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SUMMARY

Seismic attenuation is measured from a swarm of 50 earthquakes in Kilauea volcano in
2018, associated with caldera collapse. The traverse extends at nearly constant azimuth to the
saddle between Mauna Loa and Mauna Kea, continuing to Maui beneath the distal flanks of
three dormant volcanos. From Maui the traverse then extends seaward to the Aloha Cabled
Observatory (ACO) on the seafloor north of O‘ahu. The effective attenuation is measured with
respect to an w2 earthquake source model. Frequency dependent O » and Qy are derived. The
initial path is shallow and uphill, the path to Maui propagates at mid-crustal depths, and the
path to ACO extends through oceanic crust. The observations of O p < Qg over each traverse
are modelled as bulk attenuation Qg . Several attenuation processes are observed, including
0O,, Ok, O ~ f, constant O and scattering. The observation of bulk attenuation is ascribed
to contrasting physical properties between basalt and water saturated vesicles. The ratio of
O values between shallow and mid-crustal propagation is used to derive an activation energy
E* for the undetermined shear attenuation mechanism. A Debye relaxation peak is fit to the
Os(f) and Qg (f) observed for the mid-crustal pathway. A prior high-frequency attenuation
study near Wake Island compares well with this Hawaiian Q data set, which in general shows

lower values of Q than observed for Wake.
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1 INTRODUCTION

The Hawaiian Islands are among the most prominent geophysical
features on Earth. The islands have risen from the seafloor to effec-
tive heights exceeding Mt Everest. The Island of Hawai‘i has two
of the most active volcanos globally, and their neighboring volca-
noes are mostly dormant. Seismicity associated with the volcanism
and the weight of the volcanos on the Pacific lithosphere extends
~400 km to O‘ahu. The seismic hazard and earthquake occurrence
rates in Hawaii are locally as high as that near the most hazardous
faults elsewhere in the United States (Klein ez al. 2001). Hawai‘i sits
upon a ‘hot spot’ or ‘mantle plume’ which may extend downward to
the core—mantle boundary (Wilson 1963; Morgan 1971, 1972; An-
derson 1975; Anderson & Natland 2005). As the Pacific lithosphere
moves forward, this center of volcanism leaves a vestigial tracing of
volcanos in its wake, out to Midway Island and then northward. The
ramifications of heating and volcanism from the plume are to alter
the crustal and lithospheric, thermal and seismic structure beneath
the islands (e.g. Davies 1994).

In this study I have analysed seismic data to measure the effective
Q for seismic wave propagation originating at a swarm of 50
earthquakes (M, 5.2-5.4) which occurred during the 2018 collapse
of the Kilauea caldera (Neal et al. 2019). This study complements

prior studies of these earthquake sources (Butler 2019) and their
foreshocks (Butler 2020). Measuring both Op and Qg I have
identified where their ratio indicates a significant contribution from
bulk attenuation Qk, in addition to shear attenuation, Q,, (Butler
et al. 1987). Prior attenuation models for Hawai‘i are reviewed.
The effect of Qscatiering 0N Oingrinsic 1S estimated and compared
with results from Chouet (1976) and Mayeda et al. (1992). In
principle, since many attenuation mechanisms are thermal (7) and
pressure (P) activated processes, O = Qoe~ "+ VV/RT (Anderson
1967)—where E* and ¥ are an activation energy and volume and R
is the universal gas constant—I have estimated the basalt activation
energy from the ratio of shallow and mid-crustal Qg, pressure
and temperature from Hawai‘i boreholes. Assuming the relaxation
model for a standard linear solid, a simple Debye peak is fit to the
variation of attenuation with frequency.

2 DATA SET

2.1 Propagation paths

The propagation paths for the study are shown in Fig. 1. The
paths traverse beneath the Hawaiian volcanos: Kilauea, Mauna Loa,

© The Author(s) 2020. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access

article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

543

020z 1snbny gz uo 1senb Aq 8G£198G/E¥S/L/EZZ/e1one/B/woo dno-ojwspeoe//:sdiy woly pepeojumoq


http://orcid.org/0000-0002-1796-2797
mailto:rgb@hawaii.edu
http://creativecommons.org/licenses/by/4.0/

544 R. Butler

Alloha Cablled Observateory (ACO)

ALOHA

Google Earth

Data SI0; NOAA, U.S. Navy, NGA, GEBCO)
Data LDEO-Columbia, NSF, NOAA

KIP .
S %,
nowo  $ %
@

cong Pl
T ANTIPODE
MSVE S

XMAS

A
N
200 km

Figure 1. Map of the Hawaiian Islands and study area. The yellow line shows the propagation path from Halema‘uma‘u crater in Kilauea caldera to Pohakuloa
(POHA), Kahului Maui (KHLH); and the Aloha Cabled Observatory (ALOHA). POHA is located on the saddle at 1990 m elevation. KHLH is located at 14 m.
ALOHA is on the sea floor at 4728 m depth. Hawaiian volcanos whose distil flanks are traversed in propagation are highlighted left of the propagation line.
The inset shows the composite focal mechanism of the 50 nearly identical earthquakes (Butler 2019).

Mauna Kea, Hualalai, Kohala, Haleakela, Pu‘u Kukui (West Maui)
and Wailau (East Moloka‘i). The 50 earthquakes between May 29
and August 2 occurred within a 1.5-km radius at about 0.3 km
median depth (for a list of events and map of their locations see
table 1 and figure 1 in Butler 2019). As evident in Fig. 1, the paths
share a common azimuth from the source, and thereby share mu-
tual azimuthal source effects. The inset shows the composite focal
mechanism of the 50 earthquakes from Butler (2019), where a de-
tailed discussion of the events may be found. As the Kilauea summit
(Halema‘uma‘u Crater) is at about 1600 m and the USGS reviewed
hypocentres range from 1.4 to —1 km, the events nominally occurred
near sea level.

The first path segment is to Global Seismographic Network (GSN,
Butler et al. 2004) station POHA, Pohakuloa near the saddle of
Hawai‘i between Mauna Loa and Mauna Kea volcanos at an eleva-
tion of 1990 m. From the earthquake sources below Kilauea summit
near sea level, the shallow path to POHA is about 2-3 km ‘uphill,’
and measures the attenuation within the uppermost kilometres of
Kilauea and Mauna Loa to the edge of Mauna Kea. The mean of
P- and S-wave group arrivals travel at about 4.5 and 2.8 kms™',
respectively.

The second segment extends from POHA to the Pacific Tsunami
Warning Center (PTWC) seismic station KHLH, Kahului, Maui.
The path to KHLH on Maui is deeper, extending from beneath
Kilauea caldera to the distal flanks of Mauna Loa, Mauna Kea,
Hualalai, Kohala and Haleakala to KHLH on Maui. Applying

the Hawaiian Volcano Observatory (HVO) velocity structure for
Hawai‘i the mean P- and S-wave arrivals at KHLH have ray param-
eters of 1/6.8 and 1/4.1 s km™', respectively. These P- and S-wave
velocities correspond to mid-crustal velocities, ~7 km deep.

The path to ALOHA extends the path from KHLH—including the
distal edges of Pu‘u Kukui and Wailau—and thence into the Pacific
oceanic crust and lithosphere at the Aloha Cabled Observatory
(ACO), which resides on the seafloor at 4728 m depth, about 110 km
north of O‘ahu. Applying the Watts & ten Brink (1989) oceanic crust
appropriate for the upward path from Maui to ACO, the mean P-
and S-wave arrivals at ALOHA have ray parameters of 1/6.8 and
1/4.7 s km™', respectively. Again, these P- and S-wave velocities
correspond to mid-crustal velocities, ~7 km deep.

2.2 Sensors and distance ranges

The primary sensor used for POHA is the Streckeisen STS-2 high-
gain sampled at 100 samples per second (sps). The HHZ channel
is triggered, but actively recorded all of the events at a distance of
about ~46 km. At KHLH the primary sensor is the STS-2 sampled
continuously at 100 sps from the HHZ channel. KHLH is about
204 km from Halema‘uma‘u. At the ACO the primary sensor is
the ALOHA hydrophone, at 465 km distance from Halema‘uma“u.
The ALOHA sensor recorded at 96 kHz is decimated to 400 Hz for
initial review of frequency content, but then decimated to 100 Hz for
compatibility with the KHLH and POHA data. The ALOHA sensor
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has been calibrated to a Paroscientific nano-resolution Digiquartz
pressure gauge in the overlapping frequency band 1-10 Hz.

3 METHODOLOGY

In deriving the effective QO for the propagation paths, I adopted
the basic methodology used by prior Hawai‘i studies (Scherbaum
& Wyss 1990; Hansen er al. 2004; Lin et al. 2015) wherein the
earthquake source displacement spectra decays as /2 (i.e. Brune
1970; and Kaneko & Shearer 2014) beyond a measured corner
frequency, f.. In deriving the effective Q( f), no presumption was
made regarding the frequency dependence of Q.

The STS-2 and hydrophone data are converted into far-field dis-
placement, u(x,?), from which the amplitude spectrum A(f) is
derived. Initiating with the P- and S-wave arrival times, the data
are sampled in 5.12 s windows, which also contain the energy max-
ima. To confirm appropriateness of window selection, a comparison
with the Kanto district of Japan (Sato et al. 2012, fig. 8.10) found
that 2—-16 Hz S waves at 80-300 km distance show time offsets of
predominantly 1-3 s between the S arrival and S maximum, the
broadening attributed to scattering. Fig. 2 displays spectrograms
showing the time—frequency content of the earthquake signals. The
measurement of S-wave pulse broadening for this Hawaiian data set
is impeded by the intense foreshock activity preceding the major
events (Butler 2020). The spectral analysis of the P and S windows
used the multitaper method (Park ez al. 1987).

The earthquake spectrum u( /) is modelled following Kaneko &
Shearer (2014),

_ S0
L+ (f/ 1)

where € is the long-period spectral amplitude proportional to seis-
mic moment, M, and the spectral fall-off of the source is propor-
tional to /2. Q includes frequency independent effects such as
geometric spreading, source radiation and site impedance.

The effective attenuation is expressed as . O, which is the ratio
of the Imaginary to Real part of the complex modulus (shear u or
bulk K), whose functional form is e */*/9¢_ where x is distance in
km and c is the wave velocity (kms™). The amplitude spectrum is
modelled as the product of the source with the effective attenuation,

—nfx
A (x, )= u(f)eo. 2
Expressed in terms of t* = ¢/ Q (e.g. van lJsseldijk et al. 2019) the

u(f)= M

exponent 75{ = is equivalent to —7 f7*. Solving for Q(f > f),
_ Tfx
@) = S Tiogu ()~ log A (1] )

In practice, both Q and effective Q are used interchangeably, but the
basic model assumptions are still implicit. No attempt was made
to correct for frequency dependent wave propagation effects using
empirical Green’s function methods (e.g. Shearer et al. 2006) for
several reasons: (1) the closest sensor at POHA did not reliably
trigger on smaller magnitude events, (2) the more distant sites did
not reliably have good signal-to-noise ratio (SNR), that is 4( f)snr
> 4 and (3) the high background noise level from small events
outside of the Kilauea caldera. Nonetheless, the empirical Green’s
function corrections used by Shearer ef al. (2006) are <10 per
cent. Similarly, no local site corrections are made for POHA and
KHLH located on Hawaiian vesicular basalts, since the effective O
is derived from the signal fall-off with frequency in relation to the
™2 earthquake source model.
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3.1 P and S corner frequencies and spectra

An example of the amplitude spectral measurements for POHA is
shown in Fig. 3. Only data with a SNR > 4 are used. The P and S
corner frequencies f. of the fifty earthquakes are determined from
the closest station, POHA, by extrapolating the signal trend to the
low-frequency amplitude maxima that is proportional to the seismic
moment. These f. are then averaged for P and S, respectively,
+ the standard error of the mean: 7 = 0.44 + 0.02 and f5 =
0.41 + 0.02. The same f” and f* are used for POHA, KHLH
and ALOHA. Although the log—log, linear trend of the signal is
measured, effective . O values are determined by (3) for each signal
frequency from the log difference of the signal from the /2 source.

3.2 Effective Q
From the P and S waves, Qp and Qjy are, respectively, determined.
Shear waves attenuate due to a complex shear modulus, i, where the
shear wave velocity Vs = \/% , p is density and Qs = Q,,. Com-
pressional waves experience losses both in shear (1) and incom-
pressibility (K) moduli, where Vp = /X423

between Op, O, and QO is (Anderson 1989):

o = L0 +(1-1) 0 “4)
L =@/3)V,/V,)

. The relationship

For a Poisson solid exhibiting all attenuation in shear, Qp =
%QS (e.g. Anderson & Given 1982). Therefore, where Qp < %Qs
then O may be defined. Surprisingly, this condition is often met,
and therefore Qp, Qs and Qg are determined where applicable.
Both O, and O x measure the intrinsic anelasticity. Nonetheless, the
relative contribution of elastic scattering of shear and compressional
waves on intrinsic Q are considered in terms of Ocatering-

The paths to POHA and KHLH transit within the volcano edifices.
The path to ALOHA extends from the 204 km path to KHLH and
transits the oceanic crust. The attenuation observed at ALOHA also
contains the attenuation observed at KHLH. To resolve the ;O
for the path KHLH— ALOHA, consider the accumulative 7« (e.g.
Cormier 1982):

dr At;

1 = — = ) (5)
path Q ! Qi

The #+ for the whole path is the cumulative 7+ for the path segments,

where At is the path segment traveltime.

tItHLH + tleLH—>ALOHA = tZLOHA' (6)
XL ALoHA = fALona — fKHia

Solving for Q over the path KHLH—ALOHA, we derive
Oxurl— aLona from measured values at KHLH and ALOHA.

Atarona — Afguin _ Slarona  Alguin

(N

QKHLH%ALOHA QALOHA QKHLH '

The . O for the path segment is calculated for each frequency
where Q has been determined at both the beginning and end of
a segment. For example, Qg (and similarly for Qp) over the
KHLH—> ALOHA segment requires QX" measured at the same
frequencies from the same earthquake. Moreover, Q¢ requires both
measured Q p and QO at the same frequencies and for the same earth-
quakes. As a consequence, segmental O measures are limited by the
smallest frequency range of the elemental components contributing
to a O segment.
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Figure 2. Spectrograms for POHA Pohakuloa (upper panel), KHLH Kahului (middle panel) and ALOHA, ACO (lower panel) are shown for the Halema‘uma‘u
earthquake on 20-Jun-2018 14:22:23. Left portion of each panel displays the pre-event noise sample. To the right of the pre-event noise sample, only signals
with a signal-to-noise ratio (SNR) >4 are plotted. The deep blue background indicates SNR < 4. Hence, the right portion displays the earthquake where SNR
> 4. Nominal P and S times are indicated. POHA and KHLH are sampled at 100 sps, whereas ALOHA is down-sampled from 96k to 100 sps The colour bars
above each panel indicate the logjg power in each time—frequency interval. The y-axis is frequency Hz, whereas the time axis is in seconds with respect to the

earthquake origin time.

For each frequency measurement, only data with a SNR > 4 are
used. In each frequency band the Q values are determined for each
earthquake. The joined results are then subjected to a median filter.
The median absolute difference was applied to determine the 25 and
75 per cent percentiles, which encompass 50 per cent of the data in
a given frequency band.

4 HAWAI‘I ATTENUATION
LITERATURE REVIEW

Prior studies of attenuation on the Island of Hawai‘i are summa-
rized in Fig. 4. The study Mayeda et al. (1992) built upon prior
work by Aki & Chouet (1975), Chouet (1976) and Aki () using
S-wave coda to derive both intrinsic and scattering Q through the

relation 1/Qcota = 1/ Qintrinsic + I/QSCanel‘ing- Frankel & Wenner-
berg (1987) note that in the approach developed by Aki (1980), the
single-scattering model does not separate the intrinsic and scattering
Q in its analysis of coda decay. It combines the two types of attenu-
ation into a term called the ‘coda Q,” which is determined from the
decay rate of the coda. The single-scattering model assumes that the
coda Q is equivalent to the Q of direct waves propagating through
the medium. Mayeda et al. (1992) extended Aki’s method, but was
unable fit the data in a self-consistent fashion. Nonetheless, the re-
sults of Chouet (1976) and Mayeda et al. (1992) suggest a frequency
dependent QOs, as well as Qinrinsic < Oscattering at frequencies >6 Hz.

Other studies shown in Fig. 4 assumed a frequency independent
Op (Scherbaum & Wyss 1990; Hansen et al. 2004; Lin et al. 2015) or
Os (Koyanagi et al. 1995; Hansen et al. 2004). Beneath the Summit
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Kilauea Earthquake 2018/05/29 at POHA
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Figure 3. The P-wave amplitude spectral data—A( /), black curve fit at blue x’s—for the May 29 earthquake (M,, 5.3) are fit by a linear trend (red). S waves
are analysed identically. The corner frequency (orange triangle) is defined by the intersection of the P-wave amplitude spectral trend (red) with the amplitude
at lowest-frequency (e.g. Hanks & Thatcher 1972). The earthquake =2 source spectrum is shown (magenta dashed curve) derived from the corner frequency.
The solid green curve is the pre-event noise level, where the dashed green curve shows the minimum SNR of 4. The effective Q is measured from the amplitude

decrease of the data with respect to the =2 source level.

at shallow depths (0-3 km) Lin et al. (2015) find the Qp values
range between 30 and 105, and at 12 km depth below the Summit
a Op of 310. In general, the compressional wave attenuation met or
exceeded that for shear waves.

5 PROPAGATION OBSERVATIONS

5.1 Halema‘uma‘u to Pohakuloa

Effective O observations between 1 and 38 Hz at POHA are pre-
sented in Fig. 5. Both Op and Qg show similarities: (1) Q values are
lowest (~100) at low frequency, ~1 Hz; (2) from 2 to 8 Hz effec-
tive Q increases to a range 200-300; (3) there is a relatively sharp
increase in effective O to ~500 between 8 and 10 Hz; (4) at frequen-
cies above 10 Hz, effective QO shows an increasing trend in Qg and
decreasing trend in Qp—although not independent of frequency,
the trends show only a modest frequency dependence and (5) fitting
linear trends to the effective O, ddQ“ = 1.7 and d%’ = —4.3.
Using the relationship between seismic velocity (¥ and V) and
complex moduli (K and ), wherein O, = Q,,, the complex mod-
ulus of rigidity is derived from Vs, whereas the complex modulus
of incompressibility K is derived from Vp and Vs. By calculating
Ok I thereby transform Q; and Q, into Q, and Qk, separating
attenuation losses in shear from losses in compression. The bulk
losses generally exceed the shear losses, that is (Qx < Q). Com-
paring Ok in the noted frequency ranges for O, and Q,, (1) Ok
values are lowest (~75) at low frequency, ~1 Hz; (2) from 2 to 8§ Hz
effective Q increases to a range 175-250; (3) there is a relatively
sharp increase in effective Ox to ~400 between 8 and 10 Hz; (4)

at frequencies above 10 Hz, effective Qx decreases and (5) fitting

linear trends to the effective Qg, ddQ—/’.( = —2.5.

5.2 Halema‘uma‘u to KHLH Kahului, Maui

Effective QO measurements from Halema‘uma‘u to KHLH (Fig. 6)
are limited by the seismic noise at this coastal Maui site, at frequen-
cies beyond 18 and 13 Hz for Q p and Qj, respectively. Nonetheless,
Or(f) < Os(f) at all observed frequencies, and both show a lin-
ear trend, wherein % ~ 33.Since Op(f) < 3 Os(f)at KHLH, the
bulk attenuation Q is also displayed in Fig. 6. In contrast to POHA,
the path to KHLH shows a strong linear frequency dependence.
Comparing observations at /' = 10 Hz, KHLH has generally lower
values of O and thereby higher attenuation than POHA. For POHA
Pohakuloa, the observed Qp =~ 550, Qg ~ 450 and Qk ~ 300,
whereas for KHLH Kahului, Qp & 350, Qs ~ 400 and Qx ~ 250.
Interestingly, the subtle variations from a linear trend in QO p and Qs
lead to narrow peaks (lower attenuation) in Qg just above 6 and
11 Hz, and a trend in % ~ 25.

5.3 Halema‘uma‘u to ALOHA Cabled Observatory

Effective O measurements at ALOHA (Fig. 7) extend to higher
frequencies—beyond 23 and 20 Hz for Qp and Oy, respectively—
at this deep ocean site than observed at KHLH. Furthermore,
Or(f) < 30s(f) as seen at KHLH. Like KHLH, the path to
ALOHA also shows a strong linear frequency dependence. How-
ever, unlike KHLH, the linear trends differ significantly, d(?—/’ ~ 34

(compare KHLH) and % ~ 46. Comparing with prior observa-
tions at f = 10 Hz, ALOHA measures shows higher O and lower

020z 1snbny gz uo 1senb Aq 8G£198G/E¥S/L/EZZ/e1one/B/woo dno-ojwspeoe//:sdiy woly pepeojumoq



548 R. Butler

1000
900
800
700
600

500

Effective Q

400

300

200

100 HE /EE EE = = = = I I I B = I I B I B B B B O

1 1 1

0 1 1
0 5 10

15 20 25

Frequency, Hz

= = = ' Qp Kaoiki 0-7 km, Scherbaum & Wyss (1990)
— Qp Summit 0-3 km, Lin et al (2015)

———— Qp Summit 12 km, Lin et al (2015)

------------- Qp Summit 0-3 km, Hansen et al (2004)

— = = Qs Summit 0-3 km, Hansen et al (2004)
------------- Qs Summit, Koyanagi et al (1995)

—F— Total Qs + 90%, 5-20 km, Mayeda et al (1992)
—— Q-coda + 90%, 5-20 km, Mayeda et al (1992)
- -©- - Q-coda Summit, <10 km, Chouet, 1976

Figure 4. Prior Q studies referenced for the Island of Hawai‘i are plotted together for Qp (blue) and Qg (red). The nominal depth range of the measurements
within the focus area is indicated. The Summit refers to Kilauea. O-coda (green) is nominally Qs The frequency range reflects the data sample rate in the
respective study, whether or not the high-frequency content is measured. Data and error bars are truncated at an effective Q of 1000.

attenuation than KHLH: Qp ~ 400, Qs ~ 600 and Qg ~ 300.
This observation is an indication that the path from KHLH to
ALOHA differs significantly from the initial Halema‘uma‘u to
KHLH segment.

5.4 Beneath Hawaiian volcanos into the oceanic crust

The path to the ACO extends 263 km past KHLH. Initially beneath
the distal flanks of Pu'u Kukui and Wailau volcanos (Fig. 1), the
path from KHLH to ALOHA first traverses 80 km into Pacific crust
beneath the 3000 m bathymetry contour. The last 183 km (70 per
cent) of the path is in the oceanic crust—sampled by the ALOHA
hydrophone at ACO at 4728 m water depth.

The effective Q measurements at ALOHA linearly increase with
frequency where Qs > Qp > Qg over the frequency band. Unlike
KHLH where the slope %,S = ddg—f” for ALOHA % =13 %7
indicating higher Qs within the oceanic crust. As the propagation
to ALOHA has 43 per cent overlap with the KHLH path, Fig. 8 plots
Q for both sites. Osarona > Oskurn except below 2.5 Hz where

Osarona 1s more attenuating. O paropa ~ O prury €Xcept between

7 and 11 Hz where Oparona > Opxurn- In general,Qx arona ~
Okxuru- However, the source of two narrow Qg peaks near 6
and 11 Hz peaks is a mystery. Bulk attenuation continues unabated
beyond KHLH to ALOHA, indicating that the bulk loss mechanism
operating within the Hawaiian volcanos, appears as well in the
thickened crust (Leahy et al. 2010) north of O*ahu. In summary the
effective Qs observed at KHLH are comparable to those at ALOHA
for Qp and Qk, whereas Qy is substantial higher at ALOHA.
Following equations (5)—(7) I have derived the attenuation rele-
vant to the path from KHLH to ALOHA by assuming that the energy
observed at the surface of Maui is a reasonable proxy for the energy
propagating at depth beneath Maui. Since the high-frequency noise
at KHLH is higher than at ALOHA, the full frequency content out to
~22.5 Hz observed at ALOHA cannot be corrected. Fig. 9 plots the
effective Q for the KHLH-ALOHA path segment. For prior com-
parisons (Figs 5-7)at f = 10 Hz, the KHLH— ALOHA segment
measures Qp =~ 300, Q5 ~ 1250 and Qg ~ 500. d(% ~ 30 (com-

pare KHLH) and dd% ~ 138, and ddg—f"' ~ 31. Note the substantial
increase of Qg within the oceanic crust, as compared with the paths
within the volcanic edifice.

020z 1snbny gz uo 1senb Aq 8G£198G/E¥S/L/EZZ/e1one/B/woo dno-ojwspeoe//:sdiy woly pepeojumoq



Median Qp + 50th%

Median Qs + 50th%

Median Qk + 50th%

Hawaiian Q

1000

800

600

400

200

1

1000

5 20 25

Frequency, Hz

Median Qs for POHA

30

35

40

800 -

600

400

200

T T

dQ/df =1.7

| |

T

|

1000

15 20 25

Frequency, Hz

Median Qk for POHA

30

35

40

800

600

400

200

T

T

T

Frequency, Hz

40

549

Figure 5. The effective O are shown for the path from Kilauea Summit to POHA, Pohakuloa on the saddle between Mauna Loa and Mauna Kea. As the
compressional wave Q p is sensitive to attenuation losses in both shear (rigidity 1) and compression (bulk K) moduli, the O is derived from Qp and QOg.
Note that O, = Qg. The top, middle, and lower panels refer to effective Op (green), Os (red) and Qg (blue), respectively. At each frequency the median
effective Q are plotted and the error bounds refer to the median absolute deviation of the sample population (the 25-75 percentiles, attributed as £50 per
cent). The effective O are remarkably similar: initially increasing with frequency up to about 10 Hz, then leveling off wherein both QO p and Qg show the same
nominal range of O between 400 and 600. O p and Qg decline moderately for /> 10 Hz, whereas Qs increases moderately. dQ/d /" slopes are marked for the
linear trend lines with 95 per cent confidence intervals (dotted). In this single plot several differing attenuation processes are shown: Q,,, Ok, Q ~ f and O

nominally constant.
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Figure 6. The effective O are shown for the path from Kilauea Summit to KHLH, Kahului, Maui. The format follows Fig. 5. Over this path Op < Qg
though dQ/df ~ 33 for both. As before, Ok is derived from Qp and Qg. There are two Qg peaks just above 6 and 11 Hz, which appear from subtle
features of Op and Qg. As these peaks represent lower attenuation, it is not obvious why Qx would increase in these narrow bands. At low frequency near

f = 1, O rises sharply in each panel. These high values are observed for many events, and are a robust feature, though the amount of increase varies
substantially.

Several ~ observations may immediately be  drawn. dd% =138; at 11 Hz Osxmnoarons ~ 1500. Nonetheless,
dQPKHLH—)ALOHA A~ Qpgun and share the nearly the same the effective QOskninoatona also increases to ~1000 at
d%f ~32. Oskuiu—arona e€xceeds all other effective O’s 3 Hz. For bulk attenuation Qggpinoarona the linear trend

observed herein, increasing rapidly from 4 to 11 Hz with grows at the same rate as Opxmnoarons. Further, since
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Figure 7. Median effective Q are shown for the path from Kilauea Summit to the Aloha Cabled Observatory (ACO). The format follows Fig. 5, but is arranged
to clearly show Qs > Op > Qg over the frequency band. Over this 465 km path, Qg > 1000 above 20 Hz. Nonetheless, this path includes the high attenuation
near Kilauea, and therefore must be higher still over a path segment from KHLH to ALOHA. Linear trends (not plotted for clarity) indicate dQ/d f of 34.5
(Op),45.8 (0Qs) and 21.6 (Qk). Error bounds are 50 per cent intervals based on median absolute deviation.

Oskuin—arona > Opkuin—atona, the losses in rigidity are
smaller and thereby contribute less to Qp which trends with

QPKHLH%ALOHA ~ QKKHLH%ALOHA'

6 BULK ATTENUATION

The observation of significant bulk attenuation is unusual. All global
earth models have Q¢ > Q,, although some bulk attenuation is
required to fit the lowest order radial modes ( ¢Sy — 0Ss) of the
Earth’s free oscillations (Knopoff 1964; Anderson 1980; Dziewon-
ski & Anderson 1981; Widmer ez al. 1991; Dahlen & Tromp 1998;
Romanowicz & Durek 2000). Anderson (1980) proposed O in the
inner core, though noted that Qx ~ 10000 throughout the Earth
can match the data. Durek & Ekstro™m (1996) presented earth mod-
els where Q is expressed solely in the upper mantle (Qx ~ 1060)
or within the asthenosphere (80-220 km depth) Qg ~ 175. For
crustal propagation in and near Hawai‘i Qg ~ 75 (Figs 6 and 7)
at frequencies near 1 Hz. However, the primary data for the radial
modes are very long period, where 7' >~ 1000 s. Therefore, any
oceanic crustal contribution to the O for (S attenuation requires
substantially broader relaxation times than observed in this study.
Shifting four decades in frequency, Butler ez al. (1987) measure
QOp and Qg at frequencies from 2.5 to 22.5 Hz near Wake Island.
The data set are P, and S, (nomenclature for long-range, high-
frequency Pn and Sn from Walker & McCreery 1987) propagating
in the west-central Pacific crust and lithosphere along a 1500-km
ocean-bottom hydrophone linear array. In this experiment shear
waves showed significantly higher frequencies than compressional
wave energy, which is modelled as Qp < Og. Bulk attenuation
derived shows Qy increasing with frequency as f%° from ~200
to 800. Therefore, the results here confirm the existence of bulk
attenuation in the shallow Pacific lithosphere at frequencies >2 Hz.
Wei & Wiens (2020) modelled attenuation in the upper mantle
of the Lau Basin using the basic /= earthquake source spectrum

methodology presented herein (Fig. 3). Significant differences in
the Wei & Wiens (2020) approach include: (1) 952 mantle earth-
quakes were analyzed at depths 50-700 km; (2) P-wave SNR > 2
and SNR > 1.8 for S waves; (3) the nominal frequency bands are
3 to ~14 Hz for P waves and 1 to 4 Hz for S waves and (4) the
intrinsic Q p and Q; are independent of frequency. The lowest, de-
rived mantle Q,, and Qg are ~28 and ~21, respectively, and occur
beneath the Lau backarc spreading. The Q values are significantly
less than the minimum crustal Q’s observed herein (Fig. 5) where
0, and Qg are ~85 and ~50, respectively. Wei & Wiens (2020)
ascribe the bulk attenuation as ‘caused by one or more mechanisms
related to partial melt, including porous melt flow through inter-
connected pores and incremental stress-induced changes in melt
fraction.’

In principle, some of the compressional losses ascribed to Qg
may be due t0 Opscatering. The ratio of P to S wavelengths is
/3 for a Poisson solid. Thus, the scale-length of scattering at f
= 10 Hz for S waves would occur at ~17 Hz for P waves. For
crustal measurements, Ogcattering > inrinsic for S waves observed
in Hawai‘i (Chouet 1976; Mayeda et al. 1992), Japan (Carcolé &
Sato 2010; Takahashi 2012; Takemura et al. 2017) and the contigu-
ous United States (Eulenfeld & Wegler 2017). Hence, at a given
frequency f, Qg (f) is derived from Qp(f) and Qs(f), whereas
stcancring(\/g /) and Osaering( /) have differing frequency depen-
dencies. Since we have little constraint on the P-wave scattering, |
assume for simplicity that Opgcatiering > OPinirinsic and that the con-
tribution of Opicatiering has only a minor effect on Ok .

6.1 Qx Mechanism

Bulk attenuation can arise from the mismatch in bulk medium
properties (Budiansky & O’Connell 1980)—incompressibility K,
coefficient of volumetric thermal expansion «y, thermal con-
ductivity «, thermal diffusivity «p. Anderson (1989) states, ‘If
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Q comparison at ACO and KHLH
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Figure 8. Op, Og and Qg are shown comparing the volcanic traverse to KHLH with the same traverse extending via oceanic crust out to ACO. The ALOHA
data are shown in black, and the KHLH data in colour. The trends observed for O p and Q in the middle and lower panels substantially coincide, indicating
that the attenuation environment in the ocean crust is comparable to the volcanic traverse. However, in the upper panel the oceanic Qs path shows significantly

lower attenuation, Osarona > OSKHLH-

a composite contains grains that are very anisotropic or differ
greatly in their properties, the bulk attenuation can be substan-
tial. For a factor of 2 contrast in the coefficient of thermal ex-
pansion or bulk modulus, Qx can be as low as 300 and 3000,
respectively (Budiansky & O’Connell 1980).” Here, the analog is
the water saturated vesicles in a basalt medium. Hence, the pas-
sage of seismic energy through water-saturated vesicular basalts

can, in principle, loose energy to heat through the differential
strains acting on the contrasting media properties. The princi-
pal dichotomies in these properties are shown by the following
ratios (basalt/water): bulk modulus (25), volumetric thermal ex-
pansion (1/16), thermal conductivity (3) and thermal diffusivity
(7). Experimental measurements of water saturated basalts (Batzle
et al. 2014) have found Qg decreasing (20 to 11) over the fre-
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Figure 9. The path to ALOHA, Aloha Cabled Observatory follows nearly the same path to KHLH as the Hawaiian volcanos traverse (Fig. 1). The incremental
attenuation over the path from KHLH to ALOHA is calculated and shown here. Note that the frequency range is limited by noise levels at the coastal KHLH
site, as well as the requirement to derive Q from earthquakes mutual to each site. Qg reaches 1500 at 11 Hz. Extending the trend linearly to 20 Hz (as in Figs 8
and 9), the possible attenuation for the KHLH— ALOHA segment would potentially reach Qg ~ 2750. Further, the bulk attenuation seen for the volcanic
paths is again observed for this oceanic segment. Near Wake Island, Butler ez al. (1987) derived both high Q5 ~ 3000 at 20 Hz, and significant bulk attenuation
Ok . However, both QO p and Qg observed near Wake Island shows lower attenuation than observed herein.

quency (2-25 Hz) and then increasing to Qx = 20 again toward of relative temperature change to small pressure change can il-
350 Hz. luminate the process. Following Castellan (1964) PV = RT,
Without fully deriving the relative effect of contrasting prop- and the temperature derivative with respect to pressure is d7 =

erties between basalt and a water-filled vesicle, the basic effect VdP/R ,where V molar volume and R is the universal gas constant
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(8.314 Jmole™! °K~1). Based on an average of 53 analyses of
olivine basalts from the Hawaiian Islands (Volcanoes of the Na-
tional Parks of Hawai‘i 2006), the molar volume of basalt is 7/ =
2.1 x 107° m® mole™!; for water, ¥ = 1.8 x 107> m?® mole".

Hence, dT = VdP/R =~
ATbasalt =25x 1O_GAPbasalt

ATgter = 2.2 X 10 °APyyer ®)
For the same pressure change A P in S.I. units,

AT

Zoheall 14, ©9)

A Twater

Therefore, a unit change in pressure affects a change in the temper-
ature of the basalt 14 per cent more than that of water, causing heat
to flow across the water—basalt boundary to return to equilibrium.

6.2 Vesicles

A phenomenological case is made that the presence of basalt vesi-
cles (porosity), saturated with water, is a potential source for the
shallow bulk attenuation. The existence of vesicles is evident at the
surface of Hawaiian volcanos (e.g. Walker 1989). The Hawai‘i Sci-
entific Drilling Project (HSDP, Garcia et al. 2007) drilled to a depth
of 3.1 km near Hilo, Hawai‘i, into both Mauna Kea and Mauna Loa;
and the Hawai‘i Scientific Observation Hole 1 (SOHI1, Garcia et
al. 2007) drilled into 1.7 km into the Kilauea east rift zone (ERZ).
Median vesicle (vol. per cent) in subaerial flow units range from 4 to
18 per cent. The mean observed vesicle abundance in the submarine
cores from Mauna Kea and the Kilauea ERZ were 3.4 and 6.7 per
cent by volume.

The Ocean Drilling Project (ODP) has sampled the upper crust
of the Pacific over many of its legs. ODP Hole 801C was drilled
in 160 Ma, Jurassic crust 1000 km west of Wake Island into basalt
basement from 480 to 594 m below sea floor (mbsf), finding ap-
parent bulk porosities from 1 to 23 per cent (Larson et al. 1993).
In the easternmost equatorial Pacific Slagle & Goldberg (2011) re-
port porosities from ODP sites 1256 and 504. Site 1256 was drilled
1257 m into basement penetrating 15 Ma crust; Site 504 penetrated
1836 m into basement in 6.9 Ma crust. Porosity measurements (from
both resistivity and seismic velocity) for Site 504 ranged from 5 to
24 per cent; at Site 1256 from 3 to 37 per cent. Between the Murray
and Molokai Fracture Zones ODP site 1224 at the H20 observatory
(Butler et al. 2000) was drilled into 46 Ma basaltic oceanic crust
to a depth of 175 mbsf between the Murray and Molokai Fracture
Zones (Kasahara & Stephen 2006). Porosities of 4—15 per cent and
higher were reported. Thus, at widely differing sites and sea floor
ages within the Pacific, vesicular basalts are evident in the upper
crust, with porosity values comparable to those observed within the
Island of Hawai‘i.

7 SHEAR WAVE ATTENUATION

Shear wave energy losses are potentially due to a multitude of
mechanisms, which were broadly outlined by Anderson (1967) and
Jackson & Anderson (1970). These include: dislocations (relax-
ation, resonance, hysteresis, stress induced diffusion and creep),
thermoelastic relaxation, grain-boundary damping, transient cold-
work internal friction, deformation hysteresis and point defect in-
ternal friction, among others. Although we cannot resolve the actual
attenuation mechanism(s), we can constrain a key property, the ac-
tivation energy.

7.1 Activation energy

Many attenuation mechanisms are activated by temperature and
pressure,

0, (11, P = 0y exp = (10)
I have derived the attenuation Qg for shallow basalt (measured
at POHA) and a mid-crustal basaltic composition (measured at
KHLH), and therefore can relate the ratio of Q’s to the ratio of
exponentials for appropriate temperature and pressure along the
path. Let (73, P;) be measured shallow at POHA and (73, P,) over
crustal KHLH path, E* is the activation energy and ¥ the molar
volume

0, (T, P) E*4V Py .-
0y = I [ o,en an

RT,
After some algebra,

Ty, P 5
RDT, log[g':T;Pg] + V(P = T Py)
Ef = - BT) (12)

where R is the gas constant (8.314 J mole~! °K 1), ¥ is molar
volume (2.1 x 107> m® mole™!. P, and P, are measured at 1 and
6 km depths, respectively, from PREM (without ocean, Dziewonski
& Anderson 1981) at 2.5 x 107 and 1.5 x 10° Nm™2, respec-
tively. Temperature (°K) is derived from boreholes at the Pohakuloa
Training Area (PTA2, Jerram et al. 2019) near POHA and from
the Hawaii Scientific Drilling Project (HSDP, Stolper et al. 2009).
For PTA2 the mean of temperatures between 1 and 1.5 km is 80
°C. This high temperature is corroborated by 3-D magnetotelluric
profiles over 500 km? showing a broad, low resistivity zone in the
saddle between Mauna Loa and Mauna Kea (Thomas et al. 2015).
The HSDP borehole is near Hilo on the distal flanks of Mauna
Loa and Mauna Kea, thereby representative of the distal flanks of
other volcanos along the path flor Kilauea to KHLH. At HSDP I
extrapolate conductive and advective temperature gradients from 3
to 6 km (D. Thomas, personal communication, 2019; Stolper et al.
2009), yielding Teonguctive = 91 °C and Thayective = 112 °C. For the
POHA/KHLH paths, Osxnrn < Osponsbetween 1.5 and 5.7 Hz
(Fig. 10), where a Qj ratio of 1.4 fits within the 50 per cent median
absolute difference of ratios, when measured at mutual frequencies
for the same earthquakes for both paths. Evaluating eq. (11) for a
mean 7, = 105.5°C, the apparent activation energy for shear at-
tenuation in basalt, £, = 50 kJ mol'. The largest uncertainty
lies in the extrapolation of temperature at HSDP and its relevance to
the mid-crust between Kilauea and KHLH. For a temperature range
0f 91-120 °C, Ef,,, varies from 98 to 34 kJ mol .

At shallow depths the 7 P (at 1 km) = 0.53 kJ and therefore
E} > VP at shallower depths (e.g. propagation to POHA) and
the effect of pressure on attenuation is negligible compared with
E} - A corollary for this is that the change in attenuation behaviour
at POHA for /> 10 Hz, is not simply a shift in O due to pressure.
Rather, the relative frequency independence of Q(f > 10) may
be ascribed to a different loss mechanism that limits the observed
increase in effective O ~ f to frequencies below 10 Hz.

For comparison with olivine—at 7'= 800-1200 °C for grainsize-
sensitive, viscoelastic relaxation in melt-free specimens—Jackson
& Faul (2010) report £, . = 360 kJ mol™'. For creep and dislo-
cation climb in olivine, Kohlstedt ef al. (1976) and Goetze (1978)
report E*. . = 523-690 kJ mol™".

olivine
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Figure 10. O p and Qg are shown for both paths traversing Hawaiian volcanos, to POHA and to KHLH. The frequency range is abridged from Figs 5 and 6 to
enhance the relationships. KHLH Qp (upper panel, green) and Qg (lower panel, red) are plotted with POHA (black). The linear trends expressed for KHLH
track the rough trend seen for POHA, and both fit within the error bounds of the trends. The increasing Q values trend line joins with the O plateau for POHA.
For Op and Qg at f < 12 Hz the attenuation losses for the shallow, 46 km path to POHA are commensurate with the mid-crustal, 207 km path to KHLH.

7.2 Absorption band Q

Butler (1987) modelled the frequency dependent Qs data (2.5—
22.5 Hz, Butler et al. 1987) and Rayleigh wave Qy data (20—40 s)
as a seismic absorption band in the Pacific lithosphere near Wake
Island with the high-frequency edge of the band at 5.5 Hz. Here,
the Qs over the path from Kilauea to KHLH are modelled as a
standard linear solid with a single relaxation time 7 (Debye peak)
fitting the observed linear frequency dependence of O (e.g. Minster
1978a,b)

20 wr

-1 _ max

0 ()= (13)
The maximum Q~' occurs where wr = 1. Herein, Q™' is maxi-

mum at fpepe = 1.4 Hz. The characteristic relaxation time is then
0.11 s. Fig. 11 plots the Debye model of Q~' with the QEI data.
As there are no model parameters other than the peak value of
O,) (foevye), the fit is good.

An absorption band fit for the POHA data is not warranted as
Oy increases initially, then levels at /> 10 Hz. The ALOHA Qg
data increase with frequency faster than the Debye model predicts.
also show the Debye fit to the KHLH Q data, which again appears
adequate. Nonetheless, it is not clear that Q¢ should manifest a
Debye peak at all, since bulk attenuation as discussed earlier is
not explicitly a thermally activated process. However, if thermally
activated, then its activation energy would be in the range E, =
62-21 kJ mol™ for its Qg ratio of 0.6, that is Qg pona < QxxuLn-
Furthermore, Ok has nearly the same form and fpepye as for Qg,

which is remarkable since losses in Qg are not typically connected
with Q,,. Finally, whereas the width of the Debye absorption band
broadly fit the 1.4-14 Hz data, there is no parameter for tuning of
the width of the band. Hence, small scale “valleys’ in the Q spectra
cannot be explained as due to additional Debye peaks.

8 SCATTERING Q

The observed Qg and Qp variations (Fig. 5) over the 46-km,
Kilauea—POHA path for > 10 Hz are approximately constant with
an imposed ‘structure.” The peaks and valleys vary systematically
with frequency as observed through the median filter. Nonetheless,
the width of the valleys (greater attenuation) does not comport with
a series of relaxation peaks. As seen in Fig. 5 the absorption band
varies over a broader band of frequencies. Without an intrinsic at-
tenuation attribution, I have looked to scattering attenuation as the
source of the observed variation via the relationship (e.g. Mayeda
et al. 1992):

N (14)
eff Q Qintrinsic

Qscattering
Oscanering includes the interference of elastic waves propagating
through a variable, layered media. A cross section of the V» and
Vs variation observed (Jerram et al. 2019) in the PTA2 borehole
(adjacent to POHA Pohakuloa) between 900 and 1500 m depth is
consistent with the expectation of constructive and destructive inter-
ference. Scattering differs from intrinsic attenuation in that elastic
scattering can lead to both energy decrease and increase. Mapping
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Figure 11. The variation of shear and bulk attenuation—QEl (red) and le(blue)—are plotted for the volcano traverse to KHLH. Fitting Debye peaks to the

attenuation maxima ( fpepye = 1.4 Hz), the fall off with frequency reasonable matches the observed attenuation (solid and dashed black curves). QI_(l deviates

from this trend where the Qk relative maxima are in Fig. 6.

the scattering variations into Q requires formulating the scattering
solely as losses in the context of a frequency independent back-
ground intrinsic Q. By example, let O gsjyuinic = 050 from f =
12 — 33 Hz. Then the additional scattering losses decrease QOg.
Fig. 12 plots this model, showing that O scaering ~ 1000 to 10 000
can explain the variability of Q. Similarly for compressional waves
Orintrinsic = 700, then O papiering ~ 900 to 7000 can explain the
variability of Qp. For f > 12 Hz the shallow scattering wave-
lengths are Ap <450 m and Ag < 280. The levels of scatter-
ing attenuation on the Island of Hawai‘i are commensurate with
the assessment of Mayeda et al. (1992) that Qscattering > Qintrinsic
at /> 6 Hz.

9 BROADER CONTEXT OF EFFECTIVE
O OBSERVATIONS

9.1 Pacific lithosphere

Takeuchi et al. (2017) deterministically modelled anelasticity (at
~3 Hz) in the lithosphere using P, and S, waves from aftershocks of
the 2011 Tohoku earthquake on BOBS’s deployed on the sea floor
of the northwest Pacific. Over a distance range of 7-22°A, their
preferred lithospheric model shows weak attenuation, Qg = 3200,
Op = %QS , and stochastic velocity heterogeneity of 2.5 per cent.
Shito et al. (2013) modelled (up to 5 Hz) P, and S, observed on
broad-band ocean-bottom seismometers (BOBS) installed on the
northwest Pacific seafloor from subduction earthquakes in Japan.

The model qualitatively fitting the P, and S, wave features included
Op = Qs = 1000 in the crust, Op = Qg = 2000 in the upper
mantle and stochastic velocity heterogeneity of 2 per cent. Ken-
nett et al. (2014) modelled lithospheric intrinsic attenuation and
stochastic velocity heterogeneity for P, and S, from earthquakes
in Hawai‘i and California (Butler & Duennebier 2000) propagating
(2-8 Hz) to the Hawai‘i-2 Observatory, H20 (Butler et al. 2000;
Butler 2003). Exploring lithospheric Qs = 2000-500 (Qp = 20Qs),
thicknesses of 100 and 50, heterogeneity (0.5-2 per cent) and with
crustal Qg = 200, Kennett ez al. (2014) qualitatively match P, and
S, wave features.

Butler et al. (1987) modelled the decay of P, and S, from
a Kuril Island earthquake. A 1500-km, linear array of 9 ocean
bottom hydrophones (the first 4 primarily analysed had an aper-
ture of 422 km) were deployed for two months near Wake Is-
land in 1981 recorded a magnitude M,, 6.5 earthquake at an 7°
angle to the trend of the array. Both P, and S, were observed
with frequencies exceeding 25 Hz arrived at group velocities of
8.2 and 4.7 kms™!, respectively. Peak energies traveled at 7.7 and
4.5 kms™', which are mid-deep crustal velocities. Attenuation was
determined using the classic two-station method, tracing the en-
ergy in successive group-velocity windows. Peak O values of P,
and S, reach about 1500 and 4000, respectively. That Qp < %Q s
is an indication of bulk attenuation and/or that P, propagates as
a leaky mode. The effective Q’s for P, and S, increase with fre-
quency: for Py, O, ~ f%7 from about 300 at 2.5 Hz to 1500 at
17.5 Hz; for S,, Qs ~ ! from about 400 at 2.5 Hz to 3000 at
22.5 Hz.
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Figure 12. Fluctuations in effective Q at POHA Pohakuloa are modelled as variation with elastic scattering. Median Q p (upper panel) and Qg (lower panel)
from Fig. 5 are plotted with error bounds. Assuming that Q is frequency independent from 12 to 33 Hz (cyan line), the amount of QOscattering needed to produce
the observed Qinginsic fluctuations are shown by the magenta lines. Note logarithmic Q scale.

Table 1. Comparison of Q(f) observed over two separate oceanic paths.

Effective O

(frequency range, Hz) KHLH— ALOHA Wake
0,3) 200 300
0,4 —17) 130-550 450-1500
Os 4) 800 700
Os (4 —11) 600-1450 700-1600
Ok (4—10.5) 150-400 300-500

The @ wvalues determined for the primarily oceanic
KHLH— ALOHA path are compared in Table 1 with the Wake O
data set, reflecting the same frequency range for the observations.
Summary observations are: (1) In general, the Hawaiian attenuation
exceeds that measured near Wake; (2) however, Qg for the oceanic
KHLH— ALOHA path differs only moderately compared with
Wake; (3) in contrast, O, and Ok are significantly lower than the
Wake observations and (4) at a frequencies less than 4 Hz, both Q p
and Qy increase (lower attenuation) for the KHLH— ALOHA
path, in contrast to the Wake observations. As an effect of wave-
length, this may reflect lower attenuation at greater depth in the
crust approaching ALOHA.

9.2 Crustal measurements in Japan and the mainland U.S.

Measurements of high frequency (>1 Hz) intrinsic and scattering
attenuation elsewhere place the Hawai‘i crustal measurements in

perspective. Although not an exhaustive list, the following studies
are reviewed: in Japan (Carcolé & Sato 2010; Takahashi 2012; Take-
mura et al. 2017) and in the contiguous United States (Eulenfeld &
Wegler 2017). In Japan, Carcolé & Sato (2010) measured intrinsic
0; and scattering Q. for S waves in five 1-octave frequency band
(1-32 Hz). The data set was limited to shallow (<40 km depth)
earthquakes at distances <100 km. Q; values ranged from ~200 to
1500, whereas Q. ranged from ~200 to 5000; except at the lowest
frequency, Qs > ;. In northeastern Japan Takahashi (2012)
measured S-wave effective Q s—including both intrinsic absorption
and wide-angle scattering—in three l-octave frequency bands
(4-32 Hz). The effective Qg structure shows weak attenuation
orr Os(f) ~ 320£°5 on the forearc side of the volcanic front, and
strong attenuation ,;r Qs(f) ~ 200 (compare Fig. 6) beneath
the Quaternary volcanoes and near the collision zone between the
Honshu and Kuril arcs. According to the Born approximation, the
estimated ./ O at 040 km depth consists mainly of the intrinsic
absorption if the characteristic scale of random inhomogeneities
is 5 km or longer. Takemura et al. (2017) modelled P- and S-wave
high-frequency seismic wave propagation for distances <150 km
for crustal earthquakes in southwestern Japan in three 1-octave fre-
quency bands, 0.5-4 Hz. In these three bands, centered on {0.75, 1
and 3 Hz} the ;s Q p are {400, 100, 100}, and /s O s values are {250,
250 and 630}. For the higher frequencies (>1 Hz) .;y Os > .7 Op.
Takemura et al. (2017) also found that scattering attenuation
due to small-scale velocity heterogeneity has a very small con-
tribution to the observed apparent attenuation, suggesting that
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intrinsic attenuation is the dominant attenuation mechanism in the
crust.

Finally, Eulenfeld & Wegler (2017) use 10 yr of S-wave data of
the USArray project to estimate attenuation of crustal S waves—
intrinsic Q; and scattering Q,.—in the contiguous United States
at frequencies between 1.5 and 17 Hz. Earthquakes were limited
to depths <40 km, and propagation distance <110 km. Increasing
with frequency monotonically, Q; ~ 150 to 1700 and Q,. ~ 150 to
2000. For f > 1.5 Hz, Q,. > Q; in the western United States, but
comparable in the east, Q. ~ O;.

10 DISCUSSION

The study of attenuation of seismic waves from 50 earthquakes
colocated in the Halema‘uma‘u crater of Kilauea’s caldera has been
conducted over three, colinear paths: 46 km to the Pohakuloa sad-
dle between Mauna Kea and Mauna Loa, 207 km to Kahului, Maui
and 465 km to the ACO situated on the sea floor 114 km north of
O‘ahu. The propagation path to Pohakuloa is shallow, 1990 m uphill
from the mean earthquake depths. The path to Maui traverses to a
depth ~7 km beneath the distal flanks of Mauna Kea, Mauna Loa,
Hualalai, Kohala and Haleakela. The path to ACO continues beneath
the distal flanks of Pu'u Kukui and Wailau and then ~263 km be-
neath the sea floor (>3000 m bathymetric depth). A fourth segment
estimates the attenuation between Maui and ACO by separating out
the shared Kilauea—Maui contribution. The Pohakuloa segment is
compared with prior attenuation studies of the Island of Hawai‘i.
The traverse to Maui is new. The 70 per cent oceanic traverse from
Maui to ACO is compared with a prior attenuation study in the
oceanic lithosphere near Wake Island.

The paths within the volcanos (to POHA and KHLH) show both
significant similarities as well as differences. Both show Qp and
Oy initially increasing with frequency from ~100 near 1.5 Hz. Both
show Qg increasing with frequency below 1.5 Hz (resolution is lim-
ited by bandwidth) to 300-400. Both show significant bulk attenua-
tion. The principle difference is the frequency quasi-independence
of Op and Qy (in the range 400-600) above ~10 Hz observed for

the shallow, short propagation to POHA. For KHLH, both ddQ—fP and

dd%:" have similar trends of ~33 Hz !, whereas for POHA the %

and % trends (>10 Hz) differ in sign. Also, Qs over the path
to KHLH may be fit reasonably well by a Debye relaxation peak,
whereas at POHA the fit is poor.

Low values of frequency-independent Q < 100 observed within
the shallow (<3 km) summit of Kilauea in prior studies (Fig. 4)
are not observed over the 46 km path to Pohakuloa. However, the
Qs derived from Q-coda by Chouet (1976) offer the best fit to the
POHA Qg data, expressing both an initial increasing O (<10 Hz)
and then flattening over the band 9-24 Hz.

For the path to ALOHA, Qs > Qp > Qg over all frequencies.
Over the paths to KHLH and to ALOHA, roughly identical linear
trends are observed for Qp and for Qg. However, Qg shows a
more rapid linear increase for ALOHA than KHLH, indicating
that the oceanic segment from KHLH to ALOHA has significantly
higher Q. By deriving the Qs for the KHLH— ALOHA segment
of propagation, an oceanic path contribution is resolved. For this
KHLH— ALOHA segment, Qg increases linearly, more rapidly
with frequency, % = 138, than other paths. In contrast, the dd!J ~
30 is concordant with that seen for the KHLH and ALOHA paths.
Notwithstanding the moderately more attenuation, the Qg values
for this oceanic segment from Maui to ACO agree remarkably well
with the attenuation study of Butler ez al. (1987) near Wake Island.

However, both the O p and Q are higher at Wake Island, indicating
greater bulk attenuation for Hawaiian paths.

An apparent scattering Q for the Kilauea to POHA path is
derived from the fluctuating Qg and Qp values with respect to
the attenuation trend line. By assuming a frequency independent
0 ~ 650 — 700 concordant with the upper range of error bars for

f > 10 Hz, the apparent losses above this threshold are mapped

into Oscarrering > 1000. Here the intrinsic losses exceed the scatter-
ing losses, that is Qscarrering > Op and s, as observed in Hawai‘i by
Chouet (1976) and Mayeda et al. (1992)

In summary comparison, the following points are salient. (1)
the path from Kilauea to POHA shows multiple attenuation pro-
cesses, O, Ok, Oscartering. O ~ f and O ~constant; (2) for
the paths to KHLH and ALOHA, the attenuation processes in-
clude Q,, Ok and O ~ f; (3) for the derived ocean segment
KHLH— ALOHA, again Q,, Ok, Q ~ f are observed with
Q,, increasing rapidly with frequency compared to other paths
and (4) in comparison with prior high-frequency attenuation mea-
surements in the oceanic crust and lithosphere near Wake Island,
Q,, are comparable, and Qp and Q are lower for the Hawaiian
Islands.

In addition to the measurement of attenuation, I have attempted to
resolve some constraints upon the attenuation process. Based upon
the significant contrast in physical properties, I have proposed that
bulk attenuation may be due to the conjunction of water saturated
vesicles within basalt causing differential heating within the water
and basalt matrix due the temperatures varying thermodynamically
with imposed pressure variations from the seismic waves. Assuming
the same attenuation process, using the ratio of Q,, from the shallow
POHA and deep KHLH paths, the molar volume 7, and temperature
extrapolated from Hawai‘i boreholes, an activation energy E* =
50 kJ mol™ is derived. Finally, the attenuation characteristics for
shear losses in le may be matched to a single Debye peak in the
attenuation spectrum at /'~ 1.4 Hz for the KHLH path.

11 CONCLUSION

I have measured effective anelastic attenuation from 50 M, 5 earth-
quakes during the collapse of Kilauea’s caldera in 2018 over shallow
and mid-crustal depths beneath Hawaiian volcanos, and extending
into the oceanic crust at the ACO north of Oahu. Energy loss is mea-
sured with respect to an w2 earthquake source spectrum at three
sites along a constant azimuth: I[U.POHA Pohakuloa, at the saddle
between Mauna Loa and Mauna Kea; PT. KHLH Kahului, Maui be-
tween Haleakala and west Maui; and on the seafloor at ALOHA,
ACO. Over the observed propagation paths, intrinsic attenuation
losses exceed scattering losses, that is Oscarrering > Op ana s-In gen-
eral, compressional wave losses are greater than those for shear
waves, and the additional loss is modelled as due to bulk attenua-
tion losses via the modulus of incompressibility, K. I have further
proposed that bulk loss mechanism is due to the contrasting phys-
ical properties between vesicular basalts and the water-saturated
vesicles.

The paths to POHA and KHLH both exhibit similar Q increasing
with frequency from 1 to 10 Hz. However, for POHA above 10 Hz,
QO remains relatively constant to nearly 40 Hz. Apparent fluctuations
in Q with respect to a constant trend are modelled as an additional
loss due to elastic scattering, with apparent Q > 1000. Hence, in
addition to bulk attenuation and apparent scattering Q, the 46-km
shallow path to POHA exhibits both frequency independent and
nearly constant Q trends.
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The path to ALOHA has similar compressional and bulk losses
as KHLH, but the effective shear losses appear much larger for
KHLH. By using the Q spectrum for the Kilauea—Kahului path seg-
ment, | have corrected the Kilauea—Kahului—~ACO path, to resolve
the effective Q over a 70 per cent oceanic Kahului~ACO path. The
effective, frequency-dependent Qs measured increases from 600
to 1450 between 4 and 11 Hz. The rate of increase dﬁ% =138
greatly exceeds other dQ/df trends in the range 20-45 Hz'.
Comparing with a prior oceanic Q study near Wake Island (Butler
et al. 1987) the results are congruent: evidence of bulk attenuation,
and similar Qg values and frequency dependence. However, both
compressional and bulk losses are greater for the thicker oceanic
crust between Kahului and ACO than observed in the Wake Island
study.

Finally, I have modelled attenuation at KHLH as a Debye peak for
a standard linear solid. Whereas the broad spectrum may be fit well,
the smaller scale variations observed in O~' cannot be matched.
This observation spurred the assumption of elastic scattering O to
describe the small-scale variation. By assuming the same attenua-
tion mechanism in the frequency band 1.5-5.7 Hz for the shallow
path to POHA and mid-crustal path to KHLH, I have derived an
activation energy for the process.

DATA AND RESOURCES

All earthquake locations were obtained from the USGS/HVO cat-
alogue (https://earthquake.usgs.gov/earthquakes/search/), and are
listed in Table 1 of Butler (2018). Seismic waveform data for
IUPOHA and PT.KHLH were downloaded from the IRIS Data
Management System. ALOHA hydrophone data were downloaded
from the University of Hawai‘i ACO.
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