N

N

Structure of the Western Jaz Murian Forearc Basin,
Southeast Iran, Revealed by Autocorrelation and
Polarization Analysis of Teleseismic P and S Waves
Haigiang Lan, Ling Chen, Sebastien Chevrot, Morteza Talebian, Xu Wang,
Yifan Gao, Jianyong Zhang, Zimu Wu, Mehdi Shokati, Mingming Jiang, et al.

» To cite this version:

Haigiang Lan, Ling Chen, Sebastien Chevrot, Morteza Talebian, Xu Wang, et al.. Structure of the
Western Jaz Murian Forearc Basin, Southeast Iran, Revealed by Autocorrelation and Polarization
Analysis of Teleseismic P and S Waves. Journal of Geophysical Research: Solid Earth, 2022, 127 (4),
pp.e2021JB023456. 10.1029/2021JB023456 . hal-03829251

HAL Id: hal-03829251
https://hal.science/hal-03829251
Submitted on 25 Oct 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03829251
https://hal.archives-ouvertes.fr

'.) Check for updates

A p_d [ ADVANCING
r‘\\,U :::g: sé?e?qcs

JGR Solid Earth

RESEARCH ARTICLE
10.1029/2021JB023456

Key Points:

e We extract energetic P- and S-wave
reflections from the coda of
teleseismic P and S waves

e We combine these reflections with
measurements of P wave polarization
to resolve the structure of the western
Jaz Murian sedimentary basin

e The nature of the sediments inside the
Jaz Murian Basin and of the basement
provides insight into the recent
tectonic regime in that region

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

H. Lan,
lanhq@mail.iggcas.ac.cn

Citation:

Lan, H., Chen, L., Chevrot, S., Talebian,
M., Wang, X., Gao, Y., et al. (2022).
Structure of the western Jaz Murian
forearc basin, southeast Iran, revealed
by autocorrelation and polarization
analysis of teleseismic P and S waves.
Journal of Geophysical Research: Solid
Earth, 127, €2021JB023456. https://doi.
org/10.1029/2021JB023456

Received 19 OCT 2021
Accepted 17 MAR 2022

© 2022. American Geophysical Union.
All Rights Reserved.

Structure of the Western Jaz Murian Forearc Basin, Southeast
Iran, Revealed by Autocorrelation and Polarization Analysis of
Teleseismic P and S Waves

Haigiang Lan!? (), Ling Chen!??3 (2, Sebastien Chevrot* (2, Morteza Talebian® (=),

Xu Wang!? (2, Yifan Gao'? (), Jianyong Zhang®, Zimu Wu!?, Mehdi Shokati’,

Mingming Jiang®’, Yinshuang Ai*%’ (©)) Guangbing Hou®, Mulin Mao?, Thanh-Son Pham'’
Wenjiao Xiao!! (2] and Rixiang Zhu'!!

IState Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing, China, >College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing, China,
3CAS Center for Excellence in Deep Earth Sciences, Guangzhou, China, “Observatoire Midi Pyrénées, Université Paul
Sabatier, CNRS, IRD, Toulouse, France, Research Institute for Earth Sciences, Geological Survey of Iran, Tehran, Iran,
°China Earthquake Networks Center, Beijing, China, ’Geological Survey of Iran, Tehran, Iran, *Key Laboratory of Earth
and Planetary Physics, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, China, “CAS Center
for Excellence in Tibetan Plateau Earth Sciences, Beijing, China, '’Research School of Earth Sciences, Australian National
University, Canberra, ACT, Australia, 'Institutions of Earth Sciences, Chinese Academy of Sciences, Beijing, China

Abstract The Jaz Murian Basin in Southeast Iran is a forearc basin that sits on top of the western Makran
subduction zone. A recent seismic deployment inside the western Jaz Murian Basin documents extremely
strong reverberations between the free surface and the top of the basement. These strong multiples, which
hamper studies of deeper structures, carry precious information on the structure of the basin. Here we combine
three independent measurements, including teleseismic P/S-wave coda autocorrelations, P-wave polarization
analysis and receiver functions, to image the architecture of the western Jaz Murian Basin. The S-wave velocity
structure beneath each station is constrained by teleseismic P-wave polarization analysis and a simple grid
search method. In addition, both P- and S-wave reflections are extracted to measure the Poisson's ratio and the
thickness of sediments, in addition to P- and/or S-wave velocities. We find that the sedimentary cover has an
average thickness of ~3 km with very low S-wave velocities around 1.2 km/s. The estimated Vp/Vs ratios are
relatively high between 2.23 and 2.52, suggesting that the western Jaz Murian Basin contains unconsolidated
recently deposited sediments.

Plain Language Summary Passive imaging studies usually suffer from a limited spatial resolution
owing to lower frequency content and sparser acquisition compared to active source seismic experiments. On
the other hand, the former are easier to perform for a fraction of the cost of the latter. In this study, we exploit
teleseismic body waves recorded by our recently deployed temporary array in the western Jaz Murian forearc
basin, southeast Iran. Our results reveal the detailed structure of the western Jaz Murian sedimentary basin,
mostly filled with unconsolidated sediments, possibly originating from lake deposition.

1. Introduction

The Jaz Murian Basin is a forearc basin that sits on top of the Makran subduction zone, where the Arabian
plate currently subducts beneath the Eurasian plate, developing one of the largest accretionary wedges on Earth
(e.g., Burg, 2018; Esmaeili et al., 2020; Priestley et al., 2022; Stern et al., 2021). The basin is located between
the magmatic arc (with the Bazman and Taftan volcanoes) to the north and the accretionary prism to the south
in southeastern Iran (e.g., Smith et al., 2012; Figures 1a and 1b). It has recorded the evolution of the arc-trench
system (Ingersoll, 1988; Wang et al., 2017), which is crucial to unravel the dynamics of the subduction initiation,
and/or the role of extension in the upper plate (Hopson et al., 2008). Until now, only a few geophysical studies
have been performed in that region, with insufficient spatial resolution to constrain the basin architecture (e.g.,
Amini et al., 2012; Simmons et al., 2011); recent magnetic studies documented large positive anomalies within
or beneath the Jaz Murian Basin (Abedi & Bahroudi, 2016; Teknik & Ghods, 2017). Onshore deep seismic
sounding profiles which extended to the southern margin of the Jaz Murian Basin showed that the sedimentary
basin thickens gradually from the western margin to the center of the basin (Haberland et al., 2021). Its structural
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Figure 1. (a) Topographic map of the Jaz Murian and adjacent areas. The black box delimits the area shown in (b). Plate boundaries are marked by red lines. The gray
arrow shows the GPS velocity of Arabia relative to Eurasia (Vernant et al., 2004). Jaz M: Jaz Murian Basin. (b) Seismic stations (orange triangles) and major tectonic
boundaries in the study region. Geological basemap is modified from the structural map of NGDIR (National Geoscience Database of Iran, http://www.ngdir.ir). (c)
Distribution of the teleseismic P- and S-wave events used, marked by magenta and green dots, respectively. Epicentral distances from the center of the study region (red

triangle) are noted on concentric circles.

complexity is further revealed by a receiver function study transect across the eastern edge of the basin (Priestley
et al., 2022).

A passive seismic transect was deployed in 2017-2018 across the western Makran accretionary wedge, with 5
stations located inside the Jaz Murian Basin (Figure 1b). The receiver functions at these 5 stations show unusually
strong near-surface reverberations, which are not observed on the adjacent stations located outside of the basin.
Indeed, the contamination of teleseismic body wave records is so strong that it prevents detailed imaging of the
deeper structures. Therefore, the main motivation of this study is to investigate these unusual P and S reverbera-
tions and constrain the detailed structure of the Jaz Murian Basin.

To date, the most effective (but by far also the most expensive) method to constrain the structure of shallow crust
in general and sedimentary basins in particular is to drill boreholes and measure rock properties in the labora-
tory (e.g., Greenberg & Castagna, 1992; Tang et al., 2004). Active source methods have also been widely used
for oil and gas exploration as well as deep seismic sounding (e.g., Mooney et al., 1998; Yilmaz, 2001; Zhang
et al., 2011). Generally, active source acquisitions offer a finer resolution due to their higher frequency content,
but they are expensive and hardly constrain S-wave velocities (Wittlinger & Farra, 2015). By contrast, passive
imaging methods which exploit natural earthquakes can also image the subsurface (e.g., Ritzwoller et al., 2002;
Zhu, 2000). However, traditional passive imaging methods utilizing teleseismic data, for example, tomographic
methods based on body waves (e.g., Lei & Zhao, 2009; Liang et al., 2004) or surface waves (e.g., Frieder-
ich, 1998; Jiang et al., 2013) or receiver function methods which are helpful to image subsurface discontinuities
(e.g., Chen et al., 2005; Ligorria & Ammon, 1999), have limits or deficiencies in constraining kilometer-scale
shallow structures owing to both lower frequency contents and sparser acquisitions (Badal et al., 2013), and
thereby mostly are used in imaging larger-scale structures, such as the whole crust and/or a large part of the
mantle, although large-scale acquisitions are experiencing rapid development (e.g., Lin et al., 2013; Nakata
et al., 2015; Tian et al., 2021).
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Table 1 From the autocorrelations of teleseismic body-wave (P and S wave) codas it
Number of Seismograms Used in the Computation of the Autocorrelation is possible to extract reflected phases to image subsurface sharp discontinui-
Stacks for All Station Components After the Visual Qualification Control ties (Ruigrok & Wapenaar, 2012; Sun & Kennett, 2016). For example, Pham

P-wave autocorrelations

Qe Al s and Tkal¢i¢ (2018) successfully applied this method to measure the thick-

ness of the ice sheet in Antarctica, with results in good agreement with the

Station Vertical Radial Transverse Vertical Radial Transverse Bedmap2 model of ice thickness compiled mostly from airborne radio-echo
L14 226 151 88 69 125 107 sounding measurements (Fretwell et al., 2013). The very strong amplitudes
L15 165 119 80 63 89 70 of reverberations in the western Jaz Murian Basin motivated us to apply this
L16 179 128 93 41 107 86 coda autocorrelation method for which very few successful attempts have
L17 192 101 9 71 38 38 been reported so far apphed to study sedimentary basins .(e. g., Chimoto &

Yamanaka, 2020; Plescia et al., 2021). The P-wave polarization method is
L18 145 71 48 59 90 68 . . .

an interesting complementary method to infer near-surface S-wave veloc-
P13 196 191 190 36 131 137 ity structures in addition to the interface structure (e.g., Chong et al., 2018;
P14 195 171 = 55 149 = Hannemann et al., 2016; Svenningsen & Jacobsen, 2007; Wang et al., 2019).

Note. “-” indicates no valid reflected waves extracted from this component.

In this study, we perform a comprehensive study of the western Jaz Murian
Basin structure by combining different passive approaches such as teleseis-
mic P and S coda wave autocorrelation and teleseismic P wave polarization
analysis. The paper is organized as follows. We first describe the data and method used in this study, including
some processing details considering the particularity of the Jaz Murian data. We then synthesize new information
that has been collected regarding the basin structure, discuss its implications for the recent evolution of the Jaz
Murian sedimentary basin, and finally give some perspectives for future studies.

2. Data and Methods
2.1. Data

The seismic data used in this study were recorded by 5 broadband temporary stations (L14, L15, L16, L17 and
L18) located in the western Jaz Murian Basin, from the main transect of a China-Iran geological and geophysical
survey in the Iranian plateau (CIGSIP; Figures 1a and 1b). The seismic stations were deployed along a roughly
N-S line, from the southern end of the magmatic arc to the northern border of the ophiolitic complex, with a
spacing of ~10—15 km. In addition, we also analyzed data from four other stations for comparison. Of these, two
were also from the main line, in the southern Makran accretionary wedge (L09) and the northern magmatic arc
(L24), respectively. Another two stations were from an eastern offline about 70 km from the main line, lying near
the south- (P13) and north-margin (P14) of the central Jaz Murian Basin respectively. All stations were equipped
with Trillium 120PA seismometers (120 s - 175 Hz) and Taurus digital seismographs, and operated from March
2017 to September 2018.

We retrieve three-component teleseismic records of events in the USGS National Earthquake Information Center
catalog with Mw > 5.0 and in the epicentral distance ranges of respectively 28°-92° for P waves, and 50°-90°
for S waves. The selected events are shown in Figure 1c. We select seismograms with high signal-to-noise ratios
(SNRs) around the P- and S-wave onsets. We consider 40 s time windows starting 10 s before the theoretical P/S
arrival time predicted by the reference model AK135 (Kennett et al., 1995). Table 1 shows the number of selected
traces for each component at each station. For P-wave coda, the SNR on vertical (Z) component is typically higher
than that on the horizontal components. Conversely, for the S-wave coda, the SNRs on the horizontal components
are higher than their vertical counterpart.

2.2. Extracting P- and S-wave Reflections From Autocorrelations

The transmission response of a medium can be transformed into its reflection response through autocorrelation
(Claerbout, 1968; Frasier, 1970; Wapenaar et al., 2004). This approach has been applied to records of ambient seis-
mic noise to extract body-wave reverberations and image crustal and upper mantle reflectors (Badal et al., 2013;
Gorbatov et al., 2013; Kennett, 2015; Sun et al., 2018; Taylor et al., 2016; Tibuleac & von Seggern, 2012).
Recent studies have shown that the autocorrelation approach can also be applied successfully to the coda of
teleseismic P waves (Pham & Tkalci¢ 2017, 2018). Compared to studies relying on ambient seismic noise, which
always require a large amount of data (months to years), this latter approach requires a much smaller amount of
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Figure 2. Effects of spectral whitening width AW on autocorrelations,

computed for the vertical component of the teleseismic P-wave coda recorded
by station L16 (a); radial (b) and transverse (c) components of the teleseismic
S-wave coda, respectively. The upper panel in each sub-plot is the linear stacks

of power spectra, whereas the lower panel is the corresponding temporal

autocorrelations for different whitening widths. The central peaks at O s onset

are tapered by a cosine function.

quality-controlled data and computational efforts to produce a comparable
reflectivity record (Fang & Hilst, 2019; Lin & Tsai, 2013). Note that, Pham
and Tkalci¢ (2018) used vertical and radial components of P-wave coda
records to extract the P- and S-wave reflections respectively. In this study, we
consider vertical autocorrelations of teleseismic P-wave coda and horizontal
autocorrelations of S-wave coda as there are usually higher signal-to-noise
ratios on the corresponding components.

To improve the detection of reflected phases, we follow the recipe presented
in Pham and Tkal¢i¢ (2017). We first transform the selected waveforms to the
spectral domain and normalize them by spectral whitening over a frequency
bandwidth AW. This normalization is crucial to enhance the resonance peaks
related to the sedimentary layer. The optimal width for the spectral whitening
AW needs to be chosen as between one and two resonance peak spacings,
which is the reciprocal of the vertical two-way travel time in the layer, as
shown in Pham and Tkalci¢ (2018). Since at this point the vertical two-way
travel time is not known, the optimal AW needs to be tuned by trial and error.

We select vertical component teleseismic P waves recorded by station L16
to illustrate the tuning of the spectral whitening bandwidth (Figure 2a).
We first compute the power of the whitened spectrum, which cancels the
phase spectrum and only retains the square of the amplitude spectrum. The
power spectrum is then transformed back into the time domain. Hereafter,
we isolate the causal (positive offset) one-sided autocorrelograms, and apply
a cosine taper to suppress the O-delay central pulse. Finally, the autocorrelo-
grams are filtered with a zero-phase high-pass filter to enhance the reflected
arrivals. We calculate autocorrelations (lower panel in Figure 2a) and their
corresponding power spectra (upper panel in Figure 2a) inside 10 spectral
bandwidths from 0.1 to 1.0 Hz with intervals of 0.1 Hz. When the whitening
widths are larger than 0.4 Hz, resonance peaks corresponding to P reflections
start to emerge from the power spectra. The spacing of the peaks (~0.41 Hz)
is the reciprocal of the vertical two-way travel time (z ~ 2.42 s, picked from
the temporal autocorrelograms).

For the radial (R) and transverse (7)) autocorrelograms, we also consider 10
spectral bandwidths starting from 0.05 Hz with a step of 0.05 Hz. In the
following, we only show the R and T autocorrelograms from the teleseismic
S-wave coda. The corresponding power spectra and temporal autocorrela-
tions are shown in Figures 2b and 2c, respectively. The resonance effect is
also observed in the horizontal components power spectra, with regularly
spaced resonance peaks up to ~1.3 Hz detected when the whitening widths
are larger than 0.15 Hz. From these tests, we choose 0.4 Hz for the whitening
width in the vertical component autocorrelations and 0.15 Hz for the radial
and transverse component autocorrelations. The other stations were analyzed
following the same procedure (see Table S1 in Supporting Information S1).

Filtering is a key ingredient for reverberation detections. According to the
sampling theorem, the longest wavelength should be approximately 4 times

the sediment thickness (Pham & Tkalci¢, 2017). Assuming that the thickness of the sedimentary layer beneath

L16 is 3 km with S wave velocity of ~1 km/s (as revealed by the P-wave polarization later), the longest wave-

length should be ~12 km, so the frequency threshold is ~0.08 Hz for the horizontal components and ~0.16 Hz

for the vertical component respectively with the assumption of Vp/Vs about 2.5. However, the waveforms must

contain much higher frequencies in order to resolve the base of the sedimentary basin. After extensive testing,

we found that the frequency bandwidth 0.2-1.3 Hz, with wavelengths equivalent to 0.8-5 km, is suitable for

the radial and transverse components of L16. As for the vertical component, the appropriate frequency band is
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Figure 3. (a) P-wave receiver function computed by an iterative deconvolution method (Ligorria & Ammon, 1999) for station L16. “P” denotes the direct P wave which
“s-p” denotes the converted Ps phase at the subsurface discontinuity. (b)—(d) One-sided whitened autocorrelograms of records at station

arrives first on the seismogram,
L16: (a) Vertical autocorrelograms from P-wave coda autocorrelation, “2p” denotes the P wave single reflection, “2p

2 denotes the P wave twice reflections; (b) radial

and (c) transverse autocorrelograms from S-wave coda autocorrelation, “2s” denotes the S wave single reflection.

0.5-3 Hz. The optimal filtering parameters for other stations were analyzed following the same procedure. The
data processing parameters for the different stations are listed in Table S1 in Supporting Information S1.

We stack the autocorrelations of individual events with a phase-weighted stacking (PWS) method (Schimmel &
Paulssen, 1997) to improve the signal-to-noise ratio and suppress incoherent features such as the effects of source
time functions, depth phases, and source-side scattering (Pham & Tkal¢i¢, 2017). The autocorrelograms obtained
for the stations in the Jaz Murian are shown in Figures 3—7(b-d), respectively. Here, we only show the Z autocor-
relograms derived from the teleseismic P-waves and the R and T autocorrelograms derived from the teleseismic S
waves. Results for other components are supplied in Figures S1-S5 in Supporting Information S1.

We use a bootstrap resampling method (Efron & Tibshirani, 1991) to determine the reflection delays and their
uncertainties. Here, we mainly consider the uncertainty of the observation itself, as the observational data them-
selves have a degree of dispersion. The mean and standard deviation of 1,000 sets of resampling tests represent
the estimates for the two-way reflection time ¢, and its associated error & t,,.. When the estimated error bounds
are smaller than the sampling interval At = 0.02 s, we use the sampling step as the error bound, that is, § 7, = At.
Opverall, the P- and S-wave reflection two-way travel times are summarized in Table 2. Using the two-way P-wave
reflection time #,, measured on the vertical P-wave autocorrelations, and AtSR_F p = ts—tp (Table 2), the differ-
ential travel times between the P-to-S conversion and the direct P wave measured from receiver functions (RF;
Figures 3—7a), we can also obtain the S-wave reflection time indirectly through the relation #,; = 2At§f p T 12p.
These S-wave reflection travel times are in good agreement with those directly picked on the horizontal
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Figure 4. The same as Figure 3 but for station L14. The labels are the same meaning as that of Figure 3, except “2p>” and “2p*” denote the P wave three- and four-

times reflections, respectively.

autocorrelograms (Table 2), which gives us confidence on the quality of the S-wave reflections detected in the
autocorrelograms.

So far, we have implicitly assumed that the P and S waves have normal incidence. We now estimate the errors
that could result from this simplified assumption. For a 3 km thick sedimentary layer with Vp = 2.5 km/s and
Versus = 1.2 km/s, an average ray parameter p of 0.054 s/km, the maximum reflection delay time corresponding
to vertical incidence is 2H/V}, where H represents the thickness. The delay time corresponding to a ray param-

eter p is 2H , [ — — p?, which differs by less than 1% from the vertical propagation. Similarly, the error on the

Vi
two-way travel time of S wave reflections is also less than 1%. Therefore, from now on we will consider that the

two-way reflection times measured in the stacks (Figures 8a and 8b) are simply the vertical two-way travel times.

2.3. Constraining S-Wave Velocities From P-Wave Polarization Analysis

When the teleseismic P wave reaches a station located on Earth's surface, the interaction of the incident wave
with the free surface generates reflected and converted waves, and the particle motion is controlled by the
complex interference between P and SV incident and reflected waves (see Figure S6 in Supporting Informa-
tion S1). The apparent polarization of the particle motion (incidence angle ¢,) results from the superposition of
the displacements produced by the incident P wave and all the reflected/converted waves. The apparent P wave
incidence angle ¢, therefore differs from the theoretical incidence angle of the vertically propagating P wave.
Wiechert (1907) and later Svenningsen and Jacobsen (2007) showed that, at the free surface, the apparent P wave
incidence angle @, is twice the angle of the reflected SV wave, and that the polarization directions of teleseismic
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Figure 5. The same as Figure 3 but for station L15.

P waves observed at the surface are sensitive only to S wave velocity. Therefore, it is possible to infer the near
surface shear wave velocity structure from the apparent polarization of teleseismic P waves, as previously noted
by Wiechert (1907), Svenningsen and Jacobsen (2007), and Park and Ishii (2018).

Different time and frequency domain algorithms have been developed to measure the polarization of seismic
waves from three-component records (Bataille & Chiu, 1991; Du et al., 2000; Park et al., 1987; Park & Ishii, 2018;
Vidale, 1986; Wagner & Owens, 1995). Here, we use the (Z, R) receiver functions (RFs) instead of the raw (Z,
R) traces to compute the apparent polarization angle ¢,, in order to mitigate the influence of the P-waveform on
apparent S wave velocity (VS, app.; Svenningsen & Jacobsen, 2007). The RFs (RRF, ZRF) are computed with an
iterative deconvolution method (Ligorria & Ammon, 1999). We can measure the variations of ¢, with period T by
filtering the RFs in different period bands (Figures 9a and 9b). We then obtain values of apparent VS as a function
of observing period that can be used to infer the variations of S-wave velocity with depth (see Svenningsen &
Jacobsen, 2007 for further details)

sin (@)
Vs,app.(T) = ——— (1

Figures 10a—10e show our Vs, app* (T) measurements for the western Jaz Murian stations. To remove outliers, we
only keep values within the 68% fraction closest to the median (blue curve) at each 7, plotted with light gray
dots. The mean value and estimates based on stacked RF (red curves) are also shown in each figure. For Gauss-
ian errors this 68% fraction equals one standard deviation and the median equals the mean. For non-Gaussian

errors the median is a more robust estimate, although the difference is minimal in most cases (Svenningsen &
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Figure 6. The same as Figure 3 but for station L17.

Jacobsen, 2007). The three estimates for stations L.14, L15, and L18 are very close, while the medians of L16 and
L17 are smaller than the means.

In addition, we also show the V app*

and L24; Figures 11a and 11b). We can see the apparent velocities near the surface are much smaller for the

(T) curves for the two stations outside of the Jaz Murian Basin (i.e., L09

Jaz Murian stations than those from these two stations; furthermore, the apparent velocity increases at a much
higher rate (with the period) for Jaz Murian stations, which implies that the velocity variation beneath Jaz Murian
Basin is significantly larger than its surroundings. This is also revealed in the comparisons of receiver functions
between the Jaz Murian stations (Figures 3a—7a) and those two (Figures 11c and 11d), with the Ps converted wave
from the base of the basin (s-p) and the subsequent multiples clearly appearing only in the Jaz Murian stations.

We invert the S-wave velocity structure from the median Vg (T) curve obtained for each station via a simple

,app’
grid search. We illustrate the effectiveness of this method thprpough a number of numerical experiments in the
supplementary material (Figures S7-S8, Tables S2—-S4 in Supporting Information S1). We represent the under-
ground structure of the western Jaz Murian Basin with three-layer models. The top two layers represent the
sedimentary basin and the bottom layer represents the basement. The grid search interval for each parameter is
defined based on a careful inspection of the apparent S-wave velocity curves. We invert the apparent velocities at
5 different periods (T): 2, 3,4, 5, and 6 s (Figure S9 in Supporting Information S1). At shorter periods, the appar-
ent velocities carry information on structures at shallow depths, and the sensitivity shifts to deeper depth levels
when the period increases. From this analysis, we determine the thickness of the sedimentary layer, the S-wave
travel time and average velocity combining the results obtained for all the periods (Table S5 in Supporting Infor-
mation S1). We keep the value that provides the closest S-wave travel time to that obtained from S-wave autocor-
relations (Table 2). If there are multiple periods having similar travel times that are close to the autocorrelations,
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we favor the one in which the thickness of the sedimentary layer (directly inverted by the apparent velocity curve)
is closest to that determined by the average velocity and the reflected wave travel time picked from the autocor-
relograms (e.g., station L16).

3. Seismic Properties of Western Jaz Murian Basin

Our final model for the western Jaz Murian Basin is shown in Figure 12. The average shear wave velocities
determined from bootstrap ananalysis beneath each station are 1.24, 1.38, 1.10, 0.98, and 1.35 km/s, respectively.
The average shear wave velocities and two-way S-wave travel times can now be exploited to derive additional

properties of the sedimentary layer, such as the sediment thickness (H),

V5, and V/Vs ratios.

;‘;:)clterjl Whitening Bandwidths and Estimated P- and S-Wave Reflection Times

Station Aw, Aw, Ar8E,(5) tp (5) tsy (8) tysy (5) 2AtRE + 15p(s)
L14 0.5 0.20 1.17 1.81 £ 0.02 4.22 +0.02 4.21 +£0.03 4.15

L15 0.4 0.15 1.75 2.56 + 0.02 5.83 £ 0.07 5.79 £ 0.02 6.06

L16 0.4 0.15 1.82 2.41 +0.02 5.91 +0.02 6.01 + 0.02 6.05

L17 0.5 0.20 1.38 1.94 + 0.02 4.75 £ 0.02 4.76 + 0.02 4.70

L18 0.5 0.20 1.48 2.34 £ 0.02 5.18 £ 0.02 5.26 +£ 0.04 5.30

LANET AL.

9of 18



A~

NI

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2021JB023456

Real data - Vertical autocorrelograms of P wave coda (b)

Real data - Radial autocorrelograms of S wave coda

<2p
€2s

Time (s)

(c)
0

L14

L15

L16 L17 L18 L14 L15 L16 L17 L18

Modeling - Vertical autocorrelograms of P wave coda (d) Modeling - Radial autocorrelograms of S wave coda

44

<2p ]
5 <€2s

Time (s)

f
L14

L15

L16 L17 L18 L14 L15 L16 L17 L18

Figure 8. (a) Stacked vertical autocorrelograms from P-wave coda autocorrelation for Jaz Murian data; (b) stacked radial autocorrelograms from S-wave coda
autocorrelation for Jaz Murian data; (c) stacked vertical autocorrelograms from P-wave coda autocorrelation obtained from synthetic seismograms computed in the
model described in Table S6 in Supporting Information S1; (d) stacked radial autocorrelograms from S-wave coda autocorrelation obtained from synthetic seismograms
computed in the model described in Table S6 in Supporting Information S1. The blue solid line connects the P-wave reflection (a), (c) and S-wave reflection (b), (d) at

each station.

The sediment thickness and its uncertainty can be estimated using the travel times of S-wave reflections t,q from
the horizontal autocorrelograms and Versus from the P-wave polarization analysis (Pham & Tkalci¢, 2018)

H= l‘zszVS ) )

SH = otas Vs ;t255VS' @)

The estimated sediment thickness beneath each station is shown in Figure 13. These estimates are close to those
inverted from the apparent velocity curves, which suggests that they are both accurate and robust. Considering
station .16 as an example, the thickness of the sedimentary layer is about 3 km. For wavelengths between 0.8 and
5 km, this is equivalent to a sampling of 1.2-7.5 wavelengths in each reflective layer, which satisfies the require-
ments of the sampling theorem (at least 1 wavelength in a reflective layer).

Since the P- and S-wave reflection times are obtained separately from the stacks, we can recover the average V,/
Vj ratio (x) of the sedimentary layer by taking the ratio of the delay times

k=2, @

thp
The error bounds of the V,/Vj ratio is propagated from the time pick error bounds as

Otrs  tasbtr
e 5)

tp tp

The V,/V ratio can then be converted into Poisson's ratio using

LANET AL.

10 of 18



I .¥eld
NI Journal of Geophysical Research: Solid Earth 10.1029/2021JB023456

ADVANCING EARTH
AND SPACE SCIENCE

(@)

T=0.5s T=3s T=8s T=20s

0.4
0.2
o
02
RRr
-0.4
0 10 0 10 20
Time (s) Time (s) Time (s) Time (s)
(b)
1—@— 1
0.8 0.8
0.6
0.6
0.4
! 0.4
0.2 :
0 _] 0.2
Lz
-02 . FBF : : 0o
0 10 20 0 10 20 0 10 20 0 10 20
Time (s) Time (s) Time (s) Time (s)

Figure 9. Low-pass filtered (smoothed) using four different filter-parameters T, for the stacked receiver functions of L16
station. (a) Ry and (b) Zg;.. The values of T are written on each plot and the amplitudes of Ry and Zg. at t = 0 are marked
with red dots.
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In addition, the P-wave velocities can be obtained using the relation V, = V, . The structural information (thick-
ness (H), V,, V, V,/Vj ratio (k) and/or Poisson's ratio (¢)) beneath each station is summarized in Figure 13. The
results show that in the western Jaz Murian Basin, the sediment thickness is around 3 km, the S wave velocity
around 1.2 km/s and the compressional velocity around 2.9 km/s. The estimated V,/Vj ratios are relatively high,
between 2.2 and 2.5.

The presence of faults, fractures, and more generally tectonic stresses in the sedimentary layer may induce seis-
mic anisotropy (e.g., Backus & George, 1965; Crampin & Chastin, 2003). This seismic anisotropy may bias wave
velocity estimates. We examine this potential bias similarly to Park and Ishii (2018). Considering the average
compressional and shear wave velocities obtained in this study, and an azimuthal anisotropy of 5-20% (e.g.,
Boness & Zoback, 2006; Daley & Mcevilly, 1990), we estimate a maximum bias of 0.05 km/s for P wave velocity
and 0.02 km/s for S wave velocity, smaller than the average uncertainties of 0.25 km/s for P and 0.08 km/s for S
wave velocity estimates. Thus, the contribution of seismic anisotropy is within the uncertainty of wave velocity
estimates, even if a strong (20%) anisotropy is considered.
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Figure 10. (a)-(e) show Vs, app’ (T) estimates for the western Jaz Murian stations. For each T the light gray dots mark the 68 percent fraction of the estimates closest
to median, shown as the blue curve. The mean estimates and those estimates made for the stacked RF are also shown in each figure, represented by black and red lines,
respectively.

We also use the wavenumber integration method of Chapman (1978) from Computer Programs in Seismology
(Herrmann, 2013) to compute the synthetic seismograms of teleseismic P and S waves. The method provides
complete solutions in a 1-D layered model, including all of the multiples. The autocorrelograms computed on the
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magma arc; (c) and (d) are P wave receiver functions for these two stations respectively.

synthetic seismograms match very well with those derived from the real data (Figures 8c and 8d), which further
supports our results for the western Jaz Murian Basin.

In order to highlight the anomalous signature of seismic records in the western Jaz Murian Basin, we also
analyzed two other stations to the east of the 5 main stations, that is, P13 and P14. The results of teleseismic coda
autocorrelation and P-wave polarization analysis for P13 and P14 are shown in Figures S10-12 in Supporting
Information S1, respectively. The measured two-way travel times are 2.07 + 0.02 s for P-wave reflection and
4.55 + 0.03s for S-wave reflection for P13; whereas for P14, they are 2.65 + 0.02 s for the P-wave reflection
and 6.10 + 0.02s for the S-wave reflection. The estimated V,/V ratios are between 2.19 and 2.31 for these two
stations. The average shear wave velocities beneath both P13 and P14 are around 1.35 km/s, whereas the sedi-
ments are ~3.1 and ~4.1 km thick, respectively. Although we do not give a fine structure for the whole basin,
the western part of the basin is accurately characterized, with the thicknesses matching well with the range of
Teknik and Ghods (2017) where they overlap. On the other hand, the particular results obtained in the western
Jaz Murian Basin may reveal an anomalous nature, which may provide a window for exploring its formation and
the evolution of the Makran subduction zone.
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Figure 12. A simple grid search inversion of apparent velocity curves for Jaz Murian stations. (a) Synthetic apparent velocity
curves for Jaz Murian stations. The black line represents the median estimates of apparent velocities for the real data. The
gray dotted lines represent the apparent velocity curves coming from two hundred models that are closest to the real data
(black line) among all models. The red line represents the best fit apparent velocity curve, while the red circle marks the best
cutoff period for each inversion. (b) Inverted results from the corresponding apparent velocity curves shown in (a). The red
line displays the best fit model. The thick gray lines outline the parameter space covered in the grid search, while the thin gray
lines display the two hundred models which correspond to the above apparent velocity curves.

4. Discussion

The Jaz Murian Basin is a topographic-low depression with a mean elevation of ~360 m surrounded by high
rocky and arid mountainous ranges more than 2000 m high. The Bampour and Halil rivers flow into the Jaz
Murian Basin. During the spring season, when the rivers overflow, part of the basin is flooded and very shallow
(20-30 cm) saline lakes can form, which may shrink and remain dry in summer (Atashan et al., 2017; Rashki
et al., 2017; Shirani et al., 2020). The region experienced a humid climate characterized by several monsoon rain
periods during the past few million years (Ivory & Lezine, 2009), possibly producing lake deposition in the Jaz
Murian depression. The recent quaternary sedimentary deposits (Mccall, 2002), are probably interbedded with
lavas from the nearby Taftan and Bazman volcanoes (Pang et al., 2014), and detritus from the Urumieh-Dokhtar
Magmatic Arc (Ali et al., 2017), or even from the nascent Himalaya (Carter et al., 2010; Mazhar et al., 2001).
This is consistent with the presence of alluvial fans of gravels, silt plains, playa lakes, dunes and salt pans in the
basin and with the nature of surface rocks, mainly composed of tuffs, tuffaceous sandstones, silts and gypsums
(Burg, 2018; Harrison, 1943; Mccall & Kidd, 1982). Laboratory measurements of the P-wave velocity for such
sedimentary rocks range between 1.5 and 4.5 km/s (Kearey et al., 2009). Our estimates are well within the range
of those laboratory measurements. In the Great Valley forearc basin located on the west coast of the United States,
which is well constrained by multiple active source profiles (Colburn & Mooney, 1986; Fliedner et al., 1996;
Godfrey et al., 1997; Holbrook & Mooney, 1987; Zoback & Wentworth, 1990), the P-wave velocity in the sedi-
mentary layer is about 1.5—4 km/s. The P velocity variability results from a wide variety of deposits, from Upper
Cretaceous rocks to Pliocene and Quaternary sediments (Thompson & Talwani, 1964) but they are also compa-
rable to those measured in the Jaz Murian.

The low Versus and high Vp/Vs ratios (greater than 2.2) for the sedimentary infill may reveal unconsolidated
porous sediments (e.g., Horozal et al., 2013; Wiersberg et al., 2015), or fluid saturated sediments with pore fluid
connected pathways (i.e., dipping strata, fractures, and faults) that maintain the hydro-static pore pressure (Chhun
& Tsuji, 2021; Donna et al., 2005; Wiersberg et al., 2015). Since the amplitudes of reflected P and S waves are
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Vp (km/s)
2.91+0.27 = 3.07+£0.30 = 2.70+£0.20 @ 2.46+0.24  3.00+0.23 .
5. Conclusions
Vs (km/s)

1.2440.07  1.38+0.11  1.10+0.07  0.98:0.08  1.35+:0.07 We have exploited the autocorrelations and polarizations of teleseismic P
and S waves recorded by the China-Iran geological and geophysical survey in
the Iranian plateau to image the western Jaz Murian Basin (southeast Iran).

o The autocorrelograms revealed very strong reflection pulses from the top
0.39+0.08  0.37£0.04  0.40+0.03  0.40+0.03  0.37+0.05 basement. The two-way travel times of reflected S waves and P polarization

measurements allowed us to estimate an average sediment thickness of about
3 km. The very low seismic velocities (Vp ~ 2.9 km/s and Vs. ~ 1.2 km/s),
and high Vp/Vs ratio (~2.4) suggest unconsolidated sediments, and thus a
recent and fast deposition of the western Jar Murian Basin.

Figure 13. Structural information extracted from western Jaz Murian stations.
The upper panel shows the elevation of the transect crossing the Jaz Murian

Basin, whereas the lower panel shows the sedimentary layer structure beneath
the five stations in western Jaz Murian Basin, including the sediment thickness
(H), P wave velocity (V}), S wave velocity (Vy), V,/V; ratio (), and Poisson's

ratio (o).
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