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Abstract

The Hangay Dome in central Mongolia, a typical intraplate plateau far from plate boundaries, is characterized by rapid uplift
and widespread volcanic activities in the Cenozoic. However, thermodynamics process for the landform in Cenozoic remains
mysterious. Seismic Lg-wave, which is sensitive to crustal thermal status, can provide constraints on the crustal attenuation
structure; thus, may be helpful to understand the thermodynamics. In this study, we estimate the Lg-wave quality factor Q; ,
across the Hangay Dome and its surroundings from 231 crustal earthquakes recorded by 136 regional broadband seismic
stations distributed throughout north China and Mongolia. Using a joint tomographic method, we construct a broadband Lg
attenuation model at 58 discrete frequencies distributed evenly in log scale between 0.1 and 20.0 Hz. The obtained Q; , model
provides new insights into crustal attenuation in the region. The strong Lg wave attenuation observed in the northeastern
Hangay Dome and western Gobi-Altai, associated with crust low-resistivity anomalies, low S-wave velocity region, heat flow
and volcanic activities, suggest the existence of possible partial melting due to asthenospheric upwelling. The widespread
moderately-low Q; , values around the perimeter of the Hangay Dome imply that the margin of the Hangay Dome has been
weakened. The center part of the uplift is a small high Q; , nucleus, which is possibly the residue of the Precambrian base-
ment. The above observations suggest that the Hangay Dome is lifted by small-scale asthenospheric upwellings. During
this process, the very hot mantle materials strongly modified the Hangar Dome and also caused the Cenozoic volcanism
and major earthquakes.
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Fig.1 a Map showing the Mon-
golian Plateau and its adjacent
region overlain with major

fault systems (black lines) and
Holocene volcanoes (pink vol-
cano symbols). The red colored
patches are Cenozoic vol-

canic provinces (Ancuta et al.
2018). Four twentieth century
earthquakes with magnitudes
greater than 7.5 are shown by
their moment tensor solutions
(Guang-Yin et al. 2014; Rizza
et al. 2015). The colored circles
show the terrestrial heat flow
values from the International
Heat Flow Commission (IHFC)
(Fuch et al. 2021). b Map
showing the locations of the
seismic stations (triangle) and
events (orange circles) used in
this study. The stations are color
coded for different networks
with their names are listed
below the plot. The network
XL.HD was deployed from June
10, 2012 to April 10, 2014. The
networks XL.HV and XL.AT
were deployed from August 5,
2014 to June 11, 2016
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Introduction

The Hangay Dome, located in central Mongolia, is the
broadest (~ 200,000 km?) upland on the Mongolian Plateau
(Windley and Allen 1993). It is characterized by a high-
elevation (average ~2500 m) and low-relief surface deep
in the Asian continent between the Siberian Craton in the
north, the India—Eurasia collisional zone 2000-3000 km
away in the south, and the subduction zone of the Pacific
plate ~2000 km away in the east (Fig. 1a). It is difficult to
explain the uplift of the Hangay Dome in Cenozoic by the
theory of plate tectonics. Furthermore, the elevated low-
relief landscape also hosts a record of intermittent basaltic
magmatism sourced from the sublithospheric mantle since
30 Ma (Barry et al. 2003; Ancuta et al. 2018). Various
hypotheses have been proposed for the cause of Cenozoic
deformation and volcanism in the Hangay Dome, including
(1) the far-field stress associated with the India—Eurasia col-
lision (Molnar and Tapponnier 1975), (2) the activities of
isolated mantle plumes (Windley and Allen 1993), and (3)
asthenospheric upwelling and lithospheric removal (Barry
et al. 2003; Comeau et al. 2021; Feng 2021), but there is no
consensus due to limited observations.

The Hangay Dome has a complex geological history, as
it is located in the heart of the Central Asian Orogenic Belt,
the largest accretionary orogen, which underwent massive
continental growth in the Paleozoic (Xiao et al. 2018). The
crust comprises Archean to early Proterozoic crystalline
rocks modified by Paleozoic accretionary events involv-
ing the opening and closing of ocean basins in the Neo-
proterozoic and early Phanerozoic (1000-250 Ma) (Sengor
et al. 1993; Windley et al. 2007). In the Cenozoic, it under-
went active deformational processes and volcanism (Mol-
nar and Tapponnier 1975; Barry et al. 2003; Calais et al.
2003; Ancuta et al. 2018). The GPS measurements reveal
that the Hangay Dome, a kinematic transition zone between
compressional deformation to the south and extension in
the Baikal rift, moves eastward at ~4 mm/year (Calais et al.
2003). Such transition is accommodated by large strike-slip
faults that bound the Hangay Dome. To the north is the left-
lateral Bulnay fault, and to the south are the South Hangay
fault and left-lateral Bogd fault systems (Bayasgalan et al.
1999). Three intracontinental earthquakes with magnitudes
greater than 8.0 (1905/7/9 M, 8.3 Bulnay, 1905/7/23 M, 8.0
Tsetserleg, and 1957/12/04 M, 8.1 Bogd) occurred along
these faults in the early-middle twentieth century (Rizza
et al. 2011 2015).

High-resolution and reliable images of crustal structure
can provide useful insights into the mechanisms of surface
uplift, active seismicity and volcanism in the Hangay Dome
and its surroundings. The recent high-resolution magneto-
telluric imaging of the crustal and upper mantle structure

showed wide spreading low-resistivity anomalies within
the crust around the Hangay Dome and suggested localized
asthenosphere upwellings in the crust (Kdufl et al. 2020).
However, the knowledge on conductivity structure of the
crust alone is not enough to picture the actual crustal proper-
ties. To obtain further constraints on crustal thermal struc-
ture and improve the understanding on Cenozoic deforma-
tion and volcanism of the Hangay Dome, high-resolution
images of seismic attenuation property, which is sensitive
to temperature, partial melting, fluid content and magma
movement (Mitchell 1995), is highly demanded.

The Lg-wave is typically the most prominent seismic
phase in high-frequency seismograms observed over con-
tinental paths at regional distances. It is usually understood
as the sum of supercritical reflected S-waves trapped in the
crustal waveguide (Xie and Lay 1994) or the surface wave
overtones traveling in the continental crust (Knopoff et al.
1973). As it samples the whole crust and is insensitive to
source radiation patterns when the magnitude is moderate
(Furumura and Kennett 1997), Lg-waves provide an ideal
tool to study the amplitude variations during seismic waves
propagating within the continental crust, and have been
widely used to investigate crustal seismic attenuation (Xie
et al. 2004; Zhao et al. 2010 2013a; Gallegos et al. 2014,
Kaviani et al. 2015; He et al. 2021). Lg-wave attenuation
is generally quantified by the frequency-dependent quality
factor Qy ,. Low Q , values denote strong attenuation, which
is generally associated with thick sediments (Mitchell and
Hwang 1987), complex fault systems (Mitchell 1995; Bao
et al. 2012), or partial melts characterized by high tempera-
tures and low viscosities (Xie et al. 2004; Zhao et al. 2013a),
while high @, , values denote weak attenuation and correlate
well with a stable block (e.g., Zhao et al. 2013b).

Rapine and Ni (2003) testified that Lg-waves propagate
efficiently at regional distances for Mongolian region, vali-
dating the investigations into Lg attenuation in the Hangay
Dome. Unfortunately, a high-resolution Lg-wave attenuation
model is lacking due to the limitation of sparse stations. To
date, our knowledge on the Lg-wave attenuation structure
on the Mongolian Plateau is mainly from Lg-wave attenua-
tion studies in Eurasia, whose resolution is not high enough
to image the regional lateral variations on the Mongolian
Plateau. Mitchell et al. (1997, 2008) obtained a 1 Hz coda
Q map in Eurasia and showed stable Q,, values (Q values at
1 Hz) between approximately 400 and 600 in the Mongolian
region. Xie et al. (2006) measured Q,, values of Lg-waves
with the two-station method using the power-law attenuation
model O(f) = Q,f", and the results in the Mongolian region
were also between approximately 400 and 600. Sparse sta-
tions limited the resolution of these two models, and lateral
variations in the Mongolian region were not observed. Taylor
et al. (2003) further investigated the 1 Hz Q; , model in East
Asia with Bayesian Lg attenuation tomography based on the
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background model (Mitchell et al. 1997) and found slight
lateral variations on the Mongolian Plateau (~550) and in
the nearby Baikal rift (~450). Phillips et al. (2005) provided
a Oy, model in central and eastern Asia using the amplitude
ratio technique, and the resolution, on average, was 2.5°. This
model at 1 Hz, however, shows dramatic lateral variations
in the Mongolian region, with low Q (~300) at the Baikal
rift and high Q (~800) at Mongol-Okhotsk. Clearly, there
are great differences between these models, which provide
a 0p, model only around 1 Hz. He et al. (2017) presented
the frequency-dependent Q, , and Qg, models and found low
crustal attenuation in the Hentey Mountains, but the region
of the model was limited to the eastern Mongolian Plateau.

The Central Mongolia Seismic Experiment, originally
designed to determine the structure and composition of the
lithosphere and sublithospheric mantle beneath the central
and western Mongolia, deployed 3 subarrays consisting of
total 112 broadband seismic stations from 2012 to 2016
(network code: XL). Benefitted from this project, we were
provided with an unprecedented opportunity to image the
crustal Lg-wave attenuation structure beneath the Hangay
Dome and its surroundings at a much higher resolution. In
this study, we used the data from regional seismic stations
including XL stations to develop a high-resolution broad-
band Lg-wave attenuation model between 0.1 and 20.0 Hz
for the Hangay Dome and its surroundings. This model is
expected to give further constraint on thermal activities
beneath the Hangay Dome and its surroundings, shedding
light on the regional geodynamics of the uplift and volcan-
ism of the Hangay Dome.

Data and method
Regional datasets

To investigate the frequency-dependent Q, , for the Hangay
Dome and its surroundings, we collected more than 14,000
vertical-component broadband seismograms generated by
231 crustal earthquakes in northeast China and Mongolia
occurred between June 2012 and March 2016, recorded
by the XL network during its deployment, the XJ network
from the China Earthquake Network Center (CENC) and
two permanent stations IC.WMQ and II.TLY from the
Incorporated Research Institutions for Seismology (IRIS)
data management center. All these stations were equipped
with broadband digital seismographs. The magnitudes of
these earthquakes were ranged from 3.6 to 6.0, and their
focal depths were shallower than the Moho discontinuity
given by CRUST1.0 (Laske et al. 2013) to ensure they were
crustal events. The waveform data were selected with their
epicentral distances between 300 and 2000 km. Within this
range, the Lg-waves were usually the most prominent phase
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in regional seismograms. The dense event distribution and
available stations generated dense ray coverage over the
majority of the study region, providing an ideal condition
for a high-resolution Lg-wave attenuation tomography.

Lg-wave spectrum

To process the waveform data, we first remove the trends,
means, and instrument responses from raw vertical-compo-
nent seismograms (Goldstein and Snoke 2005). To locate the
Lg signal in the waveform, we use a 0.6 km/s-long group
velocity window to scan the waveform between group veloc-
ities 3.7 and 2.9 km/s and calculate the waveform energy
within the window. The section of waveform which gives the
maximum energy will be used as the Lg-wave signal. Next,
both pre-Pn and pre-Lg noises were picked using windows
with the same length as the Lg window for noise analysis.
The pre-Pn noise window ends at group velocity 8.4 km/s
and the pre-Lg noise ends at the start of Lg window. The Fast
Fourier Transform (FFT) was performed on the Lg-signal, as
well as the pre-P and pre-Lg noise series. Spectral amplitudes
of the Lg signal and noises were extracted from these spec-
tra at 58 discrete frequencies log-evenly distributed between
0.1 and 20.0 Hz. Two signal-to-noise ratios (SNR) were used
to quality control the data. The Lg waves with their SNR to
pre-P noise less than 2 or SNR to pre-Lg noise less than 1.0
were removed to exclude Lg-signals seriously affected by the
background noise or coda waves of previous phases (Luo et al.
2021). The Pre-P noise was also used to perform noise correc-
tions to the Lg-wave. By assuming that: (1) the seismic signal
is superimposed by the noise, (2) the noise is stationary over
a certain time period, and (3) the noise is random and uncor-
related with the signal, the correction can be performed using
Aé(f )= Azo(f ) — Alzv(f ), where A(f) is the spectral amplitudes
at frequency f and its subscripts S, O, and N denote the true
signal, the observed data, and the pre-P noise, respectively
(Ringdal et al. 1992; Schlittenhardt 2001; Zhao et al. 2008).
As an example, Fig. 2 illustrates this process, where Fig. 2a
is a 0.5-5.0 Hz filtered velocity waveform recorded at an epi-
central distance of 356 km and Fig. 2b is the related envelope.
Figure 2c—e are windowed Lg-signal and the pre-P and pre-Lg
noise series. Figure 2f shows amplitude spectra of the Lg-
signal and noises, in which the gray lines are raw spectra cal-
culated from the FFT and the symbols are extracted discrete
spectra at 58 frequencies. After rejected Lg records below
the SNR threshold criteria, we further required that an event
be recorded at least by three stations and a station recorded
at least three events. After these, the dataset for attenuation
tomography consists of 13,686 high-quality waveforms from
231 crustal earthquakes recorded at 136 broadband seismic
stations throughout Northeast China and Mongolia. Figure 1b
illustrates the locations of events and stations used in this
study, with all event parameters listed in Table S1.
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Event: 2012/08/19 16:36:47.20 Station: XL.HD57 Distance: 356.0(km)
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Fig.2 A sample data preprocessing procedure. a Velocity record
after deconvolving with the instrument response. b Envelope of the
waveform filtered between 0.5-5.0 Hz. It will be used to find the
maximum energy arrival in the Lg sampling window. c—e Windowed
Lg signal, and pre-Pn and pre-Lg noise, f Lg-wave and noise spectra,

Single-station data

The Lg-wave spectral amplitude at frequency f recorded by
station i from event k can be expressed as

A(f, A) = §,(NGL(Q L (f, AP, (Dry(f), (1)

where A is the epicentral distance, S,(f) is the source term,

G,;(A) is the geometrical spreading factor, I'y;(f, A) is the
attenuation term, P;(f) is the site response and ry;(f) is the
random errors in the data which may come from variety of
sources such as the ambient noise, source properties biased
from the standard model, station locations away from a
great circle path, etc. The radiation pattern of the source
is not included in the formulation because the Lg-wave is
composed of very wide incident angles, thus is not strongly
affected by the radiation pattern (Castro et al. 1990).

where gray lines are raw spectra and symbols are extracted discrete
spectral values. g Signal-to-noise ratios, and h noise-corrected Lg-
wave spectrum. Note that the data points with their pre-Pn SNR lower
than 2.0 or their pre-Lg SNR lower than 1.0 are dropped

Considering its highly reverberated propagation mecha-
nism, the geometrical spreading for Lg-wave is difficult to
obtain, instead, the below simplified formulation is used
(Street et al. 1975; Herrmann and Kijko 1983)

[STE

G(D) = (AgAy) 2, 2

where A represents a reference distance fixed at 100 km.
The attenuation factor I';;(f, A) can be expressed by (Zhao
et al. 2013b).

falf, &)= exp<__:f/ . Q(xdi f)) ®

where v is the Lg-wave group velocity, f ;{ds is the integral
along the great circle path from event & to station i, Q (x, v, f)
is the Lg-wave apparent quality factor and x and y are geo-
graphic coordinates.
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Two-station data

To address the tradeoff between the source and attenu-
ation terms, the two-station dataset is also calculated,
which can improve the reliability of the estimated Q by
removing the source term. When both stations i and j
record the same event k, and the locations of stations
and event are approximately aligned on a great circle,
the interstation amplitude ratio from station i to j can be
calculated by (Zhao et al. 2013b)

1 .

0 () (L[ e )

Ay Ay v i Qy.f) ) Piory
“
where A,; and A, are observed amplitudes at stations j and
i from a common event k, respectively; A;; and A, are epi-
central distances from event k to stations j and i, f ids is the
integral along the great circle path from station i to j, P; and
P; are the site responses at stations j and i, and r;; and r; are

random errors along the paths from event k to stations j and
i, respectively.

Lg wave Q tomography

Based on the perturbation theory, we establish an inver-
sion system for Lg-wave Q tomography. By neglecting the
random effects along the Lg propagation path, i.e., letting
r,(f) = 1, applying the natural logarithm to Eq. (1) and com-
bining with Eq. (3), we obtain a linearized system

ds
o, y.f)

In[A,,(f. A)] = In[S, ()] + In[G(A)] — %p / +In[P,(f)]
k

5
Assuming that the attenuation, source function and site

response can be separated into a background part (denoted
by superscript 0) and a perturbation (Zhao et al. 2013b),

L1 80Gy.))
Q(-xa y7f) QO(X’ y?f) [QO()C, y,f)] 2 (6)
In[S.(N] = In[SY(H)] + 8In[S, (] 0)
In[P,(A)] = In[PY(f)] + In[Py(f)] (8)

Substituting Egs. (6)—(8) into Eq. (5), we have

In[A;(f, A)] = ln[Agi(f, A)] + 6ln[Sk(f)] - %p/

L 80, y.f)
L, y. 1)

In[A (F, A)] = In[S°()] + In[Gye(A)] - %p / kﬁ“y’ﬂ +In[PY(f)]
(10

Then, the difference in spectral amplitude before and after
the O, InS and InP are perturbed is

sIn[A,(f, A)] = In[A,(f, A)] — In[AD(f, A)]

_ af [' 600cy.)
= 51H[Sk(f)] - T/kmds (11)
+ 8ln[P,()]

Therefore, we can relate the perturbations in the attenua-
tion, source, and site response with the amplitude residual.
We denote the amplitude residual 61n [Aki(f , A)] as E,d(f) for
event k recorded by station i at frequency f. It can be distrib-
uted to the path based on the mesh discretization:

N

ha(h) = Y |ay, - 60,] + ¢ - 6In[Sy(P)] + u; - SIn[P,(F)]
i (12)

where 7 is the index of a grid point, N is the total num-
ber of grids a ray passes, a;, = A %, x,and y, are
V@ (xynf))

the coordinates of grid n, and D,, denote the length of a ray
section in grid n, e, and u; are coefficients for the source
k and station i, respectively, with u; = e, = 1 for single-
station data. Finally, the linear equations for a single-sta-

tion dataset can be expressed as.
H =A,-6Q0+E; -65+U,-oP (13)

where H  is a vector composed of residuals of logarith-
mic spectra data, 6@ is a vector composed of the perturba-
tions of the Q models, matrix A, is composed of elements
a;,, sets up the relationship between Q perturbations and
the observed single-station Lg-wave spectra, maxtrix E;
sets up the relationship between source perturbation and
the observed single-station Lg-wave spectra, 65 is a vector
composed of the perturbations of the logarithmic source
terms, maxtrix U; sets up the relationship between site
responses and the observed single-station Lg-wave spectra,
and 6P is a vector composed of the perturbations of the
logarithmic site responses.

For two-station measurements, the source term is elimi-
nated by taking spectral ratios. A similar matrix equation
can be obtained.

ds + sIn[P,()] )

where
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H =A,-60+U,-oP (14)

where H, is a vector composed of residuals of loga-
rithmic spectral ratios, matrix A, sets up the relationship
between interstation Q perturbations and the residuals of
the logarithmic Lg-wave spectra ratios, maxtrix U, sets up
the relationship between site responses and the observed
Lg-wave spectra ratios, and 6P is a vector composed of the
difference between the perturbations of logarithmic site
responses of two stations.

The sum of all logarithmic site responses Zf\;l InP; can
be assumed zero, when the stations are evenly distributed
in the study area (Ottemoller 2002; Ottemoller et al. 2002;
Zhao and Xie 2016; Zhao and Mousavi 2018). Therefore,
based on the assumption that the sum of the perturba-
tion of site responses (in logarithm) Zfi] 6lnP; =0, and
simultaneously controlling a relative variation of the site
responses, Zf\il 6|InP;| < &, where € is an empirical value
for normalizing the site responses, the site response terms
6P for both single- and two-station data are ignored in the
inversion.

Therefore, by combining eqs. 13 and 14, we have.

HS - AS ES
[H,]_[A,]'ég-i_[o]'&s' 15
We used a tomography approach which jointly inverts
the regional Q and source excitation terms using both sin-
gle- and two-station data to reduce the attenuation-source
tradeoffs (Zhao et al. 2013a). A regional average Q obtained
from the two-station dataset is used as the initial model. The
Least Squares QR factorization (LSQR) algorithm, including
the regularization, damping and smoothing, is used to solve
the linear system (Paige and Saunders 1982) and update both
attenuation and source terms in an iterative manner. At each
frequency, we calculate a total of 250 iterations, and the result
is chosen based on the smallest residual error. To evaluate the
resulted source spectra, we further fit the solved source spec-
trum for each event with an =2 source model (Brune 1970)

MO‘ 1

47rpvf ¥ 2’ (16)
(1+£)

S() =

where M, is the scalar seismic moment and f, is the cor-
ner frequency. The density and S-wave velocity are assumed
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to be p = 2.7g/cm?® and v, = 3.5km/s. The resulted source
parameters for all events are listed in Table S1. After the
inversion, the data residuals are largely reduced and their
distribution tends to be a Gaussian function with a zero
mean and a much smaller standard deviation (Fig. 3). This
implies a better data fit after inversion. The remaining
unsolved residuals may be resulted from complex source
processes, site responses, and other random effects, which
are neglected in our joint inversion (e.g., Zhao and Mousavi
2018).

Resolution analysis

Using a checkerboard method, we conduct resolution analy-
sis to test the constrain of the current regional dataset to the
inverted Q; , model. We first create a checkerboard-shaped
Lg-wave attenuation model by adding 7% logarithmic posi-
tive/negative perturbations to a constant background Q ,
model (Zelt 1998; Morgan et al. 2002; Zhou et al. 2011;
Zhao et al. 2013a; Liu et al. 2014). Then, Eq. (1) is used to
calculate synthetic Lg spectral amplitudes, where ray paths
are from the actual observation geometry, and source terms
including their scalar seismic moments and corner frequen-
cies are adopted from the inverted source spectra. Random
noise with 7% rms perturbation is added to the synthetic
Lg-wave spectra. The two-station data are extracted from
the synthetic single-station data. Inverting the two- and
single-station synthetic data simultaneously, we obtain the
0y, model, which is compared with the original checker-
board model to provide a resolution analysis. Our broadband

24000 prm — “n‘. =TT
— : 3 A Combinned data
20000 A A ® Single—station data |
A 4. X Two-station data
& 16000 |- . AA N
E - A ]
& A s
% 12000 [- I .
i : N |
v I S——— A .!.. & — A ——
£ 8000 |- .S s .
Z L - A :: “a -]
| A Ly S
4000 | i Sk s, )
Ay OX
[ % i
O | W. | | —
0.1 1 10

Frequency (Hz)

Fig.4 The numbers of available rays, including both single-station
and two-station rays, at individual frequencies from 0.1 to 20.0 Hz.
The shaded area highlights the 0.4-6.0 Hz band, within which the
resolution can reach to ~ 1.0° x 1.0°
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Lg-wave attenuation tomography is calculated independently
at 58 discrete frequencies. Because the source spectrum, the
noise level and the attenuation are all frequency dependent,
the number of available rays vary dramatically across the
entire frequency band. The resolution at each frequency is
different. Figure 4 summarizes the number of available ray
paths versus frequencies between 0.1 and 20.0 Hz, including
single-station, two-station and combined datasets. We con-
duct resolution tests for all 58 individual frequencies using
a series of checkerboard models with different grid sizes
varying from 0.5° X 0.5° to 0.2° X 0.2° at an increment of
0.5°. The shaded area in Fig. 4 highlights the 0.4—6.0 Hz
band, within which the data have the maximum ray density
and give the highest resolution.

Results

Based on the aforementioned data set and the Lg-wave
tomography method, we obtain a broadband attenuation
model for the Hangay Dome and its surrounding regions
at 58 discrete frequencies between 0.1 and 20.0 Hz.

Q, distributions at individual frequencies

Figure 5 illustrates the Q; , maps, checkerboard resolution
tests and ray-path coverages at 0.5, 1.0, 2.0, and 3.0 Hz,
respectively. Note that different color scale is used for each
frequency. The blue rays are for the single-station data and
the red rays are for two-station data. The spatial resolution
also varies with frequency as the ray-path coverage varies.
Generally, Oy, distributions at different frequencies show
similar patterns for large-scale lateral variations, which cor-
relate well with the regional tectonics. The Junggar Basin,
consisting of trapped oceanic crust formed in the Paleo-
zoic (Xiao et al. 2018), is characterized by relatively high
Oy, values at all frequencies. A high Q;, anomaly can be
observed beneath the Hangay Dome and Gobi—Altai at 0.5
and 1.0 Hz. With the increase in the frequency, this high
0, , anomaly is separated into two parts beneath the Hangay
Dome and Gobi-Altai, respectively. The high-Q; , anomaly
in the Gobi—Altai at 2.0 and 3.0 Hz corresponds to a high-
resistivity area in the crust (Kéufl et al. 2020). Both two
blocks are considered stable due to their relatively low heat
flow values between ~40 and 50 mW/m? (from International
Heat Flow Commission, IHFC). In contrast, low QLg values
are observed underneath the Hovsgol rift and Bulnay fault
system. The low-Q; , anomaly linked to the Hovsgol rift,
especially its eastern part, corresponds to the high heat flow
of approximately 120 mW/m? and abundant basalt outcrops.
The Valley of Lakes and the Mongolia—Altai also feature
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Fig.6 Frequency-dependent Q,, for selected blocks, with a Hangay
Dome and b Mongolia-Altai. ¢ Comparison of average O, , values in
all blocks. The shaded area highlights the 1.5-6.0 Hz frequency band,

Table 1 Lg-wave Q for individual geological blocks

within which the data provide high ray-coverage density and the reso-
lution can reach to 1.0° X 1.0°. For detailed properties in individual
blocks refer to Table 1

Lg-wave Q model CRUST1.0 model? IHFC®

0y o n crustal sediment heat flow
Block name Abbr (1Hz Q) (1.5-6 Hz) (1.5-6 Hz) thickness (km) thickness (km) (mW/m?)
Gobi—Altai GA 1028 (810-1305) 999 (612-1632) 0.36+0.23 46.7+0.5 0.1+0.1 -
Junggar Basin JB 796 (654-969) 966 (645-1447) 0.59+0.21 43.5+5.7 2.6+2.7 46.3+6.2
Hangay Dome HD 936 (778-1126) 833 (487-1424) 0.25+0.14 51.3+0.9 0.0+0.0 453+6.4
Hovsgol rift HR 648 (488-861) 590 (366-952) 0.49+0.21 49.2+1.8 0.0+0.0 96.7+68.2
Valley of Lakes VL 425 (364-495) 585 (418-819) 0.59+0.18 47.1+2.1 02+0.3 40.0+6.0
Mongolia—Altai MA 388 (269-559) 504 (315-807) 0.74+0.19 48.1+2.5 0.0+0.1 65.0+23.5
All regions AR 537 (292-986) 626 (376-1040) 0.55+0.06 47.5+3.2 04+1.1 75.8+57.7

“From Laske et al. (2013)

"From the Global Heat Flow Database maintained by International Heat Flow Commission, IHFC (https:/ihfc-iugg.org/products/global-heat-

flow-database)

relatively low O, , values, corresponding to relatively high
surface heat flows between 60 and 70 mW/m?. Farther south,
the Gobi—Altai conductor (GAC), a junction between the
Gobi—-Altai and Mongolia—Altai, shows complex fault sys-
tems and high seismic activities. Its low Q;, values is con-
sistent with low-resistivity anomalies recently detected by
magnetotelluric method in this region (Kéufl et al. 2020).

Frequency dependence of the Lg-wave attenuation

The tomography results at 58 individual frequencies from
0.1 to 20.0 Hz enable us to investigate the frequency
dependency of the Lg-wave attenuation. The averaged
Oy, values versus frequency in selected tectonic regions
are given in Fig. 6. The light gray crosses in Fig. 6a, b
are directly inverted Q;, values in two selected blocks
(labeled in the lower right in each panel). The colored

@ Springer

squares and error bars are their mean values and standard
deviations at different frequencies in the logarithmic scale.
The Q, values and standard deviations are also labeled in
Figs. 6a, b. Figure 6¢ compares the average O, versus
the frequency for all geology units, with their results also
listed in Table 1. By averaging values from all blocks in
the entire study region, the regional averaged Q;, versus
frequency can be obtained (the curve labeled with AR in
Fig. 6¢). The regional average Q;, is 537 with upper and
lower standard deviations of 292 and 986, respectively.
This value is much higher than those from active orogenic
regions and marginal seas (Zhao et al. 2013a; Zhao and Xie
2016; He et al. 2021; Luo et al. 2021), indicating a gener-
ally stable intracontinental orogenic region. Within the
study region, geology units with their average Oy, lower
than the regional average, e.g., the Mongolia—Altai, Val-
ley of Lakes and Hovsgol rift, tend to be more tectonically
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active. In contrast, the relatively stable blocks, such as the
Junggar Basin, Hangay Dome and Gobi—Altai, manifest
average (, values higher than the regional average. Nota-
bly, the Mongolia—Altai and Gobi—Altai show different
attenuation characteristics, indicating different orogenic
mechanisms between them. The variations in Lg-wave
attenuations across different geology units reveal signifi-
cant lateral variations in underlying processes.

In many earlier works, limited by the band width of the
instruments and coverage of the seismic data, the attenuation
model is often limited to a narrow frequency band around
a central frequency and a power-law model Q(f) = Qyf" is
often used (Castro et al. 1990; Xie et al. 2006). The model
provided here has a very-wide frequency band. At frequen-
cies less than 1.5 Hz, the QLg values decrease as the fre-
quency increases resulting in a negative # in this frequency
band, consisting with some previous Lg-wave attenuation
studies in Mongolia (Xie et al. 2006). He et al. (2017) also
found negative # in several regions in east Mongolia, and
suggested it may be related to volcanic activities. In addi-
tion, similar negative # was also observed between frequen-
cies 0.1 and 0.3 Hz in several places in the southeastern
Tibetan Plateau, corresponding to regions with thick crust
(>45 km) and thin sedimentary layers (<0.1 km) (He et al.
2021). The negative ; can also be observed in North Ara-
bia Plate and India Shield (Zor et al. 2007; Pasyanos et al.
2009). One possible explanation is that scattering causes
complex frequency-dependent attenuation which is linked to
the correlation structures of scatters (Pasyanos et al. 2009).
In this study, the observed negative 7 at frequencies lower
than 1.5 Hz may be resulted from the microseism noise.
Meltzer et al. (2019) investigated the data quality in net-
work XL and found the noise power significantly increases
in the microseism band between 0.1 and 1.5 Hz, highly cor-
relating to the frequency band where negative 5 appears.
Overall, the negative # has been observed in many studies,
but its origin is remained unsolved and need further inves-
tigation. To quantify the analysis, we select the band from
1.5 to 6.0 Hz to analyze the frequency dependence, where
the general trend that the O, , increases with the increase of
frequency is maintained, and the maximum resolution of
1.0° x 1.0° is reached. The linear regression is calculated
based on the power-law relation (Benz et al. 1997) on the
double logarithmic scale

n
o) = 0, <§> (17)

where Q, is the Q at a reference frequency f, and # is assumed
to be a constant over the interest frequency band. If taking
f. = 1.5 Hz, the resulting # ranges from 0.35 to 0.74 for
different blocks (Table 1). A regional averaged power-law

0 model of Q(f) = 420;g§(f / 1.5)%959% s consistent with
previous Lg-wave attenuation study in this region (Mitchell
et al. 2008).

Broadband Q, ,images

We plot the broadband Q) , in comparison with the surface
topography, crust and lithosphere—asthenosphere boundary
(LAB) and seismic P-wave velocity structures (Fig. 7). A
broadband Q; , map obtained by averaging the O, , values
within the frequency range 1.5-6.0 Hz is shown in Fig. 7a,
overlaid with major fault systems (white lines), four major
twentieth century earthquakes, Holocene volcanoes (red vol-
cano signs), Cenozoic basalts (light pink patches, Ancuta
etal. 2018). A high-Q, , region is located in the northeastern
Hangay Dome and corresponds to a series of basalts with
ages from 6.0 to 12.8 Ma (Ancuta et al. 2018), possibly a
solidified intrusive mafic magmatic body. Three longitu-
dinal sections A—A’ to C—C’ and three latitudinal sections
D-D’ to F-F’, with their locations shown in Fig. 7a, are
selected to investigate the Hangay Dome and its surrounding
areas. Profile A—A’ is located along the western border of
the Hangay Dome and shows two low-Q; , anomalies, with
one in the western Gobi—Altai between 0.5 and 12 Hz and
another in the Hovsgol rift between 0.5 and 3.0 Hz, and a
third relatively low-Q, , anomalies along the Bulnay fault
from 0.8 to 5.0 Hz. Profile B-B’ crosses the interior of the
Hangay Dome. It has two low-Q; , anomalies with one in
the northeastern Hangay Dome from 0.5 to 12.0 Hz and
another in the northeastern Hovsgol rift from 1.0 to 10.0 Hz,
a third moderately low-Q; , anomaly along the South Hangay
fault from 3.0 to 10.0 Hz, and a high-Q, , anomaly beneath
the Gobi-Altai from 0.5 to 12.0 Hz. The high-Q, , anomaly
corresponds to a high-resistivity region in the Gobi—Altai
which has been considered as the residues left by the Valley
of Lakes (Kiufl et al. 2020). The easternmost profile C—C’
has three low—QLg anomalies, with the first beneath the south
Hangay fault between 1.0 and 10.0 Hz, the second beneath
the Togo volcano between 2.0 and 4.0 Hz and the third
beneath the Hovsgol rift between 0.5 and 2.0 Hz, respec-
tively. The interior of the Hangay Dome shows high-Q ,
anomalies from 0.5 to 0.8 and 5.0 to 12.0 Hz. The latitudinal
profile D-D’ along the Bulnay fault also shows widespread
low-Q; , anomalies from 0.5 to 5 Hz in the Mongolia-Altai,
Valley of Lakes, and northern boundary of the Hangay
Dome. The variations in Q; , values along the cross-section
E-E’ are less prominent, only showing relatively high-Q, ,
anomalies beneath the Hangay Dome. Profile F—F” shows
high-Q, , anomalies in the Junggar Basin and several low-
0, ; anomalies in the Mongolia—Altai and the South Hangay
fault. Four major twentieth century earthquakes are located
in regions with strong Q, , variations or low-Q, , values.
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«Fig.7 a The broadband (1.5-6.0 Hz) Q;, map and locations of six
cross sections. b—g Comparisons among various geological and geo-
physical properties along 6 profiles, including (1) surface topography,
(2) crust and upper-mantle structures (the black line is the Moho dis-
continuity, the gray line is the LAB, and the yellow colored areas are
the lithospheric mantle), and locations of earthquakes (red dots), (3)
0O, averaged between 1.5 and 6.0 Hz, (4) frequency-dependent Q, ,
between 0.5 and 12 Hz, and (5) percentage P-wave velocity perturba-
tions from the MITOS8 (Li et al. 2008) and the 410- and 660-km upper
mantle discontinuities (dashed lines). The Moho discontinuity and the
LAB are from the LITHO1.0 (Pasyanos et al. 2014). The earthquake
locations are from the International Seismological Center (ISC)

Discussion

Thermal status of the crust constrained by strong Lg
attenuation

The high-resolution broadband Q;, model in the Hangay
Dome and its surroundings reveals remarkably strong het-
erogeneities in crustal attenuation. Overall, the interior of
Hangay Dome and Gobi—Altai are characterized by high-
O, , values, whereas low-Q; , anomalies are also observed
surrounding the Hangay Dome, especially in its eastern
margin and the GAC. The Q,, variations result from the
physical properties and thermal status of the crust, and are
also affected by the geometrical parameters of crustal wave-
guide, such as changes in crustal thickness (Zhang and Lay
1995). The crustal thickness variation can partially explain
the origin of low Q , in the eastern margin of Hangay Dome,
where crustal thinning exists (Feng 2021). However, such
degree of crustal thinning may not be enough to explain the
observed sharp decrease in O, from about 1000 to lower
than 430. Furthermore, the observed low QLg anomalies for
eastern Hangay and the GAC coincide with anomalies of
low-resistivity and low S-wave velocity in the crust (Kaufl
et al. 2020; Feng 2021), indicating that the Lg-wave dissi-
pation in these two regions are probably dominated by the
intrinsic attenuation associated with the thermal status and
partial melting in the lower crust rather than just by scatter-
ing effects due to the intricate fault systems at the shallow
depth and the crust thickness variations. The widespread
relatively low-Q, , anomalies have been observed along the
South Hangay fault and Bulnay fault. As the fault systems
are usually the weakest zone in the crust and full of fractures
of all scales, these low QLg anomalies along the faults could
be due to strong scattering. On the other hand, these low Q; ,
anomalies likely depict the channels that guide the partial
melting materials move up vertically, similar to the phe-
nomenon revealed by reflection seismology at the mid-ocean
ridge where the partial melting materials generally move
upward along the crustal faults (Singh et al. 2006). One way
or another, the relatively low QLg anomalies along the fault
systems suggest that the margin of Hangay Dome is weak,
which is also consistent with the local seismicity (Meltzer

et al. 2019). On the other hand, the high—QLg anomalies in
the center of the Hangay Dome are likely an indicator of the
nucleus of the Precambrian block, which is still preserved
although its eastern part has been modified by non-age-pro-
gressive, intermittent and sublithospheric mantle-sourced
basaltic magmatism in the Cenozoic (Cunningham 2001;
Ancuta et al. 2018).

Uplift mechanism of the Hangay Dome

The intracontinental uplift mechanism of the Hangay Dome
has been discussed since the 1970s. Molnar and Tapponnier
(1975) investigated the effects of the India—Eurasia collision
and suggested that the far-field stress had deformed the Mon-
golia. However, based on the relief, lithospheric thickness, heat
flow map, rift orientation, basaltic volcanism and thrusts of the
Mongolia plateau, Windley and Allen (1993) suggested that
the late Cenozoic uplift of the Mongolia was not externally
driven by the India—Asia collision, but caused by the interac-
tion of a mantle plume with overlying lithosphere. In the recent
years, with the increasing observations, including seismic
velocity tomography, geochemical investigations, magnetotel-
luric inversion, and S-wave receiver functions, more research-
ers preferred that the uplift of the Hangay Dome is driven by
the asthenospheric upwelling and lithospheric removal (Barry
et al. 2003; Chen et al. 2015; Kéaufl et al. 2020; Feng 2021;
Zhao et al. 2021). The seismic velocity tomography showed
a low-velocity zone in the upper mantle which could be the
upwelling from the transition zone beneath the Hangay Dome
(Chen et al. 2015). The magnetotelluric observations revealed
that the low-resistivity regions extend from the asthenosphere
to the lower crust of the Hangay Dome (Kéufl et al. 2020). The
petrogenesis of the Cenozoic basalts also suggested they were
generated by small degrees of partial melting of an amphi-
bole-bearing garnet peridotite source at depths> 70 km (Barry
et al. 2003). All these studies tend to support asthenospheric
upwellings in this region. The S-wave receiver functions
indicated that the LAB is much shallower beneath the dome
(~80-90 km) than in surrounding areas, such as the North
China Craton (~ 150 km) and Siberian Craton (~ 180 km)
(Zhao et al. 2021). The LITHO1.0 model also recorded lith-
ospheric removals, and the lithospheric thinning areas cor-
responding to the low velocity anomalies in the upper mantle
from MITOS (Fig. 7). The low-velocity anomalies beneath the
Hangay Dome should be reliable since the velocity anomalies
are greater than the 5-degree resolution of the MITOS in the
upper mantle. Geodynamic modeling confirms the important
role of lithospheric removal in the intraplate uplift of the Han-
gay Dome (Comeau et al. 2021). By comprehensively con-
sidering the attenuation result and those from other related
studies, we prefer that the Hangay Dome uplift is caused by
small-scale asthenospheric upwellings and lithospheric remov-
als. The strong crustal attenuation in the eastern margin of
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the Hangay Dome and GAC may indicate the location where
the small-scale mantle material intrusion happens. The crust
thermal status also suggests that the upwelling asthenospheric
materials further deform the Hangay Dome and its surround-
ings, and lead to widespread Cenozoic volcanism and active
seismicity in this region.

Conclusion

A broadband high-resolution Lg-wave attenuation model
was developed for the Hangay Dome and its surrounding
regions based on the data from XL seismic array deployed
by the Central Mongolia Seismic Experiment and other per-
manent stations of the IRIS and CENC. Comparing to previ-
ous studies in this region, the new QLg model extended the
frequency range to 0.1—20.0 Hz and increased the best reso-
lution to~ 1.0° x 1.0° between 0.4 and 6.0 Hz. This Q model
provided a better constraint to underlying processes with a
much broader frequency band and finer scale. The revealed
Lg-wave attenuation variations correlated well with regional
tectonic activities. Several strong Lg attenuation anomalies
were observed around the Hangay Dome, especially in its
eastern part where Cenozoic basalts were widely exposed at
the surface. The distributions of low Q, , values around the
Hangay Dome possibly imply that the margin of the Hangay
Dome has been deformed. High Oy, values observed at the
center of the Hangay Dome suggested that the interior of the
Hangay Dome is the residual nucleus.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00531-021-02131-8.
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