies, observed velocity variations
vary by three orders of magnitude from ~10~* to 10~!, depending on the data and methods that are used, the site
conditions, and the space-time domains over which the observations are averaged. A few other studies also show
limited contribution of near-surface water level changes to the observed structural variation (Illien et al., 2021;
Oakley et al., 2021), probably because of different site conditions, as well as different depth resolutions of the
used data and method.

Our analysis based on data from densely deployed borehole instruments indicates V variations up to 25%, concen-
trated only in the top 6 m. Modeling results (Juarez & Ben-Zion, 2020; Yang et al., 2019) show that temporal
changes in shallow structures may alter the wavefield over larger scales, and that changes in shallow materials
may be improperly interpreted as variations in deep structure. In situ observations indicate that material varia-
tions tend to concentrate at shallow surface layers, while the bedrock below remains largely unchanged (e.g., Qin
et al., 2020; Rubinstein & Beroza, 2005). This study reveals ¢ variation up to ~0.01 s in the top 6 m, which can
contribute ~0.1% apparent V variations if the reference travel time is 10 s, and thus may be improperly attributed
to smaller variations in deeper structures. Monitoring methods with high spatio-temporal resolutions are required
to correctly infer the amplitudes and locations of subsurface material changes.

5. Conclusions

Using high-quality borehole instruments at the GVDA site, we monitor near-surface material properties with
high spatial resolution, and observe seasonal variations of near-surface materials with strong depth constraints.
The results show seasonal V; variations of up to ~10% in the depth range 2-5 m, 25% variations averaged in the
top 6 m, and no changes below 6 m. The observed V; variations are closely correlated with water level changes,
implying that the major driving mechanism is pore pressure changes. Thermoelastic strain in near-surface mate-
rials, and coupling between changes of temperature and water content in the soil, can also contribute to the
velocity variations. The observed large variations of seismic properties in the top few meters have implications
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