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Figure 6. (a) A representative seismic shot gather shows first arrivals (red line) and
significant ground roll (purple). Shot gathers have clear water-table refractions (first
arrivals beyond approximately 40 m offset) and water-table reflections (yellow dashes).
(b) Rayleigh waves are isolated for MASW. For example, shot 122 is windowed to off-
sets 1278 m. Data are muted before the ground roll to limit body-wave noise. (c) A
dispersion curve depicts Rayleigh-wave frequency versus phase velocity of shot 122.
Dispersion curve picks are colored red.

Figure 7. (a) EM-wave velocity model from reflection tomography of GPR data. Two
broad low Vgy anomalies are centered at the horizontal positions 100 and 200 m. (b) P-
wave velocity model from inversion of first-arrival traveltimes. A high-Vp (>350 ms™!)
anomaly at approximately 4 m depth and horizontal position approximately 100 m is
centered over the upper unit IV breccia lens (Figure 4). (c) S-wave model from inversion
of the Rayleigh-wave dispersion curves. A high-Vg (>225 ms™!) anomaly at approx-
imately 5 m depth overlaps the high-Vp zone (b) and the upper unit IV breccia lens
(Figure 3c).

semblance is coherent (Figure 6¢). The weak dis-
persion curve semblance at less than 10 Hz is
likely due to the inability of the hammer source
to generate lower frequencies, limiting depths
achieved by MASW to approximately 10 m. The
500 ms recording time and receiver window clip
the fundamental modes at offsets >30 m, which
we expect to degrade the dispersion curve coher-
ence at high frequencies. This may result in
significant uncertainty in V5 models in the upper
1-2 m. We inverted dispersion curves for 1D Vg
models using SurfSeis2 Rayleigh-wave inversion
software. We bin each inverted 1D Vg model at
the midpoint of the off-end shot gather and hori-
zontally smooth four midpoints to produce a
pseudo-2D Vg model.

Electromagnetic and seismic velocities

Due to the differences in velocity estimation
procedures, including inversion type, sensitivity,
regularization, and grid sizes, no velocity result
has the same resolution or uncertainty. In addi-
tion, the remote survey location lack the wells
needed to quantify the measurement error. Our
MASW and traveltime tomography inversion
results have root-mean squared (rms) errors of
3% and 1.2%, respectively. The GPR reflection
tomography inversion evaluates error through
qualitative improvement of the reflection image.
Bradford et al. (2009) demonstrate that similar
GPR acquisition and reflection tomography is
capable of measurement errors of approximately
2%.

Resolution of each velocity result depends on
a combination of the wavelength, acquisition
geometry, and the inversion procedure. The in-
version programs used in this study do not
provide comparable and robust uncertainty or
resolution estimates. Assuming that the mini-
mum size of resolvable features is at least half
the wavelength, 100 MHz electromagnetic wave-
lengths at velocities (0.08 — 0.1 mns™'), can re-
solve approximately 0.4—1 m features. P-waves
at approximately 50 Hz and velocities between
approximately 200 and 500 ms™! can resolve
approximately 4-10 m features. Finally, we
inverted Rayleigh waves with frequencies rang-
ing from approximately 10 to 60 Hz with phase
velocities between approximately 150 and
250 ms~! (Figure 6¢). Thus, the vertical resolu-
tion of Vg decreases from approximately 1.25 to
12.5 m with depth. Geometric controls on reso-
lution include the receiver and shot intervals and
raypaths. Short station intervals (i.e., 2 m for
seismic, 0.58 m for GPR CMP) and dense cover-
age from near-vertical rays provide approximate
lateral resolutions of Vgy and Vp approximately
1-2 m. However for MASW, which solves for
1D Vg soundings, horizontal smoothing across
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66 m to produce pseudo-2D Vg profiles severely diminishes Vg lat-
eral resolution. Despite resolution differences, we maintain that all
three techniques have sufficiently compatible resolution for this
study and are capable of detecting anomalies near the scale of the
breccias in the adjacent outcrop (i.e., approximately 3 m thick, ap-
proximately 100 m long; Figure 3c).

Each velocity inversion technique applied in this study produces
velocity models gridded with different horizontal and vertical spac-
ing. The GPR velocity model is horizontally gridded at the CMP bin
interval (0.58 m), whereas seismic velocity models are horizontally
gridded at the station spacing (approximately 2 m). We linearly in-
terpolate velocity models to a 0.25 m horizontal and vertical interval
grid to improve comparison between techniques.

In the final velocity model from the PSDM, electromagnetic
velocities range from 0.083 to 0.1 mns™! with an average Vg, of
0.092 mns~! (Figure 7a). Electromagnetic velocities are greatest at
the ground surface on the northern half of the line. Two areas of
reduced Vgy (<0.09 mns™') spread across the depth range and
are split horizontally by higher velocity (>0.095 mns~') zone mid-
line. P-wave velocity in the upper 15 m ranges from approximately
250 to 450 ms~!, increasing gradually with depth (Figure 7b). A
lenticular anomaly of elevated Vp (>350 ms™!) extends from hori-
zontal positions 50-150 m at depths less than 7 m. P-wave velocity
beneath this anomaly is reduced but eventually increases at approx-
imately 10 m depth. The P-wave velocity is lowest (<300 ms~!) on
the northern third of the line in the upper 10 m. The S-wave velocity
is low (<150 ms~!) in the upper meter and increases gradually
with depth (Figure 7c). A similarly shaped anomaly of elevated
(>225 ms™!) Vg is present between 50 and 150 m at depths be-
tween 3 and 7 m. As with Vp, Vg is lower beneath the anomaly and
again increases at approximately 10 m depth. The S-wave velocity
is also reduced (<200 ms~') on the northern third of the line.

The three velocity models contain broad trends in velocity that
relate to the interaction of the respective waves with subsurface
properties. Electromagnetic velocity is primarily influenced by
water content, even in unsaturated conditions, and thus it is distinct
from Vp and Vg. Electromagnetic velocity can vary greatly for
unconsolidated sediments (approximately 0.2 —0.05 mns~!) de-
pending on the volumetric water content. Our results fall within the
reasonable range (0.08 — 0.1 mns™!) for partial-saturation condi-
tions with € ranging from 9 to 14. The electromagnetic velocity
is greatest in the very near surface where the deposits are the driest.

Low Vg areas underlain by zones of higher Vg suggest variations
in deposit water content. A day of heavy rain preceded the survey,
and the weather was hot (approximately 35°C) and sunny during
acquisition. Elevated Vg, at depths <5 m may reflect a combina-
tion of drying in the near surface, vertical flow, or greater porosity in
the upper 5 m.

The P- and S-wave velocity models (Figure 7b and 7¢) contain
several similarities including increasing velocity with depth, a mid-
line anomaly of elevated velocity, and reduced velocity along the
northern third of the line. The midline anomaly of elevated velocity
corresponds to the size and location of the upper lithic breccia
shown in the outcrop (Figure 3c), which suggests that the boulders
impart greater bulk rigidity on the deposit. This also explains the
lower velocities of the northern third of the line where no breccias
are present in the outcrop (Figure 3c). Lower vesicularity within the
boulders is expected to increase the bulk and shear moduli of the
breccias and contribute to elevated seismic velocities. Alternatively,
poor sorting (typical of pyroclastic density current deposits) will
reduce intergranular porosity (Rogers and Head, 1961) and increase
seismic velocities (Zimmer et al., 2007). Thus, our results show evi-
dence of reduced porosity where the Vp and Vg are elevated near
poorly sorted breccia lenses.

In the upper 10 m, seismic velocities (approximately
200 — 550 ms~! for Vp; approximately 100 — 500 ms~! for V)
for pyroclastic deposits fall within the typical values
(< 100 — 800 ms~! for Vp; <100 — 500 ms~! for V) for near sur-
face, partially saturated soils (Santamarina et al., 2005) and sands
(Bachrach et al., 2000). However, the range of Vp we measure in the
unconsolidated pyroclastic deposits is approximately half the Vp of
the loose to partially welded pyroclastic deposits of the Neapolitan
Yellow Tuff (Italy) (Bais et al., 2003), and approximately 20%—30%
of Vp for tuff (Wohletz and Heiken, 1992).

Petrophysical inversion

Our ultimate goal is to transform geophysical parameters into
rock properties via petrophysical inversion. Statistical seismic in-
version schemes are often used for reservoir characterization in
the oil industry, especially when coincident well data are available
to measure uncertainty and constrain inversions (e.g., Bosch et al.,
2010). However, exploratory studies that lack wells can resort to
simpler and less robust schemes to estimate rock properties from
inverted velocities (e.g., Holbrook et al., 2014; Pasquet et al., 2016).

Water saturation

Intergranular porosity
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Figure 8. An example of accepted solutions from Monte Carlo petrophysical inversion for (a) S,,, (b) ¢, and (c) ¢, at a single spatial position.
Relatively low standard deviations (¢) of S,,, and ¢, accepted solutions suggest well-constrained solutions, whereas the high standard deviation

of accepted ¢, solutions suggests poor sensitivity.
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The resolution and error of the velocity inversion results will
propagate into a petrophysical inversion. Joint inversion of Vg,
Vp, and Vg would provide a more robust means to assess the impact
of error and resolution propagation into petrophysical inversions by
favoring solutions that are compatible with all the collocated data
(e.g., a realistic Poisson’s ratio). Cross-gradient joint-inversion
techniques are recognized for their ability to improve the resolution
of inversions from disparate data without prescribing a petrophys-
ical relationship between inverted parameters (Gallardo and Meju,
2003). To our knowledge, cross-gradient joint-inversion techniques
have yet to be developed for surface-located measurements of Vgyy,
Vp, and Vg. Given our nonjoint velocity inversion of Vp and Vg
detected anomalies of similar shape and magnitude, we assume that
the resolution is suitable to test an inversion formulation of the dual-
porosity petrophysical model.

Similar to Bradford et al. (2015), we perform a Monte Carlo pet-
rophysical inversion to estimate S,,, ¢,, and ¢,. For each position
with Vgy, Vp, and Vg estimates, we probe the dual-porosity pet-
rophysical model with 5,000,000 random realizations spanning
plausible ranges of S,, (0-0.75), @y (0-0.6), and ¢, (0-0.8). We
evaluate realizations with the objective function

8= (wem(Viy — Vim))* + (wp(VE = V)2
+ (ws(VE = Vg))%, o)

which measures the difference between the modeled (V") and ob-
served (V¢) velocities. We regularize the inversion with weights

(w;) that we determine by dividing the mean observed value of
the velocity in question (V;) by the average observed P-wave veloc-
ity (i.e., Vp = 329 ms~!). Thus, Vp receives wp = 1, and wg and
wgym are scaled to the average magnitude of Vp. We consider real-
izations within the minimum 2% misfit as valid solutions, and we
accept the median value of valid solutions as the global solution
(Figure 8). Uncertainty is evaluated as the standard deviation of
the valid solutions.

Water saturation solutions range between approximately 0.30 and
0.42 (Figure 9a), and they are morphologically similar to the Vgy
model (Figure 7a). Intergranular porosity solutions are relatively
high, ranging between 0.30 and 0.52 (Figure 9b). A low ¢, anomaly
mirrors the morphologies of the high Vp and Vg anomalies in Fig-
ure 7b and 7c, and it suggests that poor sorting within the upper
breccia (Figure 3c) reduces ¢,. Otherwise, ¢, is roughly uniform
and between approximately 0.45 and 0.52, similar to coarse sand.
Vesicularity estimates are significantly lower than average for the
MSH pyroclastic deposits (i.e., 0.71 on average; Kuntz et al.,
1981), and they are morphologically similar to ¢, (Figure 9c).
We expect that the reduced vesicularity within the breccias contrib-
utes to the elevated seismic velocity anomalies, as well. By com-
bining ¢, and ¢, solutions with equation 1, we obtain total ¢
estimates ranging between 0.52 and 0.73 (Figure 9d).

The petrophysical inversion consistently estimates S,, and ¢,
with relatively low standard deviations between 0.04-0.09 and
0.01-0.08, respectively (Figure 8a and 8b). However, ¢, solutions
display much greater standard deviations (i.e., 0.18-0.24; Fig-

ure 8c), suggesting a lack of the sensitivity
necessary to confidently estimate ¢,. Because
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Figure 9. Petrophysical inversion results for (a) S,,, (b) ¢4, (¢) @,, and (d) ¢. Water
saturation ranges between 0.30 and 0.42 and mirrors the morphology of the Vg model.
A low ¢ anomaly in the upper 7 m corresponds to the location of the upper breccia in the
outcrop (Figure 3c). Low ¢ may contribute to the leftmost high §,, anomaly. Poor sen-
sitivity to ¢, (Figure 8c) contributes to elevated @, estimates and unrealistically low

estimates of @,,.

sitive to vesicularity and water saturation.

In a GPR and active seismic case study in pyro-
clastic deposits at MSH, we show that Vp and Vg
tomography can image porosity anomalies caused
by large breccias. However, joint petrophysical in-
version of seismic and electromagnetic velocities
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is unsuccessful at separating the effects of intergranular porosity and
vesicularity. Our results demonstrate that investigators must carefully
consider the effects of unique lithology to estimate rock properties
from geophysical measurements. Further efforts to determine geo-
physical parameters with independent responses to intergranular
porosity and vesicularity would improve our ability to estimate
porosity and water saturation in pyroclastic deposits.
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APPENDIX A

EQUATIONS FOR ELECTROMAGNETIC, COM-
PRESSIONAL, AND SHEAR VELOCITIES

Electromagnetic velocity

‘We use the CRIM equation (Wharton et al., 1980) to estimate the
relative permittivity of pumice €,,, by volumetrically mixing the rel-
ative permittivities of dacite (¢; = 6.79) (Rust et al., 1999), water
(e,, = 80), and air (¢, = 1), as

o= [V + (o= 005 (Ve - Vi)
2

o5, (Ver - Ve | (A1)

The bulk relative permittivity follows as
&€= |:\/ &p + (% - ¢gsw) (\/Ea— RV gp>
2
+ @45, <\/€_g -\ /817)} . (A-2)

Finally, we model Vgy with equation 2.

Seismic velocities

To estimate seismic velocities, we first calculate the density p by
volumetrically mixing the average MSH dacite mineral composition
Sy @4, and @,. Then, we estimate the elastic moduli of nonporous
dacite (K., Gma) With the formula of Hill (1952) for crystalline
aggregates. The bulk (K,) and shear moduli (G,) of dry pumice
are calculated from K,,, and G,,, with the equations of Nur et al.
(1998), with a critical porosity of 0.80. We use Gassmann’s equa-
tions (Gassmann, 1951; Biot, 1956) to calculate the bulk and shear
moduli of pumice grains with pore water (K p and Gp, respectively)
as

1-b)2
Kp :Kd_'—il—((/),—h )(p,’ (A-3)
v + Lo
Kona Ky

Gp =Gy, (A-4)

where b = K;/K,,,. The bulk modulus of the pore fluid (Ky) is
the volumetric average of the bulk moduli of water and air, depend-
ing on §,. We make several assumptions to use Gassmann’s
equations, including (1) frequency effects are negligible, (2) the
pumice matrix is not altered by pore fluids, and (3) all pores are
identical.

We use the following formulation of Bachrach et al. (2000),
which applies to unconsolidated sediments, to include intergranular
porosity in the elastic moduli of the sediment matrix. The effective
bulk (Kyy) and shear moduli (Gyyy) for a dry, randomly packed,
unconsolidated matrix of identical, elastic spheres are

I’l(l - Qﬂ()
Kyy = ———%0,. A-5
HM ar O (A-5)
n(1 - a,)
GHM = Wr‘g (Un + 1.50',), (A-6)

as shown in Walton (1987), where o, is the normal stiffness, o, is
the shear stiffness, n is the average number of contacts per grain
(assume n = 5), and r is the grain radius (assumed as 2 mm to
model the fine lapilli). Mavko and Mukerji (1998) show that

~ 4aG, ]
o, = , (A-7)
1-v
o, = SQGP ’ (A—S)
2—v

where v is the Poisson’s ratio. The grain contact area a relates to the
confining force F, the contact curvature radius R, v, and Gp:

 [3FR(1 - )]/

The radius of curvature is a function of the grain size, assuming the
angularity of sand found in Bachrach et al. (2000),

R = 0.086r. (A-10)
Confining force relates to the grain properties, matrix properties,
and the lithostatic pressure P,

4zr?P
ot (A-11)
I’l(l - (pg)

Lithostatic pressure is treated as

P = pgD, (A-12)
where D is the depth and g is the acceleration due to gravity
(9.81 ms™2).

As in Holbrook et al. (2014), we use the formulation of the modi-
fied upper and lower Hashin-Shtrikman bounds (Helgerud et al.,
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1999) to calculate the bulk and shear moduli of the dry frame (K¢
and Ggy). Finally, we account for pore saturation to produce bulk
elastic constants (K and G) as described by Santamarina et al.
(2005), in which the bulk moduli of the fluid phase (Ky), a fluid
and particle suspension (Kj,,) and K, are mixed as

S 1-5,\"!
Kq= (-2 LA A-13
" (Kﬁ K, ) (A1
g 1—p\7!
Ky—= (Lo~ % A-14
sus (Kﬂ+ Kdry> ’ ( )
K = Kdry + K (A-15)

where K, and K,, are the bulk moduli of the air and water, respec-
tively. The shear modulus of the partially saturated matrix is unaf-
fected:

G = Gyy. (A-16)

Finally, we calculate Vp and Vg with equations 3 and 4.
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