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Abstract seismic waves are used to interpret geologic structure, composition, and environmental con-
ditions in the Earth. However, rocks are not perfectly elastic and their viscoelasticity dissipates energy during
wave propagation. In saturated rocks, wave-induced fluid flow mechanisms can cause viscoelasticity resulting
in frequency-dependent attenuation, velocities, and elastic moduli (dispersion). In subduction zones, some
regions exhibit evidence of overpressurized fluids where dispersion and attenuation are hypothesized to be
importantininterpreting fault slip behavior from seismic waves. However, theirimportance has not been well-
characterized because of a lack of measurements on relevant lithologies and under saturated conditions. We
measured the Young’s and shear moduli and the attenuation of a greenschist facies metapelite with the forced
oscillation technique at frequencies between 2 x 10~° and 30 Hz. The moduli and attenuation are frequency-
dependent under saturated conditions and depend on effective pressure. At relatively low effective pressure,
the Young’s and shear moduliincrease by over 50% between 2 x 10~ and 30 Hz. We use Standard Linear Solid
viscoelastic models to investigate the relationship between the attenuation and dispersion in the Orocopia
schist. The models agree with the experimental data and demonstrate that viscoelasticity causes significant
dispersion and attenuation in subduction zones, affecting our interpretation of earthquakes.

Non-technical summary Seismicwavesfrom earthquakes are used toimage and interpret the com-
position, structure, and environmental conditions of the Earth. Since rocks are not perfectly elastic, waves
slow down and lose energy during propagation. The decrease in wave energy (i.e., attenuation) manifests as
an amplitude reduction and velocity changes reflect changes in elastic moduli. Pore fluids cause both attenu-
ation and changes in elastic moduli. To interpret fault slip with seismic waves, we must understand how they
evolve as they reach the surface. Measurements of attenuation and elasticity relevant to fluid-rich areas in
active subduction zones are limited but crucial. We conducted laboratory experiments on schist, common in
subduction zones, to measure its attenuation and elasticity using the ‘forced oscillation’ method. Hence, we
apply a cyclical force at a specific frequency, mimicking wave frequencies of earthquakes, and measure the
induced deformation. We analyzed the amplitude and time difference between the force and the deformation
to determine the rock properties. The properties vary with frequency and increase by over 50% when fluid
content is high. Using physics models, we conclude that rock properties change because of fluid movement
in the pores. Consequently, fluids significantly affect how we interpret rock properties in subduction zones.

1 Introduction
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racks, which dissipates energy (O’Connell and Budian-

Elastic waves are one of the most powerful tools for con-
straining processes in Earth’s interior. They are used to
image Earth’s structure, interpret its composition and
environmental conditions such as temperature and flu-
ids, and constrain the physics of processes like fault slip.
The amplitudes of elastic waves decay as they propagate
away from their source (Anderson and Archambeau,
1964; Karato, 1993). This energy dissipation is called at-
tenuation which results from viscoelastic deformation
of the rock and is quantified using the quality factor Q
(Anderson and Archambeau, 1964; Brennan and Stacey,
1977). In Earth’s upper crust, attenuation (1/Q), occurs
primarily due to fluid flow between pores and microc-
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sky, 1974, 1977; Winkler and Nur, 1979; Bernabé and Re-
vil, 1995; Borgomano et al., 2019). As a result of this en-
ergy dissipation, saturated rocks attenuate elastic waves
and the elastic moduli and wave velocities depend on
frequency, which is called dispersion (O’Connell and
Budiansky, 1977; Winkler and Nur, 1979; Spencer, 1981).
To make geologic interpretations on the basis of seismic
velocities and attenuation, it is crucial to determine how
they depend on wave frequency and to extrapolate them
across geologic conditions requires determining the un-
derlying processes that control attenuation and disper-
sion.

Because of the effects of water on wave propagation,
attenuation and dispersion of elastic moduli may be sig-
nificant in regions of subduction zones with high pore
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pressure, although the rocks and conditions are not as
well studied as those of the upper crust. Regions of
anomalously low P-wave (Vp) and S-wave (V) veloci-
ties and high Vp /Vs are sometimes observed below the
seismogenic zone of megathrusts where diverse modes
of fault slip, including tremors, low-frequency earth-
quakes (LFEs), and very low-frequency earthquakes
(VLFEs) are also observed (Audet et al., 2009; Shelly
et al., 2006; Bostock et al., 2012; Delph et al., 2018;
Calvert et al., 2020). Field observations reveal the pres-
ence of low-porosity metapelite rocks rich in phyllosil-
icates, as well as extensive veining which supports the
geophysical evidence of high pore pressure (Philippot
and Selverstone, 1991; Angiboust et al., 2015; Mufioz-
Montecinos et al., 2021; Condit and French, 2022).
High pore pressure at these depths is thought to be
caused by the release of water during dehydration reac-
tions during greenschist to blueschist facies metamor-
phism (Peacock, 1987; Mufloz-Montecinos et al., 2021;
Tewksbury-Christle et al., 2021; Condit et al., 2022). The
dehydration of metabasalt and metapelite in particular,
may release enough fluid to create high pore pressure
at depths of slow slip and low-frequency events (Condit
et al., 2020). However, although seismic imaging pro-
vides information that we use to infer fluid conditions
at depth, we know little about how seismic waves are al-
tered as they propagate through the rocks at these con-
ditions.

Correlations between diverse modes of fault slip
and evidence for high fluid pressure have resulted in
the prominent hypothesis that fluid pressure somehow
causes tremors, LFEs, and/or VLFEs. An alternative
hypothesis is that attenuation and dispersion caused
by high pore fluid pressure alter the seismic waves of
small typical earthquakes such that they appear as LFEs
and/or VLFEs by the time the waves are recorded at the
surface (Gomberg et al., 2012; Bostock et al., 2017; Lit-
tel et al., 2018; Nakai et al., 2021). Specifically, the fre-
quency range of typical earthquakes ranges from 1 to
30 Hz, but LFEs and VLFEs are depleted in high fre-
quencies and primarily exhibit wave frequencies be-
tween 0.1 and 8 Hz (Farge et al., 2020; Supino et al.,
2020; Ide et al., 2007; Obara, 2002; Obara and Kato, 2016;
Shelly et al., 2007; Thomas et al., 2016; Bostock et al.,
2015). Itis unclear if the low frequencies of these events
are caused by attenuation of the waves or a slower
rupture and slip mechanism at the source (Ito et al.,
2007; Gomberg et al., 2016; Shapiro et al., 2018; Sam-
mis and Bostock, 2021; Wei et al., 2021). We previously
showed that overpressurized fluids can cause attenua-
tion in the laboratory that is sufficient to deplete high
frequencies during seismic wave propagation (Fliedner
and French, 2023j). Here we use additional experimen-
tal data and rock physics models to quantitatively evalu-
ate the mechanisms of attenuation and the magnitudes
of velocity dispersion, and then extrapolate the results
to in-situ conditions where LFEs and VLFEs occur be-
neath the seismogenic zone.

Previous studies demonstrate that the elastic mod-
uli of porous sedimentary rocks are dispersive at seis-
mic frequencies (0.1 - 30 Hz) because of wave-induced
fluid flow occurring in the pore space (Farge et al.,
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2020; Ide et al., 2007; Obara, 2002; Obara and Kato, 2016;
Thomas et al., 2016; Shelly et al., 2007; Supino et al.,
2020). However, measurements of dispersion and at-
tenuation on the lithologies present near the base of
the subduction seismogenic zone are scarce (Fliedner
and French, 2023j). The thin elongate pores charac-
teristic of schists are particularly compressible under
load (Walsh, 1965; Mavko and Nur, 1978; Kranz, 1983)
and the small stress perturbations caused by propagat-
ing waves can close the pores and cause wave-induced
fluid flow (White, 1975; Mavko and Nur, 1975; Pride
etal., 2004), resulting in considerable attenuation (Tok-
soz et al., 1979; Gomberg et al., 2012; Fliedner and
French, 2021, 2023j). Wave-induced fluid flow is often
observed at seismic frequencies (Mavko and Nur, 1975;
Dvorkin et al., 1994; Batzle et al., 2006), because fluid
has time to flow between pores. In contrast, when
the wave frequency is high (ultrasonic), fluid does not
have enough time to flow and the rock properties are
predicted to be independent of frequency (Biot, 1956;
Toksoz et al., 1979). This is one reason elastic moduli
measured in the laboratory tend to differ between ul-
trasonic and seismic frequencies (O’Connell and Budi-
ansky, 1977; Adelinet et al., 2010; Dvorkin et al., 1994;
Spencer, 1981; Pimienta et al., 2015; Borgomano et al.,
2019). The fluid flow mechanisms that cause attenu-
ation and dispersion at seismic frequencies and their
relationship to the rock microstructure remain diffi-
cult to constrain from laboratory data and are rarely
reported (Fliedner and French, 2023j). Fluid substitu-
tion models can predict elastic moduli at seismic fre-
quencies, but they have yet to be confirmed by labo-
ratory experiments for a number of lithologies, includ-
ing metapelites (Gassmann, 1951; Brown and Korringa,
1975).

We present laboratory measurements of the
frequency-dependent elastic moduli of a greenschist
facies metapelite, the Orocopia schist, at frequencies
between 2 x 107° and 30 Hz under dry and satu-
rated conditions. This study is the first to report the
elastic moduli and attenuation of phyllosilicate-rich
metapelite under saturated conditions and at seismic
frequencies. We combine these measurements with the
attenuation measurements (1/Q) reported in (Fliedner
and French, 2023j) to demonstrate that dispersion
occurs concurrently with frequency-dependent atten-
uation. Together, these data allow us to apply rock
physics models of wave-induced fluid flow and evaluate
the mechanisms responsible. Using the Standard
Linear Solid viscoelastic model, we show that the mea-
sured attenuation and dispersion in elastic moduli can
be explained by the occurrence of two wave-induced
flow mechanisms, squirt flow and patchy saturation.
With this information and an understanding of the
rock microstructure, it is then possible to make predic-
tions about attenuation at geologic conditions under
different fluid conditions.

2 Orocopia Schist

We collected a sample of the Orocopia schist from the
Orocopia Mountains of Southern California (Figure 1a)
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Figure 1 (a) A photomicrograph of a thin section of the
Orocopia schist. Foliation is defined by aligned phyllosili-
cates and the orientation of individual minerals is indicated
in pink. (b) Backscattered electron (BSE) images of the Oro-
copia schist. Foliation orientation is indicated with a red ar-
row. Pores are dominantly low aspect ratio (crack shaped)
with the long axes parallel to the phyllosilicates and folia-
tion plane. Figure from (Fliedner and French, 2021)

and the same block was used in the experiments of
Fliedner and French (2021) and Fliedner and French
(2023j). The Orocopia schist is a metapelite formed
during Laramide subduction and reached peak condi-
tions of 1.1 GPa pressure and 600 °C. However, it subse-
quently underwent greenschist facies metamorphism,
which is reflected in its current mineral assemblage
(Chapman et al., 2016; Jacobson and Dawson, 1995; Ja-
cobson et al., 2007). The modal composition of our sam-
ple was reported in Fliedner and French (2021) and is
24% quartz, 31% chlorite, 22% muscovite, 17% epidote,
and 3% calcite, similar to that reported in other stud-
ies of the Orocopia schist (Jacobson and Dawson, 1995;
Jacobson et al., 2007; Platt et al., 2018). The schist has
a well-defined foliation caused by the shape preferred
orientation of phyllosilicate and quartz grains (Flied-
ner and French, 2021). The abundance of aligned phyl-
losilicates creates a primary transverse isotropic sym-
metry that we confirmed with ultrasonic velocity mea-
surements and effective medium models (Fliedner and
French, 2021). The sources of transverse isotropy can be
seen in backscattered electron images which show phyl-
losilicate grains aligned within 5-10° and occasionally
up to 25° to the foliation plane (Figure 1b). The schist
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has a secondary transverse isotropy caused by abun-
dant thin elongated pores oriented sub-parallel to phyl-
losilicate grains (Figure 1). Porosity includes delami-
nation cracks, intragranular fractures, and both elon-
gated and equant intergranular pores. The connected
porosity is approximately 1 % and was determined in
the laboratory using the difference between the mass of
awater-saturated core of known volume and the mass of
the same core under dry conditions. The permeability
normal to the foliation is 4.2 x 107! m? and was mea-
sured by CoreLaboratories using a steady state nano-
permeameter under hydrostatic conditions at a pres-
sure of 10 MPa and with nitrogen gas pore fluid at 0.2
MPa. Because our experiments were conducted with
water pore fluid, not nitrogen, the water permeability
may be lower due to the Klinkenberg effect which de-
scribes the slip of gases along pore walls (e.g., Tanikawa
and Shimamoto (2009)). A precise correction requires
a measurement of pore radii. However, previous re-
search on rocks of similar gas permeability shows that
the water permeability may be up to one order of magni-
tude lower, leading to a lower-bound water permeability
of ~ 4.2 x 10729 m? (Tanikawa and Shimamoto, 2009).

We measured the attenuation and elastic moduli of
a single core of Orocopia schist to limit the effects of
sample variability on our measurements. The core
is oriented with its axis normal to foliation; this is
the expected approximate orientation of wave travel
away from the megathrust in subduction zones and
the expected orientation of maximum attenuation, 1/Q
(Delle Piane et al., 2014; Mikhaltsevitch et al., 2020).
The experimental core has a diameter of 52.9 mm and a
height of 25.4 mm. The core ends were trimmed and
ground flat with a surface grinder. Prior to measure-
ments under saturated conditions, the core was pre-
saturated in deionized water under vacuum for seven
days. In Fliedner and French (2021), we estimated the
time scale of fluid diffusion in the Orocopia and deter-
mined that 12 hrs is sufficient as long as the water per-
meability is higher than ~ 8 x 10722 m?. Thus, 7 days
should be sufficient to saturate most connected poros-
ity, but it is possible that some gas remains trapped in
disconnected pores or those connected by extremely
small pore throats.

3 Methods

3.1 Experimental setup

Elastic moduli and attenuation measurements were
made using a servo-controlled triaxial deformation ap-
paratus at Rice University (Figure 2). In this appara-
tus, a silicone oil confining medium applies the least
compressive stress (o3) parallel to the core radius and
deionized water applies the pore fluid pressure (Py)
through the bottom end cap. The pore fluid outlet in
the top end cap is closed, which prevents a dead volume
of fluid that can create measurement artifacts (Dunn,
1986; Pimienta et al., 2016a). When accounting for the
low porosity of the Orocopia schist and the experimen-
tal setup, dead volume is expected to have a negligi-
ble impact on our measurements (Dunn, 1986; Pimienta
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Figure2 The triaxial deformation apparatus. (a) Diagram of the pressure vessel and (b) Magnified view of the sample con-

figuration with the 2 axial LVDTs and 4 radial LVDTs.

et al., 2016a). The sample and pore fluid are isolated
from the silicone oil with two polyolefin jackets (Fig-
ure 2b), which limits lateral fluid flow between the sam-
ple and the jackets. An axial piston applies the greatest
compressive stress (o) parallel to the core axis. The dif-
ferential stress (o1 —0o3) is recorded with an internal load
cell having a precision of 0.3 MPa. Deformation of the
sample is measured using 6 linear voltage differential
transformers (LVDTs), 2 axial and 4 radial. The 2 axial
LVDTs are placed at a 180° from one another and the 4
radial LVDTs are at a 90° from one another. Axial defor-
mation was always measured with high resolution (63
nm) LVDTs and radial deformation was measured with
high resolution LVDTs in 2 experiments and medium
resolution (250 nm) LVDTs in 2 experiments (Table 1).
The experiments were conducted at room temperature
and temperature within the pressure vessel was mea-
sured. The internal temperature varied less than 1°C.

We used the forced oscillation technique to mea-
sure the frequency-dependent attenuation and elastic
moduli of the Orocopia schist and 2 well-characterized
materials, aluminum alloy (Al-6061) and Poly(methyl
methacrylate) (PMMA), to calibrate our measurements
(Figure 1la) (Spencer, 1981; Jackson and Paterson, 1987;
Batzle et al., 2006). Measurements were made at fre-
quencies between 2 x 107> and 30 Hz and the attenu-
ation measurements of Orocopia schist were previously
reported in Fliedner and French (2023j). The forced
oscillation technique consists of applying a small sinu-
soidal oscillation in stress at a discrete frequency paral-
lel to the core axis and then measuring the induced axial
and radial strains. Deformation is assumed to be anelas-
tic, meaning completely recoverable but with some en-
ergy dissipation. Recoverable deformation is assumed
because stress and strain are small, and our measure-
ments evaluate if and how much energy is dissipated.

The Young’s modulus, F is determined from the ratio
of the amplitudes in stress (0,) and resulting axial strain

4

(€a):

E=2" (1)

€a
The relationship between the different elastic moduli
means that the shear modulus, which is defined as the
ratio of shear stress to shear strain, can be determined
from the Young’s modulus (Equation 1) and the Pois-
son’s ratio, v. The Poisson’s ratio is the ratio of the ra-
dial strain (e,) and axial strain (v = —¢,/¢,). The shear
modulus can be determined from the axial stress and
the difference between the axial and radial strain as:
E Oq

¢= 20+v) 2(ca—cr) 7

The phase offset between the stress oscillation and
the induced strain, ¢, is measured in radians and gives
the attenuation as 1/Q) = tan ¢ at that frequency where
Q is a property called the quality factor (Nowick and
Berry, 1972). We measured the Young’s modulus atten-
uation (1/Qg) from the phase difference between the
axial stress, o,, which has phase ¢(o, ), and axial strain,
€, which has phase ¢(e,):

1/Qp = tan (¢(0a) — ¢(a)) (3)

The shear modulus attenuation (Qgs) is given by the
phase difference between axial stress, o, and the dif-
ference between axial strain (¢, with phase ¢(g,)) and
radial strain (e, with phase ¢(e,.)) (Yin et al., 2019):

1/Qs = tan (¢lon) — 6(ea — <)) @

We conducted two experiments on an aluminum core
(G0188, G0198) and two experiments on PMMA (G0184,
G0197) as summarized in Table 1 (Fliedner and French,
2023a,f,c,g). Core dimensions for these samples are 50
mm in length and 25.4 mm in diameter. We reported
the attenuation measurements for one experiment on
dry Orocopia schist (G0187) and four experiments on
water-saturated Orocopia schist at two different effec-
tive pressures (G0190, G0191, G0199, G0200) in Fliedner
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Frequency Radial
Set  Test Sample o3 Py Py o, — 03 Ay Ny range LVDT?
MPa MPa MPa MPa MPa Hz

G0184 PMMA 3 0 3 3 0.4 71 1x107-30 No
G0187  Orocopia 10 0 10 10 1 71 1x107-30 No
1 G0188 Al-6061 10 0 10 10 1 69 1x107™-30 Yes
G0190  Orocopia 10 1 9 10 1 73 1x107-30 Yes
G0191  Orocopia 10 8 2 10 1 2 1x107-30 Yes
G0197 PMMA 10 0 5 5 1 80 1x10™-30 Yes
G0198  Al-6061 10 0 10 10 1 13 1x107*-10 Yes
2 G0199  Orocopia 10 1 9 10 1 57 2x107°-10 Yes
G0200  Orocopia 10 8 2 10 1 82 2x107° - 10 Yes

Table1 Table of the forced oscillations experiments conducted. The experiments were conducted in two separate runs to
establish reproducibility, each of which is labeled as a set. The environmental conditions are the confining pressure (o3), the
pore pressure (Py), the effective pressure (P.¢), the differential stress (01 — ¢3), and the peak-to-peak amplitude (4,,) of
the sinusoidal stress oscillation. Ny is the total number of measurements made over all frequencies during a given test.

and French (2023j) and show those results here along
with the elastic moduli from the same experiments,
which are not reported elsewhere (Fliedner and French,
2023b,d,h,e,i). All measurements were made at a con-
fining pressure of 10 MPa except for one experiment on
PMMA, which was conducted at 5 MPa (G0197). Mea-
surements made on the Orocopia schist under saturated
conditions were made at 1 and 8 MPa pore fluid pres-
sure, resulting in Terzaghi effective pressures (P.;; =
o3 — Py) of 9 and 2 MPa (Terzaghi et al., 1996).

For measurements under dry conditions, including
on aluminum and PMMA, the confining pressure was
increased by 1 MPa every 5 minutes until 10 MPa and the
sample equilibrated at pressure for 12 hours. For mea-
surements under saturated conditions, an initial confin-
ing pressure of 5 MPa and a pore pressure of 0.5 MPa
were applied. Next, we increased the pore pressure to
1 MPa and confining pressure to 10 MPa over 10 min-
utes and allowed the system to equilibrate for 12 hours
(G0190 and G0199). Following measurements at these
conditions, we increased the pore pressure to 8 MPa
over 10 minutes and again allowed the sample to equi-
librate for 12 hours (G0191 and G0200). The two sep-
arate sets of experiments were made under saturated
conditions to establish the reproducibility of our mea-
surements.

Once at experimental conditions, we applied a small
differential stress of 10 MPa to assure contact between
the end caps and the sample and then applied a sinu-
soidal stress oscillation with a peak-to-peak amplitude
of 1 MPa (0.4 MPa for one experiment on PMMA), which
causes axial strains of ~ 107°. Measurements of elas-
tic moduli and attenuation were made at 22 discrete
frequencies from 1 x 10~ to 30 Hz on aluminum and
PMMA and at 26 discrete frequencies from 2 x 10~° to
30 Hz on the Orocopia schist. The data sampling fre-
quency varied between 50 and 5000 Hz and increased
with the frequency of the stress oscillation. Multiple
measurements were made at a given frequency during
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an experiment and in total, we conducted between 2 and
6 forced oscillation tests at each frequency and effective
stress. Experiments on the aluminum and PMMA cores
we made in between the two sets of experiments made
on the Orocopia schist to verify the accuracy and con-
sistency of our measurements (Table S1 and Table S2).

3.2 Calibration

We corrected the attenuation and elastic moduli to ac-
count for signal distortion which is primarily caused
by electronic noise at high frequencies and changes
in environmental conditions like room temperature at
low frequencies. We do so using the measurements
of attenuation and elastic moduli on aluminum al-
loy (Al-6061) and Poly(methyl methacrylate) (PMMA),
which are well-characterized (Figure 3). Aluminum
has very low and frequency-independent attenuation
and high elastic moduli (Lakes, 2009; Duffy, 2002; Oberg
and McCauley, 2020) and PMMA has a relatively high
frequency-dependent attenuation and low elastic mod-
uli (Lakes, 2009; Madonna and Tisato, 2013; Saltiel
et al., 2017; Lee et al., 2000). Radial deformation was
recorded during both experiments on aluminum (G0188
and G0198), but a high-resolution LVDT was only used
during one of the experiments (G0188, Table 1). Radial
deformation was only measured during one of two ex-
periments on PMMA (G0197), so we do not report shear
modulus or Qs for the other (G0184).

We calibrated the elastic moduli and the attenuation
measurements using equations with 4 fitted parame-
ters, A, B, C and D (Equation 5). Each parameter ac-
counts for different effects, with A correcting for the
effect of amplifiers and B and C correcting for phase
distortion effects at high and low frequencies, respec-
tively. The coefficient D corrects for effects indepen-
dent of frequency. The parameters A, B, C' and D were
determined as the correction required to fit our mea-
surements on aluminum and PMMA to the published
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Figure3 Theresults of calibration measurements on 6061
aluminum alloy (Al-6061) and Poly(methyl methacrylate)
(PMMA) samples after correction using Equation 5. The
Young’s moduli and attenuation are shown in blue and
shear moduli and attenuation are shown in pink. The
blue and pink shaded areas indicate the standard deviation
(STD) for the Young’s and shear moduli measurements, re-
spectively, and are extrapolated between point measure-
ments. Published values of attenuation and elastic mod-
uli are shown with grey lines for reference and labeled as
(1) Young’s and Shear moduli from Lakes (2009), (2) Shear
modulus from Lee et al. (2000), (3) Young’s modulus from
Madonna and Tisato (2013), (4) Shear modulus from Duffy
(2002), and (5) Shear modulus from Saltiel et al. (2017).
(a) Attenuation 1/Qp and 1/Qg of Al-6061, (b) Attenuation
1/Qgrand 1/Qg of PMMA, (c) Young’s E and shear G moduli
of Al-6061, and (d) Young’s E and shear G moduli of PMMA,

references for these materials.
Datacorrected = Axdata+ B * f +C x ZOglO(f) +D (5)

We collected calibration data during each of the two
sets of measurements (Table 1). During one set an ad-
ditional amplifier was used, resulting in different val-
ues of A, B, C and D for the two sets (Figures S2 to S10
in Supplementary material). For the first group (G0184,
G0187, G0190, and G0191), we first fit Equation 5 to alu-
minum so that it conforms to published values, and
then applied the same correction to the experiments
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on the PMMA to confirm that the corrected results are
consistent with published values and then the Orocopia
schist. For the second group, we fit Equation 5 to the
PMMA (G0197) and the aluminum (G0198) separately to
conform with published values. The Orocopia schist
(G0199, G0200) was then corrected using the average
parameters determined for PMMA (G0197) and Al-6061
(G0198). A table of the coefficients can be found in the
Supplementary Materials (Tables S1 and Table S2).

4 Results for Elastic Moduli and Atten-
uation

Under water-saturated conditions, the Orocopia schist
is stiffer at most frequencies and has higher attenua-
tion at all frequencies than under dry conditions (Fig-
ure 4a and c). We also measure higher Young’s and
shear moduli and lower attenuation (1/Qg and 1/Q5s)
at an effective pressure of 9 MPa than at 2 MPa. In ad-
dition, whereas the elastic moduli and attenuation are
independent of frequency under dry conditions, both
vary with frequency under water-saturated conditions.

Under dry conditions, the Young’s modulus, E, is
50 GPa (£0.160) at all frequencies tested (Figure 4a).
For comparison, the Young’s modulus at ultrasonic fre-
quencies (1 x 10° Hz), which we reported in Fliedner
and French (2021), is 51 GPa indicating relatively con-
stant stiffness over 10 orders of magnitude in frequency
(Figure 4a). Under saturated conditions, the Young’s
modulus increases with increasing frequency (Figure
4a). For instance, at P,y = 2 MPa the Young’s modu-
lus increases from 41 GPa (£ 2) to 67 GPa (& 1) with
increasing frequency from 2 x 10~° Hz to 30 Hz, and
it appears to increase in two phases (Figure 4a). At
P.;s =2 MPa Young’s modulus increases linearly in log
space from 41 to 57 GPa between 2 x 10~ % and 1 x 1073
Hz and is then relatively constant until ~ 0.1 Hz, when
it again increases approximately linearly in log space.
The Young’s modulus increases similarly in two phases
at 9 MPa effective pressure although the plateau from
1 x 1072 to 0.1 Hz is less clear, and the modulus is con-
sistently 3 GPa greater than at 2 MPa effective pressure.
At effective pressures of 2 and 9 MPa, the Young’s mod-
uli are 5 and 8 % lower at 30 Hz than at ultrasonic fre-
quencies (1 x 10 Hz), and this is consistent with ex-
trapolating the frequency-dependence observed in our
data an additional 5 orders of magnitude (Fliedner and
French, 2021). Similar to the Young’s modulus, the shear
modulus is also dispersive under water-saturated condi-
tions between 2 x 10~° and 30 Hz and we did not mea-
sure the shear modulus under dry conditions (Figure
4b). For instance, at 2 MPa effective pressure, the shear
modulus increases from 14 GPa (& 3) to 25 GPa (4 1) at
2 x 1075 to 30 Hz. At a given frequency, the shear mod-
ulus measured at P, ;s = 2 MPa effective pressure is ~ 2
GPa lower than the shear modulus at 9 MPa. In contrast
to the Young’s modulus, the shear moduli are actually
higher at 30 Hz than at 1 x 10° Hz indicating that these
results cannot be directly extrapolated to ultrasonic fre-
quencies (Fliedner and French, 2021).

Under dry conditions, attenuation of the Young's
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Figure 4 Results for attenuation and elastic moduli as a function of frequency for the Orocopia schist. Green markers indi-
cate dry conditions at 10 MPa effective pressure, dark blue and light blue markers indicate saturated conditions at low (2 MPa)
and high (9 MPa) effective pressures, respectively. Shading indicates the standard deviation (STD). The gray bars show the
predicted characteristic frequencies for patchy saturation (PS) and squirt flow (SF) mechanisms at experimental conditions,
which are described and analyzed in the discussion. (a) Young’s modulus, E measured under dry and saturated conditions
and compared to published moduli at ultrasonic frequency 1 x 105 Hz from Fliedner and French (2021). (b) Shear modulus
G modulus measured under saturated conditions and compared to published moduli at ultrasonic frequency 1 x 10° Hz in
Fliedner and French (2021), (c) Attenuation 1/Q g measured under dry and saturated conditions, and (d) Attenuation 1/Qgs

measured under saturated conditions.

modulus is ~ 0.012 £ 0.003 at all frequencies tested (Fig-
ure 4c). In contrast, under saturated conditions, 1/Qg
is both higher than under dry conditions and depen-
dent on frequency. For instance, at P.ys = 2 MPa, the
minimum in 1/Qg is ~ 0.040 (+ 0.001) between 0.02
and 0.5 Hz, which is about 4 times higher than atten-
uation under dry conditions. We measure two peaks
in 1/Qg under saturated conditions and these are cen-
tered at frequencies of 1 x 10~* Hz and 10 Hz. In ad-
dition, the magnitude of 1/Qf decreases with increas-
ing effective pressure. For instance, the peak in attenu-
ation (1/Qg) at 1 x 10~* Hz is ~ 0.210 at P,;; = 2 MPa,
whereas it is ~ 0.130 at P.yy = 9 MPa. Similarly, the
magnitude of 1/Q is frequency-dependent under satu-
rated conditions and the attenuation is centered at the
same frequencies (1 x 10~* and 10 Hz) as for 1/Q (Fig-

7

ure 4d). Atthe 1 x 10~* Hz peak, 1/Qs is lower than
1/Qg at the same peak by 0.053. At the higher fre-
quency peak (10 Hz), the magnitudes of 1/Qgs and 1/Qg
are the same within the resolution of our measurements
(1 x 10~3). We observe a constant attenuation between
0.001 and 0.1 under saturated conditions, which corre-
sponds to the frequency range over which the elastic
moduli increase linearly. Shear modulus attenuation
also decreases with increasing effective pressure, with
1/Qs at an effective pressure of 2 MPa greater than at 9
MPa by 0.021 on average (Figure 4d).

5 Discussion
5.1 Wave-induced Fluid Flow
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The presence of pore water and the magnitude of ef-
fective pressure both have a measurable effect on the
elastic moduli and attenuation of the Orocopia schist.
Relative to dry conditions, the attenuation under satu-
rated conditions appears to be increased by a constant
value (~ 0.003) with two superimposed frequency de-
pendent peaks (Figure 4c). This constant increase in
baseline attenuation is most clearly seen at frequen-
cies between 2 x 1072 and 3 Hz. As is the case for pro-
cesses that result in near-constant attenuation, the elas-
tic moduli also clearly increase near-linearly with fre-
quency over this range (Figure 4) (Liu et al., 1976; Kjar-
tansson, 1979). This background attenuation and lin-
ear increase in modulus do not arise from wave-induced
fluid flow and are not evaluated in detail here.

Peaks in attenuation are frequently interpreted as be-
ing caused by wave-induced fluid flow in the rock. In
our previous work, we showed that the patchy satu-
ration and the squirt flow mechanisms are consistent
with the positions of the peak in attenuation (Figure 4),
although we did not evaluate their magnitude, which
requires that we consider the dispersion of the elastic
moduli (Fliedner and French, 2023;j).

The patchy saturation mechanism describes meso-
scopic flow between two non-mixing fluids, such as air
and water, coexisting in the pore network and forming
heterogeneous saturation (White, 1975; Cleary, 1978;
Schmitt et al., 1994; Pride et al., 2004). The character-
istic frequency of the attenuation peak for patchy satu-
ration (fpatchy) is (Cleary, 1978):

4k Ky
fpatchy = W (6)

where k is permeability, K, is the drained bulk mod-
ulus, 1 is water viscosity, and L? is the length scale of
saturation heterogeneity In Fliedner and French (2023j)
we determined that the rock permeability must be & ~
1 x 10721 m? to explain the position of the peak at
1 x 10~* Hz for a water viscosity of 1073 Pa-s, a drained
bulk modulus of 61 GPa which we measured at 2.5
MPa effective pressure under dry conditions, and an as-
sumed length scale of heterogeneous saturation equal
to the sample length, . ~ 53 mm. We assumed a con-
stant water viscosity given the negligible temperature
variation measured during the experiments. The esti-
mated permeability (1 x 1072! m?) is 2 orders of mag-
nitude lower than the permeability measured with a
gas pore fluid (4 x 10~ m?) and 1 order of magnitude
lower than the lower bound of permeability that we es-
timated by taking into account the Klinkenberg effect
(4 x 1072° m?). This discrepancy may be attributed to
the difference in the experimental conditions at which
permeability and attenuation were measured. During
the forced oscillations, there is an axial stress of 10 MPa,
while the permeability was measured under isotropic
stress conditions (Zoback and Byerlee, 1975). Thus, we
conclude that the low frequency peak at 1 x 10~* Hz is
generally consistent with the patchy saturation mecha-
nism due to air bubbles trapped in the low permeability
pore network (White, 1975; Schmitt et al., 1994; Pride
et al., 2004).

The squirt flow mechanism describes fluid flow oc-

curring at the pore scale from thin elongated pores into
equant pores (Mavko and Nur, 1975; O’Connell and Bu-
diansky, 1977; Dvorkin et al., 1994). Thin elongated
pores are compressible and close with a small magni-
tude of applied stress whereas equant pores are much
less compressible and remain open at the same stresses.
Thus, when an elastic wave propagates through the
rock, compliant pores close in response and fluid is
pushed into the more equant pores (Mavko and Nur,
1975; Dvorkin et al., 1994). Pore geometry is described
by the aspect ratio («), where for an idealized ellipsoidal
pore geometry « is the ratio between the short and long
axes. The characteristic frequency of the attenuation
peak for squirt flow (fsquire) is (O’Connell and Budian-
sky, 1977):
Ko

fsqu,irt = (7)
where 7 is again the viscosity of water and K is the bulk
modulus of the solid phase, absent pores. We estimated
fsquirt from the viscosity of water n = 1073 Pa - s and
our previous measurements on the Orocopia schist. We
take the bulk modulus of the solid phase to be K, =75
GPa, which we measured under dry conditions and ata
confining pressure of 100 MPa, where most porosity is
closed (Fliedner and French, 2021, 2023j). We estimated
the aspect ratio of the most compliant pore shape using

o= 2(1 — Z/Q)Pclos (8)
Ey

(Mavko et al., 2020, therein Equation 2.10.71), where v
is Poisson’s ratio, P,;,s is the pressure required to close
a pore with aspect ration « and Fj is the Young’s modu-
lus of the solid phase. For the Orocopia schist, we mea-
sured a Poisson’s ratio of 0.25 and a Young’s modulus of
81 GPa at a confining pressure of 100 MPa and under
dry conditions. We can assume that the most compliant
pores that are open at a given pressure are those just be-
low their closure pressure P,;,;. As a result, at effective
pressures of 2 and 9 MPa, we find the most compliant
pore shapestobe a ~ 4.5 x 1075 and a ~ 2.1 x 1074, re-
spectively (Fliedner and French, 2023j). If we use these
aspect ratios in Equation 7, the resulting characteristic
frequencies are 7.5 and 680 Hz for the peaks in atten-
uation at 2 and 9 MPa effective pressure (Fliedner and
French, 2023j). These predicted peaks are close to the
position of the high frequency peak (10 Hz), particularly
our estimate for 2 MPa effective pressure.

Although we show that the positions of the peaks in
attenuation are generally consistent with the patchy sat-
uration and squirt flow mechanisms, these are impre-
cise assessments of the mechanisms that control atten-
uation. We use viscoelastic models to assess whether
the frequency-dependent attenuation and elastic mod-
uli of the Orocopia schist can be quantitatively ex-
plained by the patchy saturation and squirt flow mech-
anisms.

5.2 Linear Viscoelastic Models

We employ models that assume the system consisting
of the rock and pore fluid behaves as a viscoelastic ma-
terial (O’Connell and Budiansky, 1977). The viscoelas-
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ticity of the saturated rock arises from the combined
viscous behavior of the fluid and the elastic behavior of
the rock frame, assuming negligible viscous deforma-
tion of the mineral constituents. Numerically, the com-
plex modulus M*(w) defines the anelastic modulus of a
viscoelastic material with elastic (real part M’) and vis-
cous (imaginary part, M"') components as:

M*(w) = M’ +iM" 9)

We use the Maxwell representation of the Standard
Linear Solid (SLS) model, also known as a Zener model,
to investigate the causality between attenuation and dis-
persion in the Orocopia schist (Zener and Siegel, 1949).
This model assumes a single viscous mechanism with
viscosity 7, that dissipates energy in a short period of
time. The mechanical behavior can be visualized us-
ing a circuit of springs to represent elastic deformation
and dashpots to represent viscous deformation (Figure
5a). The Maxwell model consists of two parallel sys-
tems. The first is the Maxwell arm, which operates at
the low-frequency limit and is composed of a spring of
stifftness M, and a dashpot having the viscosity of the
fluid, 7, connected in series. At the high-frequency
limit, the undrained elastic modulus, M., controls the
mechanical behavior of the rock since the fluid does not
have enough time to flow. As a result, fluid viscosity has
no effect on the mechanical behavior, and the second
arm of the model is composed of a single spring. This
model predicts that the attenuation (1/Q) has a Debye
absorption peak centered at a characteristic relaxation
time, 7.. The characteristic relaxation time is the in-
verse of the characteristic angular frequency w. = 27 f.,
with f. being the characteristic frequency of the viscous
mechanisms, in our case for either the patchy satura-
tion (fpatchy) or squirt flow (fquir¢) mechanisms (Figure
5b). The elastic modulus, M’, increases with increasing
angular frequency w, from a low-frequency limit, My, to
a high-frequency limit, M.,. We use the formulation of
the SLS model presented in (Mavko et al., 2020, therein
Table 3.8.1):

(10)

From the SLS model, 1/Q is determined as the ratio
of the imaginary (M") to real (M) parts of M*(w):

"

1/Q) = 37 = tan(9) (1)

The attenuation (1/Q) has a maximum magnitude that
is proportional to the relaxation strength, A, which is
the relative difference between the elastic moduli M.,
and M, and occurs at a frequency w.:
1 1 Mo — My
1/Qmaz = =A = - ——— 12
[Qma =58 = 5 ATy )
with the relaxation strength given by (Lakes, 2009,
Equation 2.50):

(13)
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Figure5 Diagram of the Maxwell representation of a Stan-
dard Linear Solid (SLS) model used to describe the vis-
coelastic behavior of the schist (a) The spring-dashpot ana-
log of the SLS model with two systems in parallel. The first
branch is a Maxwell solid that contains a spring (M;) and
a dashpot (n) in series, which represents the elastic and
viscous components at the low-frequency limit. The first
branch results in the viscoelastic deformation that occurs
when there is fluid flow. The second branch is the elastic
component at the high-frequency limit (M,) when no fluid
flow occurs. (b) The SLS model predicts a non-linear in-
crease in elastic moduli from M, at the low-frequency limit
to M, at the high-frequency limit. The increase in elastic
moduli is centered at w. which is the characteristic angular
frequency of the controlling fluid flow mechanism. The cor-
responding attenuation (1/Q) is a single Debye peak with
an amplitude 1/Qq4-

The increase in elastic modulus from the low to high
frequency limits is centered near the peak in atten-
uation at w. but is shifted to higher frequencies by
1/(1.\/(1 + A)) (Figure 5b).

We estimated M, and M., from our experimental
measurements of elastic moduli and used the character-
istic peak frequencies for patchy saturation and squirt
flow (fpatchy and fsquire) in Equation 10 to then calcu-
late the attenuation of the Young’s and shear moduli as
a function of frequency using Equation 11. We evalu-
ated the low and high frequency peaks separately by fit-
ting the data separately over two frequency ranges from
5x 1075 to 2 x 1072 Hz and 3 to 20 Hz corresponding
to ranges over which we see peaks in attenuation above
some background. The elastic moduli increase linearly
between attenuation peaks (2 x 10~2 to 3 Hz), consis-
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Figure 6 The measurements of frequency-dependent attenuation and elastic moduli under water-saturated conditions as
shown in Figure 4 with the results of fitting the Standard Linear Solid (SLS) model to these experimental measurements. Dark
blue and light blue colors indicate data at 2 and 9 MPa effective pressures,. The dark and light gray lines indicate model re-
sults for the 2 and 9 MPa effective pressures. The model results for patchy saturation are shown with dashed lines and those
for squirt flow are shown with solid lines. Gray bars show the predicted characteristic frequencies for the patchy saturation
(PS) and squirt flow (SF) mechanisms at experimental conditions. (a) Young’s modulus, E with previously reported moduli
measured at ultrasonic frequency 1 x 10® Hz from Fliedner and French (2021), (b) shear modulus G with previously reported
moduli measured at ultrasonic frequency 1 x 10 Hz from Fliedner and French (2021), (c) Attenuation 1/Q g, and (d) Atten-
uation 1/Qs. The goodness of fit of the SLS models to the experimental measurements of attenuation and elasticity were
determined with a least square method and are shown, where a perfect fit occurs when R? equals 1.

tent with the near-constant attenuation at the same fre-
quencies (Figure 6). Because the changes in elastic
moduli due to wave-induced fluid flow are expected to
be superimposed on this linear increase, we take M
and M, to be the moduli at the low-frequency and high-
frequency limits of each peak (Figure 6).

We find that the SLS model generally fits the attenua-
tion data when parameterized with our measurements
of elastic moduli and estimate of the peak positions for
patchy saturation and squirt flow (Figure 6). Once we
calculate attenuation as a function of frequency from
Equation 11, we evaluate the goodness of fit between the
model prediction and our data (Figure 6). Overall, the
goodness of fit is best for the Young’s modulus, lower
effective pressure (higher fluid pressure), and the low-
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frequency peak corresponding to patchy saturation. For
instance, for the low-frequency peak and Young’s modu-
lus, R? was greater than 0.78 for both effective pressures
(Figure 6a and c). The model for patchy saturation also
fits our measurements of shear modulus with an R? of
0.53 and attenuation with an R? of 0.75 (Figure 6b and
d). The goodness of fit of the SLS model to the experi-
mental data is not as strong for the squirt flow mecha-
nism as it is for the patchy saturation mechanism. At 9
MPa effective pressure, the model is in agreement with
the measured Young’s modulus and related attenuation
(R? > 0.58), but the goodness of fit is poor for the shear
modulus at P,y =2 MPa according to the coefficient of
determination R? < 0. The lower quality of data result-
ing from lower resolution LVDTs and smaller strain in
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the radial direction could explain the poor goodness of
fit for the shear modulus attenuation. If we calculate
the difference between the measured and model 1/Qg
at 10 Hz, we find a value of ~ 0.009, consistent with pre-
vious attempts to fit SLS models to experimental data
(Pimienta et al., 2016b, 2017; Borgomano et al., 2019;
Sun et al., 2020).

Because of uncertainty in the aspect ratio of pores,
predicting the attenuation and dispersion induced by
squirt flow with the Standard Linear Solid model may
cause some of the error in the fit. In previous stud-
ies of squirt flow, there are visual differences between
model results and experimental data (Pimienta et al.,
2016b, 2017; Borgomano et al., 2019; Sun et al., 2020),
consistent with our relatively low coefficients of deter-
mination for the squirt flow mechanism, particularly at
low effective stress (Figure 6). One contribution to error
may be that the model considers only pores of a single
aspectratio, rather than a distribution of aspect ratios as
may occur in rocks. Having a range of pore aspect ratios
can cause a more complex squirt flow attenuation signal
in a rock such as a broad peak spanning multiple fre-
quencies (Anderson and Archambeau, 1964; Liu et al.,
1976) or multiple distinct peaks at different characteris-
tic frequencies (Anderson and Archambeau, 1964; Bor-
gomano etal., 2019). Because we observed a single peak
with a relatively narrow width, we used the squirt flow
equation for a single aspect ratio. To directly measure
the aspect ratio requires precise measurements of both
pore diameter and length. Measurement of pore diam-
eters is straightforward with porosimetry methods, but
accurately assessing pore length is difficult due to a lack
of reliable experimental techniques. Any errors in di-
ameter or length measurement can significantly impact
the predicted characteristic frequency of squirt flow be-
cause the aspect ratio is cubed in Equation 7. For exam-
ple, A 10% margin of error in aspect ratio, gives « be-
tween 5.0 x 107> and 4.1 x 10~° at 2 MPa effective pres-
sure and results in a predicted range of characteristic
frequencies of 5 and 9 Hz.

5.3 Controls of lithology on attenuation and
dispersion

This paper is the first to quantify the attenuation and
dispersion of a schist, to the best of our knowledge
(Subramaniyan et al., 2014; Rorheim, 2022). We com-
pare our results to other lithologies for which data are
available, such as shales (Mikhaltsevitch et al., 2020;
Delle Piane et al., 2014), sandstones (Pimienta et al.,
2015, 2016b, 2017, 2021; Borgomano et al., 2020; Tisato
and Madonna, 2012; Tisato et al., 2015; Madonna and
Tisato, 2013), and limestones (Borgomano et al., 2017,
2019). To understand how viscoelasticity is controlled
by patchy saturation and squirt flow mechanisms, we
discuss the similarities between the rocks, including
the relative permeability and pore geometry (Pimienta
et al., 2021; Brace, 1977).

Reports of energy dissipation due to patchy satura-
tion are most common in rocks with low permeability
and thin elongated pores despite large differences in
reported elastic moduli (Pimienta et al., 2021; Cleary,
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1978; White, 1975). We find the characteristic frequency
fpatehy for the Orocopia schist (~ 1 x 10~* Hz) to be
similar to the predicted characteristic frequency for the
Goldwyer shale (2 x 10~* Hz) (Delle Piane et al., 2014).
The Orocopia schist and Goldwyer shale have a similar
estimated water permeability (~ 1072! m?) and sheet
silicate content (>50 %) (Delle Piane et al., 2014; Flied-
ner and French, 2023j). In some rocks, patchy satura-
tion is also estimated to be important at higher frequen-
cies than we observe, with a fpqicny of 40 Hz for a dif-
ferent shale (Mikhaltsevitch et al., 2020) and~ 300 Hz
for a limestone (Borgomano et al., 2017), which are also
lithologies with abundant elongated pores. Since both
the Orocopia schist and Goldwyer shale have low per-
meability and small pore throats, bubbles of air can be-
come trapped in their pore network (Pride et al., 2004).
When a pressure wave is propagating through, the non-
mixing air bubbles flow through the pores due to cap-
illary forces (Schmitt et al., 1994; Delle Piane et al.,
2014, Tisato et al., 2015). Thus, the occurrence of non-
mixing patches of fluids may be more common in rocks
rich in sheet silicates and thin elongated pores than
other lithologies (Cleary, 1978; O’Connell and Budian-
sky, 1977). However, the magnitudes of the attenua-
tion peak in the Orocopia schist and limestone (1/Q g >
0.13 in Figure 4) are more than double the attenuation
peak in the Goldwyer shale (1/Qg <0.07) (Borgomano
etal., 2017; Delle Piane et al., 2014; Mikhaltsevitch et al.,
2020). This might be caused by differences in the relax-
ation strength (Equation 13) which links the difference
in the Young’s modulus and energy dissipation and is
consistent with the nearly one order of magnitude dif-
ference in elastic moduli between the Goldwyer shale
(<7 GPa) and the Orocopia schist (50 GPa) (Figure 6a).
Comparisons between experimental data and models
that predict attenuation magnitude due to patchy satu-
ration are not common. However, the agreement that
we see between experimental data and the model (R? >
0.78 in Figure 6a and c) has also been observed in lime-
stone (Borgomano et al., 2017).

The squirt flow mechanism is also a relatively com-
mon mechanism of attenuation, particularly in rocks
with thin elongated pores. Squirt flow has been inter-
preted as occurring in several sandstones (Tisato and
Madonna, 2012; Madonna and Tisato, 2013; Pimienta
et al., 2015, 2017; Subramaniyan et al., 2015; Sun et al.,
2020), as well as a thermally cracked limestone (Borgo-
mano et al., 2019), and the frequency of the attenuation
peak is strongly dependent on pore shape. The atten-
uation peak for squirt flow occurs at 10 Hz in the Oro-
copia schist and most sandstones display this peak be-
tween 0.1 and 300 Hz (Pimienta et al., 2017; Borgomano
etal., 2019; Subramaniyan et al., 2015; Sun et al., 2020),
although it can occur above 1000 Hz due to the typically
higher aspect ratio pores in sandstones (Pimienta et al.,
2016b; Tisato and Madonna, 2012; Yin et al., 2019). Be-
cause of the strong dependence on aspect ratio (Equa-
tion 7), the squirt flow mechanism is typically identi-
fied when « is ~ 10~ or smaller (Pimienta et al., 2017;
Borgomano et al., 2019; Subramaniyan et al., 2015; Sun
et al., 2020; Fliedner and French, 2023j). To empha-
size the necessity of thin elongated pores even further,

SEISMICA | volume 3.1 | 2024



SEISMICA | RESEARCH ARTICLE | Elastic moduli in metapelite

Borgomano et al. (2019) only observed evidence of the
squirt flow mechanism in limestone after it had been
thermally cracked. Despite the fact that both model-
ing and experimental studies underscore the necessity
of elongated pores for squirt flow (Adelinet et al., 2011,
Pimienta et al., 2016b), the lack of measurements on
schist meant that it was previously unknown whether
squirt flow occurs in these rocks at frequencies below
100 Hz (Delle Piane et al., 2014; Mikhaltsevitch et al.,
2020).

Rocks rich in phyllosilicates have unique properties
that enhance attenuation and dispersion through their
influence on microstructure. For instance, rocks rich
in phyllosilicates like the Orocopia schist often have a
strong shape preferred orientation of grains that then
leads to thin and elongated pores aligned with the fo-
liation (Fliedner and French, 2021). As a result, both
the permeability and aspect ratios are impacted by the
presence of phyllosilicates resulting in high compress-
ibility normal to foliation and high attenuation and
dispersion. In addition, phyllosilicate-rich rocks of-
ten have weaker fracture strength along their cleavage
planes and parallel to foliation, which can cause ad-
ditional microfracture and macrofracture porosity (Es-
cartin et al., 1997). These macroscopic fractures have a
similar shape to thin elongated pores and may cause ad-
ditional attenuation and dispersion. Specifically, higher
microfracture densities adjacent to faults or the pres-
ence of larger fractures that are not sampled at the labo-
ratory scale may increase the magnitude of attenuation
or cause an additional attenuation peak. Thus, our mea-
surements can be considered a lower bound on the nat-
ural system.

5.4 Dispersive seismic velocities and attenu-
ation in subduction zones

Because seismic tomography is the primary tool used
to infer potential pore fluid overpressure along the sub-
duction plate boundary, we use our results to evaluate
tomographic evidence for fluid pressurization at depths
of 25-40 km. In several subduction zones, these depths
coincide with regions of low wave velocities, with P-
wave velocities (Vp) of 5.0-6.5 km/s and S-wave veloc-
ities (Vs) of 2.0-3.2 km/s, and of high Vp/Vs of 2.0-2.8
(Audet et al., 2009; Calvert et al., 2011, 2020; Delph et al.,
2018). To compare our results with tomography, we cal-
culate the wave velocities from our measurements of
the elastic moduli (Figure 4). The P-wave velocity is
determined as Vp ~ +/Cs3/p and the S-wave veloc-
ity as Vg ~ /G/p where Cs3 is the stiffness normal
to foliation, G the shear modulus (Figure 4), and p
the density of the Orocopia schist determined in Flied-
ner and French (2021). For the Orocopia schist, the
Young’s modulus normal to the foliation is 30 % lower
than Cs3 at an effective pressure of ~ 2 MPa (Fliedner
and French, 2021). At a frequency of 1 Hz and an ef-
fective pressure of 2 MPa, the Young’s modulus is 62
GPa resulting in C33 of 81 GPa and the shear modulus
is 22 GPa (Figure 4. The resulting estimates of P-wave
and S-wave velocities are Vp ~ 5.2 km/s and Vg ~ 2.7
km/s and their ratio is Vp/Vg ~ 1.9. Thus, our approxi-
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mated velocities at low effective pressure conditions are
consistent with the low velocities and high Vp/Vs ob-
served in seismic tomography at 20-45 km in subduction
zones (Audet et al., 2009; Calvert et al., 2011, 2020; Delph
etal., 2018). We infer that pore fluid overpressurization
in metapelites adjacent to the megathrust is consistent
with the interpretations of seismic tomography and that
the in-situ velocities are most likely dispersive.

Application of our attenuation results requires con-
sideration of differences in laboratory and geologic con-
ditions. Under water saturated conditions, measure-
ments of attenuation are significant, with 1/Q g consis-
tently greater than 0.03. As evaluated in (Fliedner and
French, 2023j), the primary consideration when extrap-
olating to geologic conditions is the effect of fluid viscos-
ity on the positions of the attenuation peaks (Equations
6 and 7). As depth increases, water viscosity decreases
from 1 x 1073 Pa-s at the near-surfaceto 1 x 107 Pa-s
at 500 °C (Audetat and Keppler, 2004). When peak po-
sition is adjusted to account for the supercritical na-
ture of water at depths of 25-40 km, this increases the
characteristic frequencies of wave-induced flow mecha-
nisms (Fliedner and French, 2023j). The adjusted peaks
in 1/Qg and 1/Qg for squirt flow coincide with the
range of depleted frequencies seen in low-frequency
earthquakes (2-8 Hz to 30 Hz) (Farge et al., 2020; Supino
et al., 2020) and part of the range of characteristic fre-
quencies observed in very low-frequency earthquakes
(0.1 Hz - 30 Hz) (Obana and Kodaira, 2009). In addi-
tion, the magnitude of attenuation at these frequen-
cies is sufficient to cause the depletion of these high-
frequency waves. While we predict that squirt flow im-
pacts seismic waves significantly, patchy saturation is
unlikely unless the permeability is higher at geologic
conditions. We estimate the permeability that would be
required for the characteristic frequency of patchy sat-
uration to fall within the seismic frequency range (0.1
to 30 Hz). If we assume a bulk modulus similar to Oro-
copia schist and supercritical water viscosity at in-situ
conditions, Equation 6 indicates that a permeability of
1 x 107 to 1 x 10717 m? would be necessary to shift
the peak to seismic frequencies. These values are high
but not implausible for metamorphic rocks, and poten-
tially could result from microfracture damage (Johnson,
1983; Katayama et al., 2012). As a result, models show
that our laboratory measurements of attenuation due to
squirt flow can explain the limited frequency range of
earthquakes (Fliedner and French, 2023j).

We evaluated the role of fluid viscosity on attenua-
tion at geologic conditions, but lithology is likely an
important control on the importance of attenuation
and dispersion as well. For instance, in warm sub-
duction zones the megathrust typically passes through
greenschist facies, whereas cold subduction zones pass
through blueschist and eclogite facies (Condit et al.,
2020). Thus, although metapelites will undergo some
metamorphism, they are expected to be phyllosilicate
rich even along colder subduction paths. As we docu-
mented for the Orocopia schist, pore structure which
is largely controlled by aligned phyllosilicates is the
strongest control on bulk rock compliance and attenu-
ation. Thus, although constraining the importance of
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lithology on attenuation and dispersion would require
additional laboratory measurements and microstruc-
tural observations of blueschist facies metapelites, we
do not predict significant differences in the viscoelastic
properties at seismic frequencies.

6 Conclusions

We used the forced oscillation technique to measure the
dispersion of elastic moduli in the Orocopia schist at
seismic frequencies (2 x 10=° - 30 Hz) and then used
our previous measurements of attenuation and Stan-
dard Linear Solid models to evaluate the mechanisms
that control attenuation and dispersion. We find that
the Young’s and shear moduli are dispersive and the
magnitudes depend on both water saturation and ef-
fective pressure. The Standard Linear Solid models fit
the experimental data well and demonstrate that the
dispersion is exclusively related to two peaks in atten-
uation controlled by wave-induced fluid flow. In addi-
tion, we show that the patchy saturation and the squirt
flow mechanisms of attenuation and dispersion can
be described using a single permeability and a single
pore geometry, despite the complex microstructure of a
schist. In both the schist and other lithologies, the pre-
dominance of thin elongated pores is the primary mi-
crostructural characteristic controlling the magnitude
of dispersion. As a result, attenuation and dispersion
are significant and can be modeled for geologic condi-
tions in subduction zones where lithologies rich in phyl-
losilicates are present.
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