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A Simultaneous Multiphase Approach to Determine P-Wave and S-Wave

Attenuation of the Crust and Upper Mantle

by Michael E. Pasyanos, William R. Walter, and Eric M. Matzel

Abstract We have generalized the methodology of our regional amplitude tomog-
raphy from the Lg phase to the four primary regional phases (Pn, Pg, Sn, Lg).
Differences in the geometrical spreading, source term, site term, and travel paths are
accounted for, while event source parameters such as seismic moment are consistent
among phases. In the process, we have developed the first comprehensive regional
P-wave and S-wave attenuation model of the crust and upper mantle by simulta-
neously using the amplitudes of four regional phases. When applied to an area encom-
passing the Middle East, eastern Europe, western Asia, south Asia, and northeast
Africa for the 1-2 Hz passband, we find large differences in the attenuation of the
lithosphere across the region. The tectonic Tethys collision zone has high attenuation,
while stable outlying regions have low attenuation. While crust and mantle Q varia-
tions are often consistent, we do find several notable areas where they differ consid-
erably but are appropriate given the region’s tectonic history. Lastly, the relative values
of Op and Qs indicate that scattering Q is likely the dominant source of attenuation in

the crust at these frequencies.

Introduction

In a previous study, Pasyanos et al. (2009), which this
article builds on, we modified the standard regional attenua-
tion tomography technique (e.g., Sereno et al., 1988) to more
explicitly define the source expression in terms of an earth-
quake source model with the seismic moment M,. We then
used thousands of Lg amplitudes in the Middle East to model
S-wave crustal attenuation in the frequency band from
0.5 to 10 Hz. We found large variations in the attenuation pa-
rameter O, which corresponded well to tectonic processes of
the region, most notably the tectonic age. We also found that
the power-law model of frequency-dependent attenuation
might not be the most appropriate parameterization across
this frequency band for all regions that we studied.

In this article we model the apparent amplitude attenua-
tion of the four main regional phases: Pn, Pg, Sn, and Lg. We
consider these phases in their broadest definitions: where Pg
and Lg represent P- and S-wave energy traveling in the crust,
and Pn and Sn represent energy traveling in the uppermost
mantle lid. In this sense Pg and Lg include both direct rays
and crustal reverberations (e.g., PmP and SmS and their
multiples). We treat Pn and Sn as turning rays in the mantle
lid rather than true head waves based on the observed character
of signals. The Pn and Sn signals often have similar frequency
content to the crustal phases rather than the integrated source
spectrum expected for true head waves. In this sense Prn and Sn
represent energy traveling in the lid as a whispering gallery
phase or as a multiply reflected turning ray.

We develop the methodology for the multiple regional
phase attenuation problem in a similar manner as our previous
study for a single phase, by formulating the amplitudes of the
four regional phases in terms of a common source moment
with differences between phases in the geometrical spreading,
path attenuation, and site effects. This is very similar to the
formulation presented by Walter and Taylor (2001). This
methodology allows us to then use the amplitudes of all four
phases simultaneously to determine the P- and S-wave atten-
uation of the crust and upper mantle. Here we limit the scope
relative to the previous study by looking at only amplitudes in
asingle frequency band (1-2 Hz), but the same analysis could
readily be extended to other frequency bands or a suite of
frequency bands.

A number of previous studies of attenuation in the region
have used a variety of methods, including the relative ampli-
tudes of direct phases (e.g., Sandvol et al., 2001; Al-Damegh
et al., 2004); two station methods (Zor et al., 2007); Lg coda
(Mitchell er al., 1997); propagation efficiency and blockage
(Mellors et al., 1999; Gok et al., 2000; McNamara and Walter,
2001; Gok et al., 2003); and surface waves (Levshin et al.,
2008). These studies, however, tended to focus on the attenua-
tion or efficiency of each phase separately. When inversions
for the attenuation of seismic phases are performed separately,
inconsistencies can be introduced. For example, the attenua-
tion for the crustal legs of Pn might be incompatible with
the crustal attenuation of Pg amplitudes in the same region.
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Additionally, source term parameters, such as M, and appar-
ent stress, can be different among the phases for the same
events that would be nonphysical.

We will first present the methodology by reviewing our
previous work and denoting where the technique used here
differs. We next examine the new dataset of regional phases,
amplitude measurements, and the four-phase tomography
method. We then discuss our results, focusing on how crust
and upper mantle attenuation relate to the tectonic framework
of our study area. We will critically compare the crust and
upper mantle attenuation, as well as the relative attenuation
of P waves and S waves. Finally, we will also examine and
interpret the source and site terms.

Methodology

The amplitude of seismic phases is controlled by the
source excitation, §; geometrical spreading, G; attenuation,
B; and site effects, P. For a given frequency, this is usually
represented by the expression

A;j = 8;G;;B;;P;, (D
where i is the event index and j is the station index. In
Pasyanos et al. (2009), we used this parameterization for
Lg amplitudes and defined the earthquake source in terms
of M,. Here, we will extend the technique to phases Pn,
Pg, and Sn by defining how each of these terms differs from
Lg and from each other for the other phases. By using both
mantle and crustal phases, we can better isolate the distribu-
tion of attenuation in the lithosphere. By also using a variety
of phases, we can ensure that moment terms are consistent
among the phases, as long as we invert all of the amplitude
information simultaneously. We consider each of the terms of
equation (1) in turn.

Geometrical Spreading Term

The geometrical spreading term G;; is represented by a
critical distance variable, R,, and a spreading variable, n
(Street et al., 1975). While the parameters for Lg are gener-
ally agreed upon (e.g., Street et al., 1975; Chavez and Priest-
ley, 1986; Yang, 2002), and the parameters for the crustal
phases Pg and Lg are expected to be somewhat similar
(McCormack et al., 1994; Walter and Taylor, 2001), they
differ significantly for the upper mantle phases Pn and Sn.
The critical distance, R, is set low (1 km) for phases Pn
and Sn. Setting the geometrical spreading term correctly is
important because both the attenuation term and the geomet-
rical spreading term depend on distance and can trade off
with each other. A higher value for the geometrical spreading
parameter, n, results in less anelastic attenuation and, hence,
higher Q. If the geometrical spreading is too high, it can
result in negative values of Q, which are nonphysical, as
it would increase amplitudes from attenuation alone with
distance. Unfortunately, resolving between the geometrical
spreading and attenuation terms is often somewhat difficult.
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Sereno et al. (1988) suggest a value of 1.3 for the geometrical
spreading of Pn, while the magnitude and distance amplitude
correction (MDAC) formulation (Walter and Taylor, 2001)
suggests that 1.1 might be a more appropriate value. Taylor
etal. (2002) conducted a grid search of parameters and found
that 1.3 works best for Pr and 1.1 for Sn in western China.
While the absolute values of Q change with variations in n,
the relative variation in Q does not, nor does the overall fit to
the amplitudes.

A recent article by Yang et al. (2007) considered a more
general geometrical spreading for Pn and Sn that differed from
the spreading of a classical head wave and was frequency-
dependent. These same authors, however, found that this
broke down to a more traditional geometrical spreading as
scatterers were introduced. We use a value of 1.1 for both
Pn and Sn, which minimizes the occurrence of nonphysical
infinite or negative Qs, and remind the reader that the absolute
value of Q in the mantle is influenced strongly by the choice
of geometrical spreading. Table 1 shows the values of the
geometrical spreading terms for each phase.

Source Term

As in our previous study, we used the MDAC formulation
(Walter and Taylor, 2001) to tie the source term, S;, to seismic
moment, M ,. While the moments are the same for each phase,
the P-wave source term S” differs from the S-wave source
term S¥ through the radiated energy related term F and poten-
tially differing corner frequencies w,

SP=F"'M,/[1 + (w/wi)?] 2)

§% = FM,/[1 + (w/w?)?]. 3)

For convenience, we have set the P-wave and S-wave corner
frequencies (as defined in Pasyanos et al., 2009) to be the
same: wf = (w3(¢ = 1), which fixes the ratio between the
P-wave source term, S, and S-wave source term, S5, but
making the two different (¢ # 1) simply makes the source
term a function of the corner-frequency or moment. Tests in-
dicate that as ( increases (and the P-wave corner increases
relative to the S-wave corner), Q p will decrease slightly rel-
ative to Qs (which does not change), but not otherwise affect
the distribution of anomalies. With the corner frequencies the
same, the ratio of the P-wave and S-wave source terms simply
become the ratio of the F' terms for P waves and S waves. As
found by Zhang et al. (2002), at the high frequencies that we

Table 1
Geometrical Spreading Term Parameters Used for
Each Phase
Phase n R, (km)
Pg, Lg 0.5 100
Pn, Sn 1.1 1
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are considering here, there is a lot of scattering for all phases
and the amplitude effect due to the radiation pattern is not
predictable. Instead, we use the average P-wave and S-wave
radiation patterns.

The F terms for P-wave phases (Pn, Pg) and S-wave
phases (Sn, Lg) are, respectively

FP = Ry, /47 pspreia, “4)

F$ = R}, /4T pspr 333, )

We use the following values for terms in these
equations:

average P-wave radiation pattern: R}, = 0.44 (from Boore
and Boatwright, 1984)

average S-wave radiation pattern: R5¢ = 0.60 (from Boore
and Boatwright, 1984)

source density: p, = 2700 kg/m?3

receiver density: p, = 2500 kg/m?

source S-wave velocity: 3, = 3500 m/sec

receiver S-wave velocity: (3, = 2900 m/sec

source P-wave velocity: a, = 6000 m/sec

receiver P-wave velocity: «, = 5000 m/sec

Plugging these values into equations (4) and (5), we find
FP = 6.83¢—17 and FS = 4.71e—16; hence, FS = 6.89FF
and S5 = 6.89S”. We will make use of this relationship in
the inversion because we only want to solve for one value of
the M, parameter for each event.

Site Term

The site term, P s which represents the amplification due
to local structure at the station, is similar to the definition in
Pasyanos et al. (2009). The only major difference is that
there should be at least two site terms for each station: a
P-wave term and an S-wave term. We have considered the
question of whether four terms are needed: one for each
phase. Because the site term is local near-station effect, how-
ever, we have assumed that the site terms for Pn and Pg are
the same, as are the site terms for Sn and Lg; therefore, we
use only two site terms, one for P and one for S.

Attenuation Term

Obviously, the regional phases Pn, Pg, Sn, and Lg each
traverse different paths through the crust, and, in case of some
phases, the upper mantle. They are, in fact, what define the
phases (e.g., Storchak ef al., 2003); the term has to reflect
the differing paths. The attenuation term can be generalized as
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where r is the distance in each layer, Q represents the attenua-
tion parameters, v is the velocity, and k is the layer number.

We have simplified this task by parameterizing the crust
and upper mantle as a two-layer (true layer over a half-space)
model shown in Table 2. This makes the problem more
straightforward by modeling the attenuation of Pg and Lg as
attenuation of a straight ray path in the crustal layer and dis-
tributing the attenuation of Pn and Sn by a simple geometri-
cal ray path through the crust and upper mantle.

For Pg and Lg, this becomes

Bij = eXP[(—W”c)/(ZQcUc)]’ (7)

where r., Q., and v, are the crustal distance, attenuation
parameter, and velocity, respectively. For Pn and Sn, the term
becomes

Bij = exp[(_wrcl)/(chl vcl) + (_wrm)/(szUm)
+ (—wr2)/(2Q0v:), ®)

where r,,, Q,,, and v,, are the same parameters for the upper
mantle; 7., 2, Oc1, Q2> V2, and v, are the parameters for
the crustal legs (at the source and station ends) of the phase.

This could be generalized to a many-layer model,
although a ray tracer (or full-sensitivity kernel) would have
to be employed to determine the specific phase path.
Additional complications might arise if the phase is actually
comprised of multiple rays, but in most cases the overall
amplitude of the phase could be modeled by amplitude of
the dominant ray path. Moreover, coverage of the region
would have to be exceptional in order to resolve the attenuation
among the crustal layers. For the moment, while recognizing
the limitations, the two-layer model can capture a significant
portion of the amplitude variation from attenuation.

Inversion

Similar to Pasyanos et al. (2009), we invert the amplitude
data by taking the base-10 logarithm and correcting for the
geometrical spreading term. In addition, because we are
combining P-wave and S-wave amplitude information, we
need to correct for the difference in the source terms. We can
do this either by correcting the P-wave amplitudes (by adding
log 6.89 or 0.838) and solving for the S-wave source terms, or
by correcting the S-wave amplitudes (by subtracting 0.838)

Table 2
Velocity Model Used
Layer Depth (km) Vp (km/sec) Vs (km/sec)
Crust 0-30 6.50 3.70
Upper mantle 30- 8.00 4.50
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and solving for the P-wave source terms. The approaches are
equivalent; either source term can then be solved for the
appropriate M,. Equation (1) becomes for P- and S-wave
amplitude

P _ QPP pP pP
Aij =3 GijBiij )
and
S _ oSS RS pS P S pS pS
Aij =S; GijBiij = 6.895; GijBl-ij. (10)

In log space, correcting for geometrical spreading and
substituting the source terms and attenuation, for P-wave
amplitudes we get

log A, —log Gf; = log ST + log P¥
—[(wloge)/(20fv")R;;, (1)

and for S-wave amplitudes we get

logAiSj —log Gisj = log S% + log P]S.
—[(wloge)/2QFvI)IR;,  (12)

which, when substituting the P-wave source term, becomes

log A7, — log G}, — 0.838 = log S}’ + log P}

— [(wlog e)/(ZQ?jUS)]Rij'
(13)

Through equations (11) and (13) we now have a system
of equations we can use for the amplitudes of each regional
phase that are all functions of Qp and Qs in the crust and
upper mantle, the P-wave and S-wave site terms, and a single
source term. We then proceed to use amplitude informa-
tion from Pn, Pg, Sn, and Lg to solve for all attenuation pa-
rameters, site terms, and source terms simultaneously. The
tradeoffs among the terms of equation (1) are discussed in
Pasyanos et al. (2009).

Data and Tomography

We have started with the dataset from Pasyanos ef al.
(2009), measuring amplitudes of Pn, Pg, and Sn, in addition
to Lg. We then expanded our study area in all directions, but
farthest to the north into the Russian platform, and measured
new events at existing stations. Finally, we added stations in
the newly expanded region to the north in Russia (OBN,
ARU, MHV, PUL), northeast in Kazakhstan and western
China (BRVK, MAKZ, WUS, ZAL, KURK), northwest
in eastern Europe (KIEV, FINES, MLR, VTS, KWP,
SUW), and slightly to the south (PALK, FURI, AAE).
We have also in-filled the Middle East by adding data from
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several temporary deployments, including some stations
from the Mantle Investigation of the Deep Suture between
Europe and Africa experiment and several Program for Array
Seismic Studies of the Continental Lithosphere deployments
in Ethiopia, eastern Turkey, and Pakistan. All in all, we have
a total of 106 stations.

We use the same signal-to-noise ratio (SNR) criteria as that
from Pasyanos et al. (2009): a preevent SNR of 2.0 and pre-
phase SNR of 1.0. As in the previous study, every waveform
is analyst reviewed. If identified, the phase arrival times are
picked. Otherwise, theoretical arrival times are used. The the-
oretical phase velocities vary from region to region depending
on the regional structure, but range from 7.9 to 8.3 km/sec
for Pn, 5.85 to 6.3 km/sec for Pg, 4.5 to 4.65 km/sec for
Sn,and 3.3 to 3.6 km/sec for Lg. Also, it is our general prac-
tice to make measurements from several available channels
(e.g., BHZ, HHZ, SHZ) from a station in case any one is not
available to record a particular event.

We start with a total of 11,721 event-station-channel
combinations, which is nearly double the overall number
(5889) we had in Pasyanos et al. (2009) at 1 Hz. Because
we have a larger dataset than our previous study, we can
afford to be choosier about our data. Therefore, we have
eliminated any events that have only been recorded by a sin-
gle station, in order to reduce any potential tradeoffs among
terms. We also only use one channel for any given event—
station path. After eliminating these, we have 10,020 uni-
que event-station paths with picks (Fig. 1).

Of the four regional phases, we have the most paths for
Pn (8178). We have fewer paths for Sn (6554), which, not
being a first-arriving phase, generally has a lower SNR. Sn
is also blocked in particular regions such as eastern Turkey

Amplitude Measurements

10000 1 Total Paths = 11721 Measurements

Paths

9000 Events
8000 1
7000 1
6000 1

5000 1

Number

4000

3000 1

2000

1000

Pn Pg Sn Lg
Phase

Figure 1. Number of Pn, Pg, Sn, and Lg measurements (yel-
low), paths (green), and events (blue) passing the signal-to-noise
criteria. The measurements are recorded on 107 stations.
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(Gok et al., 2000). We also have fewer paths for Lg (6353),
which can propagate to longer distances than Pn and Sn, but
suffers from phase blockage in certain regions, notably ocea-
nic regions and other regions where the crust thins (Zhang
and Lay, 1995). Lastly, we have significantly fewer paths
for Pg (5567), which does not propagate to longer distances
as well as Lg.

In all cases, however, we have somewhat similar cover-
age of our study area (Fig. 2). All phases have excellent cov-
erage of a wide swath encapsulating the Tethys Belt and
extending down the Red Sea and Gulf of Aden to include
Arabia. The Indian subcontinent is only sparsely covered
to the northwest. We have significantly poorer coverage in
Russia, northeast Africa, and the oceanic regions, where a
lack of seismicity results in significantly fewer paths record-
ing regional phases. Blanketing the study area with ampli-
tude measurements is necessary in this region because of
the large amplitude changes we see over short distances.
For example, Figure 3 shows large changes in Lg amplitudes
recorded at station MALT between a southern group that
crosses the Arabian platform and a northern group in which
propagation stays within the Turkish plateau. The northern
group has much smaller Lg amplitudes than the south-
ern group.

The next step in the inversion is to populate the initial
values of Q, S, and P in the inversion. The source term, §;, is
set to the appropriate value for the moment and phase (equa-
tions 2 and 3). Moments are either taken from available

Pn Paths Pg Paths
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20°N 1 - 20°N

10°N o 7 wh [ 10°N

T T T T T T
20°E 30°E 40°E 50°E 60°E 70°E 80°E

Sn Paths Lg Paths
° R ° . \ @
60°N 1% D e\y\f\ F 60°N S L L
S N e ) AN = S
50°N Ul RRRE 50°N {40 %) '
40°N 40°N
30°N 1 30°N
o
20°N 1 20°N
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20°E 30°E 40°E 50°E 60°E 70°E 80°E 20°E 30°E 40°E 50°E 60°E 70°E 80°E

Figure 2.  Path map of Pn, Pg, Sn, Lg attenuation measurements
in our study area. Stations are shown as yellow triangles, events as
black circles, and paths as cyan lines (Pr), green lines (Pg), red lines
(Sn), and purple lines (Lg).
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catalogs, estimated from regional waveform modeling, or de-
rived from coda waves, as explained in detail in Pasyanos
etal. (2009). Where these options are not available, moments
are estimated from other magnitudes. The site term, P s for
both P waves and S waves is initialized to 1.0.

For starting values of Qs and Qp in the crust, we set
terms S and P and inverted for the best 1D value using Lg
only and Pg only, respectively. We then use these values
in the crust and solve for the best values of Q in the mantle
using Sn and Pn. We find a starting value of Qp = 300 and
Qs = 300 for the crust and Qp = 800 and Qs = 400 for the
upper mantle. We note that in the crust, these values differ
significantly from the relationships often used to relate Qp
and Qs [e.g., Op = (9/4) Qs (derived from Anderson and
Hart, 1978, where Vp/Vs = +/3); Op = 1.5 Qs (Olsen
et al., 2003)]. This could, in part, be due to the fact that
we are solving for apparent attenuation (which is a combina-
tion of intrinsic and scattering attenuation), and not simply
intrinsic attenuation alone, where we might expect these
relations to hold.

We have gridded our study area into 0.5° blocks. A
Laplacian function smooths Q variation within the crust and
upper mantle, but there is no additional constraint between
the attenuation of the crust and upper mantle. A conjugate
gradient solver is then used on the combined series of equa-
tions. We solve for a total of seven sets of parameters:
(1) crustal Qs, (2) upper mantle Qs, (3) crustal Q p, (4) upper
mantle Qp, (5) S-wave site terms, (6) P-wave site terms, and
(7) source terms.

Results

In running the inversion, one of our first tests was in
comparing crustal Qs determined from Lg phases only to
the crustal Qs obtained using all phases. The results are
almost identical. We performed similar tests for crustal
QOp derived from Pg amplitude data (which also looked
nearly identical), before running the full four-phase inver-
sion. Checkerboard resolution tests reveal that we are able
to completely recover the input pattern at 5° over the whole
coverage region, while we are able to recover 3° and 2° pat-
terns over a large portion of the study area encompassing
Arabia, Turkey, Iran, and into eastern Kazakhstan. Further
tests indicate that there is little bleeding of the input model
from the crust into the mantle and vice versa.

When we run the full four-phase inversion on the actual
dataset, the overall variance reduction is high. Initial misfit of
the data is about 0.884 log-amplitude units, with slightly
higher misfit (~1.1) for the Lg phase. After inversion, this
misfit is reduced to 0.319 log-amplitude, and the misfit is
approximately the same for all the phases. Results of the
inversion for the attenuation parameter Q are shown in
Figure 4. Panels show the following: (a) crustal Qs; (b) upper
mantle Qs; (c) crustal Qp; and (d) upper mantle Q p. While it
might be tempting to refer to the crustal Qs and Qp as Q;,
and Qp, (and upper mantle Qs and Qp as Qg, and Qp,),
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Figure 4. Maps of the attenuation quality factor Q for (a) shear-wave attenuation in the crust (crustal Qs), (b) shear-wave attenuation in
the mantle (mantle Qs), (c) compressional-wave attenuation in the crust (crustal Qp), and (d) compressional-wave attenuation in the mantle

(mantle Qp). Dark lines indicate plate boundaries from Bird (2003).

there are good reasons to keep the Qs and Qp designations.
First, the crustal Q models contribute to the crustal legs of Pn
and Sn phases, and these contributions can be significant for
short paths near the Pn-Pg crossover distance. Second, while
a simple two-layer earth model is demonstrated here, the
method can be extended by adding additional layers (say
sediments, or upper and lower crustal layers). Thus, a

layer-based nomenclature is both more correct and more gen-
eral than a phase-based nomenclature such as Q; , and Qp,.

The crustal Qs map (Fig. 4a) looks similar to the results
we found in Pasyanos et al. (2009). While this map is pri-
marily derived from the amplitudes of Lg phases, it also in-
cludes the crustal legs of Sn. The addition of data to the
north enhances and better isolates the lateral variation of
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the low-attenuation region (Kazakh platform) suggested in
the first study. More amplitude measurements in the subcon-
tinent do not extend the region of high Q further southeast, at
least not with the current sparse coverage. The addition of
crustal legs from the Sn phase does not seem to have altered
the pattern of attenuation anomalies significantly from the
previous study.

The attenuation is high (low Q) in the Turkish—Iranian
plateau and the Zagros Mountains, with the highest attenua-
tion found in eastern Turkey (Q = 100-200). We find mod-
erate attenuation (average Q) along the Red Sea and Arabian
platform, and low attenuation (high Q) in the Arabian shield,
Tajik Basin, and Indian shield. Overall, the mean Qs in the
crust is 307 and the range (determined by the mean plus and
minus two standard deviations in log space) is 174-541.

Figure 4b shows upper mantle Qs, which is derived
exclusively from Sn amplitudes. The mean and range in this
case is 452 and 169-1210. It is important to keep in mind that
phases such as Sn and Pn sample the upper mantle lid (at
least where it exists) and are not necessarily representative
of the rest of the upper mantle. We find high attenuation
along the Red Sea, Arabian shield, the Zagros Mountains,
and the Turkish—Iranian plateau. The attenuation appears
particularly high in eastern Turkey. We find low attenuation
in the eastern Arabian platform, Tajik Basin, northwest India,
and Pakistan. Outside of the rift zones, there tends to be low
attenuation in regions of oceanic crust, including the eastern
Mediterranean, south Caspian, and, to a lesser extent, the
Black Sea. If we compare our Qs map to the Sn efficiency
maps of Gok et al. (2003) and Al-Damegh et al. (2004), we
see a remarkable similarity.

Crustal Qp is shown in Figure 4c. This map is mainly
derived from the amplitudes of Pg phases, but also includes
the crustal legs of Pn. We find a mean Q of 338 with a range
of 206-554. The attenuation is high along the Red Sea, the
Turkish plateau, and much of the Iranian plateau. Like crustal
QOs, we still see low attenuation in the Tajik Basin, Indian
shield, and northern Arabian platform, but it is not as strong
in the Indian shield and Arabian platform/shield. The
attenuation in the Makran differs from the attenuation in
the Iranian plateau to the north. Unlike mantle Qs, we find
a wide swath of high attenuation extending from the Red Sea
east into the Arabian shield.

The last panel (Fig. 4d) shows upper mantle Q p, which
is derived exclusively from Pn amplitudes. The mean and
range of mantle Qp are 1098 and 193-6228. The values
of this parameter are significantly higher and have a wider
range than crustal Qp (~350). Like Sn, Pn samples the upper
mantle lid and, therefore, is sensitive to attenuation at these
depths. We see high attenuation running from a ridge along
the Red Sea and Dead Sea rift east into western Arabia. We
also find high attenuation under the Turkish plateau and, to a
lesser extent, the Iranian plateau. With better coverage of the
area from Pn, we can start to see differences between the
attenuation of Phanerozoic western Europe and the Precam-
brian eastern European platform along the Trans-European
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suture zone. Attenuation is low in eastern Arabia, the eastern
Mediterranean, and the southern Caspian. The patterns of
anomalies resemble those of mantle Qs, but there appear
to be some large differences between mantle Qp and Qs in
northern Arabia. Values of Q compare favorably to the
results of Morozov et al. (1998), who find Qp ~ 1500 at
shallow upper mantle depth under the Russian platform.
We summarize the average and range of attenuation in
our study area in Table 3. If we compare our results to the
teleseismic body-wave study of Der et al. (1986), they find in
the EURS Q model of the Eurasian shield at 1.0 Hz 365-445
for Qs and 800-1000 for Qp in the crust, and 200-263 for
Qs and 450-800 for Qp in the mantle lid and low velocity
zone. In general our Qs is within their range or lower than
these results, but that is not unexpected when comparing the
tectonic Tethys Belt with a lower attenuation shield region.
However, we find a lower Qp in the crust and higher Qp in
the mantle than the EURS model with the assumed Qp =
(9/4) Qs relation. Differences in the upper mantle could also
be due, in part, to the depth sensitivities of the two methods.
Our method is primarily sensitive to the lid, while #* studies
are more sensitive to bulk attenuation. Also, on any direct
comparisons of Q, the large tradeoff between the values
of O and the geometrical spreading must be considered.
Using the inversion results, we can take a cross-section
through any arbitrary slice of our crust and upper mantle
attenuation model. Perhaps one of the most interesting pro-
files is one spanning from the African platform, across the
Arabian Peninsula and the Zagros Mountains, into the
Iranian plateau. This cross-section (shown in Fig. 5) high-
lights one of the key observations of this study: in some re-
gions there are large differences in the relative attenuation of
the crust and mantle. What we find is that, while the high
crustal attenuation in the Red Sea is fairly spatially limited,
it spreads to the northeast under the Arabian shield in the
mantle. This is consistent with low Pn and Sn velocities
found under this region (e.g., Ritzwoller er al, 2002).
Furthermore, we find very high O under the Arabian plat-
form, where the lithosphere is thick (Hansen et al., 2007).
To the southwest, the moderate attenuation of the African
platform is expected given the thinner lithospheric thickness
of the Saharan metacraton (Pasyanos and Nyblade, 2007). To
the northeast, the high Q is terminated by the Zagros Moun-
tains in the crust and by the Iranian plateau in the mantle.
In addition to lateral attenuation, we also invert for site
and source terms. Using equations (2) and (3), we can inter-
pret the source terms as changes to the M,,. It appears that

Table 3
Mean and 2 Standard Deviation Range of Q from
This Article
P wave S wave
Crust 338 (206-554) 307 (174-541)

Upper mantle 1098 (193-6228) 452 (169-1210)
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Figure 5. Cross-section from Africa (A) extending northwest

across the Arabian Peninsula into Iran (B). The cross-section shows
the shear-wave attenuation factor in the crust and mantle along the
profile. Solid lines in the profile represent, with increasing depth,
basement depth (from Laske and Masters, 1997), Moho depth
(modified from Pasyanos et al., 2004), and lithospheric—astheno-
spheric boundary (LAB) depth (Pasyanos, 2009). Dashed line is
the 30 km depth.

moment terms are somewhat more constrained than in our
previous study. In Pasyanos et al. (2009), we included events
recorded by a single station for a single phase; hence, there
was some nonuniqueness in how much of the amplitude was
affected by site term changes or attenuation changes along
the path. Constraints in that case came from other paths tra-
versing the same region. With several phases recording an
event having appropriate source terms for a given moment,
there is less ambiguity in the distribution of amplitude
effects. Figure 6 shows a comparison of the moment derived
from the inverted source term compared with the input
moment estimates. The root mean square (rms) difference
between the two is about 0.146 magnitude units (m.u.),
which is significantly less than the 0.209 m.u. rms that
we found in Pasyanos et al. (2009). Like that study, we find
that true moments vary less in the inversion than moments
derived from other magnitude estimates.

We display the S-wave and P-wave site terms on a map
(Fig. 7a and 7b, respectively). The standard deviation of site
terms is 0.36 in log-amplitude for S and 0.28 for P. Several
things are observed. First, site terms tend to be higher in
shields and platforms and lower in tectonic regions. Beyond
this general trend, however, there is variability over small
scales. It appears that P-wave and S-wave site terms are
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Figure 6. Plot showing a comparison of the inverted moment
magnitudes to original moment magnitude estimates. Symbols in-
dicate either moment estimates (blue circles) or converted magni-
tude estimates (red inverted triangles).

somewhat correlated. When we directly compare the P-wave
site terms to the S-wave site terms (Fig. 7c), we find that they
show some similarities, but not overwhelmingly so. The cor-
relation parameter between the two is 0.41, indicating weak
correlation. This justifies the use of separate site terms for P
and S.

Returning to attenuation, the last parameters that we
compare are the ratios of Qp/Qs for the crust and upper
mantle (Fig. 8). Only model points having more than a
threshold number of hits (3) are plotted. The correlations
here are surprisingly weak given the similarity of some of
the maps in Figure 4. It does not appear that relations such
as Qp = (9/4) Qs well characterize the relation between the
observed P-wave and S-wave attenuation. For the crust,
neither Qp nor Qs is systematically larger, although it does
appear that Qp is usually greater than Qs in the mantle.
When scattering dominates over intrinsic friction, the com-
pressional and shear-wave quality factors are approximately
equal (Richards and Menke, 1983). It appears then that scat-
tering O might play a larger role in crustal attenuation,
particularly in regions such as shields where the intrinsic at-
tenuation is low.

Conclusions

Making use of a new attenuation formulation that expli-
citly defines the source expression in terms of M, we use the
amplitudes of regional phases Pn, Pg, Sn, and Lg to deter-
mine the seismic attenuation of the lithosphere across our
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S-wave site terms.

study area. By taking advantage of the differing sampling of
the earth for the four phases, we can isolate the P-wave and
S-wave attenuation of the crust and upper mantle, while con-
sistently accounting for source and site effects.

What we find are patterns in the attenuation maps that
relate to the overall tectonic activity of the region. What is
most clearly indicated is that thermal altering of the crust and
upper mantle increases seismic attenuation. For example,
ridges, orogenic zones, and high plateaus being thermally
supported have high crustal attenuation. Nearby, undisturbed
shields and platforms have low crustal attenuation. In the
mantle, we find that regions with well-developed mantle lids

Site term maps showing (a) the S-wave source term, and (b) the P-wave source term. (c) A comparison of the P-wave and

have low attenuation, while regions with recent and ongoing
tectonic activity have high mantle attenuation. While undis-
turbed shields and platforms have high Q in both the crust
and the mantle, regions with more recent mantle activity see
significant differences between them.

On average, we find that values of mantle Q are higher
than crustal Q for both QO p and Os. However, large variations
in this parameter from region to region make this far from a
universal feature. Whereas in the crust both Qp and Qs gen-
erally range from 200 to 500, in the mantle Qs has about the
same range, but QO p ranges from 200 to 5000. Surprisingly,
we also find that values of P-wave attenuation and S-wave
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Figure 8. A comparison of Qp and Qs for (a) the crust and

(b) the mantle. The solid line shows Qp = Qs, while the dashed
line indicates Qp = (9/4)Qs. Initial values used in the inversion
are shown by the green circles.

attenuation are somewhat comparable, particularly in the
crust, which may indicate that scattering Q (which is prob-
ably on the same order for P and S) is a larger component of
total Q than intrinsic Q, which we would expect to be higher
for compressional waves.

In order to demonstrate the technique, we have made a
number of approximations. Future work could focus on mak-
ing more exact path calculations. For example, we could add
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more crustal (and upper mantle) layers and employ a better
ray tracer. Similarly, we could put in variable crustal velocity
and crustal thickness. We can implement these improve-
ments as regional amplitude data increase enough to justify
them.

Data and Resources

Most of the seismic data used in this study can be
obtained from the Incorporated Research Institutes in Seis-
mology Data Management Center at www.iris.edu, the U.S.
National Data Center at www.tt.aftac.gov, GEOSCOPE at
geoscope.ipgp.jussieu.fr, IIEES at www.iiees.ac.ir, GEOFON
at geofon.gfz-potsdam.de, and MEDNET at http:/
mednet.rm.ingv.it. Other data were obtained directly from
networks in Azerbaijan, Georgia, Israel, Jordan, Kazakh-
stan, Kuwait, Oman, Saudi Arabia, Turkey, and United
Arab Emirates. Plots were made using the Generic
Mapping Tools version 4.2.0 (Wessel and Smith, 1998;
www.soest.hawaii.edu/gmt).
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