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ABSTRACT

The genesis of the Cenozoic intraplate volcanism in Central Mongolia, characterized by sustained and low-
volume eruptions remains debated due to the lack of a comprehensive model to interpret the Cenozoic volca-
nic activities. Here, we introduce a high-resolution 3D velocity model of the Hangay Dome, using a novel joint
method which combines receiver function adjoint tomography and ambient noise adjoint tomography. The
small-scale low-velocity zones in the crust and uppermost mantle reveal a crustal magma reservoir and partially
molten subcontinental lithospheric mantle (SCLM). Melt fraction estimation indicates low-degree partially
molten crust and SCLM. Combining previous geophysical and geochemical observations, we suggest that the
volcanism in the Hangay Dome is driven by multilevel mechanisms. The remnant Mesozoic volatiles triggered
upper mantle upwelling. This upwelling accumulated in the asthenosphere, heating the SCLM, and prompted its
low-degree partial melting. The molten SCLM caused local lithospheric thinning and facilitated the magmatic

underplating in the lower crust, eventually leading to the formation of the crustal magma reservoir.

1. Introduction

Intraplate volcanoes, which develop within the continents, usually
have complex origins. The convective upper mantle may potentially
contribute to the formation of typical intraplate volcanoes following
some end-member models, including edge-driven convection (King and
Anderson, 1998; Mather et al, 2020), downwelling drips
(Elkins-Tanton, 2007), and rapid asthenospheric shear (Conrad et al.,
2011). The intraplate volcanoes in the Hangay Dome (Tariat and Orkhon
Volcano in Fig. la), located in central Mongolia, are featured by
Oligocene to Holocene basalts resulting from sustained low-volume
volcanic activities (Barry et al., 2007; Cunningham, 2001). However,
the basalts in Central Mongolia (including Hangay Dome) are primarily
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composed of a mixture of depleted mantle (DMM) and enriched mantle
(EM1) components. This composition is significantly different from that
of other typical intraplate volcanoes, which are formed by upper mantle
convection and display an enriched mantle (EM1/EM2) signature (Li
et al., 2016; Mather et al., 2020). Moreover, the Hangay Dome is far
away from the Pacific subduction zone and exhibits low asthenospheric
shearing (Conrad et al., 2011). Thus, current end-member models
appear inadequate in interpreting the origins of Hangay intraplate vol-
canoes. It is crucial to comprehensively consider the temporal and
spatial complexities when discussing the formation of volcanic activities
in the Hangay region.

The Hangay Dome has experienced a complicated tectonic history
with significant magmatic activity, including the closure of the Paleo-
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Asian Ocean in the Paleozoic (Sengor et al., 1993), the closure of the
Mongol-Okhotsk Ocean in the Mesozoic (Van Der Voo et al., 2015;
Wang et al., 2022a), and the tectonic reactivation due to the far-field
India-Asia collision in the Cenozoic (Barry, 2003; Tapponnier and
Molnar, 1979). Regarding the cause of the intraplate volcanoes in the
Hangay Dome, continental seismic tomography reported low-velocity
anomalies extending from the mantle transition zone to the uppermost
mantle (Chen et al., 2015), supporting the hypothesis that volcanoes
originate from upper mantle upwelling (Windley and Allen, 1993). On
the other hand, the removal of lithosphere triggered by delamination or
dripping beneath the Hangay Dome is suggested by regional geophysical
imaging results, unveiling low-velocity and high-conductivity anomalies
in the uppermost mantle beneath the Hangay dome with a lateral
extension of ~ 400 — 500 km (Comeau et al., 2018; Feng, 2021; Huang
and Zhao, 2022; Wang et al., 2022b), along with a thinning lithosphere
(Zhao et al., 2021). Nevertheless, Cenozoic basalts, characterized by a
blend of depleted and enriched mantle signature (Hunt et al., 2012;
Togtokh et al., 2019), indicate that the origins of magma involve a
mixture of recycled oceanic crust and lithospheric mantle. Meanwhile,
Hunt et al. (2012) propose that magmatic activity originated from
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small-scale, low-degree partial melting and became increasingly domi-
nated by molten lithosphere from the Oligocene to the Holocene, as it
was heated by underlying asthenospheric upwelling. Although the
molten lithosphere has been sustainedly heating, the shallow crust lacks
significant felsic magma reservoir (Comeau et al., 2022). In addition,
gravity data and receiver function analyses have revealed a thickened
crust beneath the Orkhon Volcano (Guy et al., 2024; Petit et al., 2008),
implying crustal underplating of mafic magma. In summary, the tectonic
and magmatic evolution of the Hangay Dome is closely tied to its
geological history, mantle upwelling, and lithospheric dynamics, with
volcanic activity shaped by contributions from both recycled oceanic
crust and lithospheric melting. However, a comprehensive model
capable of simultaneously interpreting multiple types of observations is
still absent. Therefore, high-resolution seismic imaging of the crust and
lithospheric mantle becomes essential for gaining a comprehensive un-
derstanding of the volcanic origins and magma transportation process in
the Hangay Dome region.

Utilizing dense seismic stations and waveform adjoint tomography
methods can effectively reveal detailed subsurface velocity structures. In
a previous study, we developed an innovative receiver function adjoint
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Fig. 1. (a) Tectonic map view of Mongolia (modified from (Li et al., 2022). The dashed red box denotes the study region. The volcano symbols denote the Tariat and
Orkhon volcanoes. The dotted black line denotes the trace of Hangay Dome. The dashed blue line denotes the trace of Mongol-Okhotsk Orogen. (b) A zoomed-in
topographic map of Hangay Dome and adjacent regions. The gray lines denote active faults, while the brown lines specifically represent active normal faults

(Cunningham, 2001).
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tomography (RFAT) method that can effectively resolve lateral hetero-
geneities in S-wave velocities (Xu et al., 2023). However, its lateral
resolution may be compromised in areas where stations are too sparse to
sample the complex scattering wavefield. Ambient noise surface wave
adjoint tomography (ANAT) has demonstrated efficacy in imaging
S-wave velocities with high lateral resolution (Chen et al., 2014; Wang
et al.,, 2018). Therefore, by integrating ANAT to compensate for the
limitations of RFAT in lateral resolution, we can obtain
higher-resolution S-wave velocity structures in the crust and uppermost
mantle than using one approach alone. In this study, we propose an
adjoint waveform tomography method that jointly inverts receiver
functions and ambient noise data (JointAT). We apply this method to the
dense seismic array in the Hangay Dome (Meltzer et al., 2019) to illus-
trate small-scale low velocity anomalies beneath volcanos. These new
findings reveal the evolution of Cenozoic volcanism in central Mongolia,
enhancing our understanding of the origins of intraplate volcanoes.

2. Database

In this study, we utilize seismic waveform data from 66 broadband
stations provided by the IRIS Data Management Center of Seismological
Facility for the Advancement of Geoscience spanning from June 2012 to
April 2014 (Fig. 2a). These stations cover the Hangay Dome and extend
across it through two dense linear arrays oriented from north to south.

2.1. Receiver functions

For P-wave receiver function (PRF) calculation, we select teleseismic
earthquakes with an epicentral distance ranging from 30° — 90° and a
magnitude larger than 5.8. A total of 445 events are employed for sub-
sequent processing for PRFs. A previously established workflow is used
to pre-process seismic records (Xu et al., 2020). The PRFs with a
Gaussian factor of 1.0 (cut-off frequency of ~ 0.48 Hz) are calculated by
using the iterative deconvolution method (Ligorria and Ammon, 1999).
A total of 10,465 PRFs are retained following a manual quality control
using Seispy software (Xu and He, 202.3).

To enhance the signal-to-noise ratio of PRFs, we classify events to 28
groups as virtual sources using the agglomerative clustering method
(Murtagh and Legendre, 2014), based on analogous back-azimuths and
ray parameters (Fig. 2b). For each station, the PRFs within the same

50°N
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group are stacked in preparation for the inversion.

2.2. Ambient noise surface wave

We extract Rayleigh-wave cross-correlation functions with periods of
5 — 50s from the vertical components of continuous seismic data
following standard noise data processing procedures (Bensen et al.,
2007). Empirical Green’s functions (EGFs) are obtained by computing
the reversed time derivative of the cross-correlation functions. The ray
paths show good coverage over the Hangay Dome (Fig. 2a). In total, we
obtain 2,143 high-quality EGFs containing Rayleigh waves from 65
virtual sources (Figure S1).

3. Methodology

Both PRFs and EGFs are sensitive to S-wave velocity in the crust and
uppermost mantle. Notably, PRFs have good resolution from the Earth’s
surface to ~100 km depth (Xu et al., 2023). However, the small inci-
dence angles of teleseismic events require a dense array to ensure
adequate lateral resolution. On the other hand, ambient noise surface
waves have good resolution in the crust and uppermost mantle (< ~ 50
km), but their sensitivity diminishes at greater depths. Therefore, these
two datasets, providing complementary sensitivity, can be combined to
determine the S-wave velocity in the crust and uppermost mantle with
the innovative JointAT method.

3.1. Individual inversion of PRFs and EGFs

The JointAT method combines RFAT and ANAT to invert PRFs and
EGFs simultaneously. This can be achieved by defining different objec-
tive functions for each inversion process. RFAT optimizes model pa-
rameters by minimizing the misfits between the observed and synthetic
PRFs (Xu et al., 2023). The objective function of RFAT with a given time
window from t; to t; is expressed as

5}
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where s;¢ and dyy are synthetic and observed PRF, respectively. W; is the
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Fig. 2. (a) Stations (blue triangles) for measuring objective functions of P-wave receiver functions (PRFs) and Empirical Green’s functions (EGFs). Gray lines denote
the ray path coverage of the EGFs. The red line denotes profile AA’. The dashed box denotes the region of computational domain. (b) Earthquakes used for PRF
calculation. Events are grouped into clusters, each represented by the same color. (c¢) Locations of virtual events for the PRFs. Colors denote event weights defined in
equation (5) and determined using the geographical weighting method (Ruan et al., 2019).
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weight of the i* PRF among N measurements.
For ANAT, we minimize the phase misfit between EGFs and synthetic
Green'’s functions measured on vertical components as

1N [hi(o) [AT(0,m)]”
ZEGFZE;/ H, [761_ } do,

where AT(w, m) is a frequency-dependent travel time difference relative
to model m with uncertainties 6; determined by employing a multitaper
technique (Tape et al., 2010; Zhou et al., 2004). hj(w) is a

+00
frequency-domain window normalized by H; = hi(w)dw.

(2)

Given perturbations of Vp, Vs and density, the perturbations of the
objective functions for RFAT and ANAT (Wang et al., 2021; Xu et al.,
2023) have a uniform form of

Sy = / (K,dlnp + K,olna + Kyslng) dx, 3)

where K,, K,, and Ky are sensitivity kernels of density, Vp, and Vs,
respectively. These kernels, computed using the adjoint method (Liu and
Tromp, 2006; Tromp et al., 2005), facilitate the updating of model pa-
rameters via a linearized optimization technique, such as the
limited-memory BFGS method (Nocedal and Wright, 2006).

3.2. Adjoint waveform tomography integrating PRF and EGF

Due to the completely different objective functions of PRF and EGF
inversions, a weighted non-dimensionalized sum of different sensitivity
kernels is employed to balance their contributions. We first use a well-
established workflow to calculate the individual sensitive kernels for
PRFs and EGFs (Wang et al., 2018; Xu et al., 2023). Post-processing,
including summation, pre-conditioning, and smoothing, is performed
on these kernels. This yields the pre-conditioned gradients in the nt
iteration, denoted as Gprg(m,) for PRFs and Gggr(my,) for EGFs (Fig. 3),
where m is the model parameter vector of Vp, Vs, and p. Subsequently,
we perform a weighted summation of the misfit gradients to obtain the
descent direction of optimization, denoted as d(m,):

Gror(my)
| Grr(mo)|les”

Gprr(my,)

) = G (mo) 1

€]

where 1/ || Gprr(my)|| and 1/ || Gggr(my)|| are the weights of PRFs
and EGFs, respectively. During the initial iteration, these two datasets

Take the sum of PRF kernels to
obtain misfit kernel of PRF Kppp

Apply pre-conditioner Ppgy on Kpgr

Pppp(x) = V | x|

Smooth Kpy to obtain
misfit gradient of PRF Gpgy
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are assigned equivalent contribution. However, the amplitude of pre-
conditioned gradients trend to decrease as the misfit decreases with it-
erations. This weighted non-dimensionalized approach ensures a
harmonized contribution from both datasets towards the optimization
direction.

3.3. Workflow of JointAT

In this study, we employ SPECFEM3D to simulate synthetic tele-
seismic waveforms and surface wave SGFs in a domain from 95.8° E to
103.8° and 44.8° N to 49.25° N with surface topography in consider-
ation (Komatitsch and Vilotte, 1998). The domain is discretized to 112 x
96 x 24 elements, with each element having a size of ~ 5 km in one
direction in 3D space (Fig. 4a). A reference velocity model is introduced,
with the S-wave velocity following a modified IASP91 model in which
the Moho and Conrad adjusted according to Feng (2021) and He et al.
(2016). The Moho is adjusted from 35 km to 50 km, and the Conrad is
shifted from 15 km to 30 km. Subsequently, Gaussian smoothing is
applied to this velocity model to derive the initial Vs model for tomog-
raphy (Fig. 4b). These steps generate an initial model that is relatively
close to the true model, which help to reduce the non-linearity and avoid
cycle skipping. Although the initial model is adjusted according to the
Moho depth, the Moho interface is not explicitly included as a model
parameter for the inversion to prevent trade-offs between the pertur-
bations of velocity and the interface. The P-wave velocity and density of
the initial model are inferred from empirical relationships (Brocher,
2005).

For measuring the objective function of PRFs, we simulate tele-
seismic waveforms from 28 virtual sources by employing the SEM-FK
method with plane wave injection (Tong et al., 2014). The take-off
angle 6 of each virtual source is calculated by 6 = arcsin(p-Vp)
(Monteiller et al., 2020), where p is the ray-parameter and Vp is the
P-wave velocity at the bottom of the SEM domain. The synthetic PRFs
are calculated by deconvolving the vertical component from the radial
component of synthetic waveforms using the iterative deconvolution
method (Ligorria and Ammon, 1999). The misfit between synthetic and
observed PRFs is measured using Equation (1), with event weights W;
(Fig. 2c) computed using the geographical weighting method (Ruan
et al., 2019) given by

Sl ()]
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l

{ Take the sum of EGF kernels to

Apply pre-conditioner Pgsr on Kpgr
Pror(x) = I/J()zu(x, 1) - %ul(x, T - pdt

l
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misfit gradient of EGF Gpgp

Take the weighted sum of Gpgr and Gggp
to obtain descent direction (Equation 4)

Fig. 3. Post-processing workflow for adjoint waveform tomography inverting a joint dataset of receiver function data (blue frames) and ambient noise data

(red frames).
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Fig. 4. (a) A chunk of mesh for forward and adjoint simulation for the study region. (b) The initial S-wave velocity model used for the jointAT.

where A; is the distance of each event pair. A is a reference distance
parameter, which is selected by averaging A; in this study.

For the ambient noise surface wave data, SGFs are simulated using
vertical point-force sources with a Gaussian source time function
(maximum frequency of 0.3 Hz). Both EGFs and SGFs are filtered within
three narrow bands of 6 - 15s, 10 - 25s, and 20 - 35s to calculate the
frequency-dependent travel time differences, as estimated using Equa-
tion (2) via the multitaper method (Tape et al., 2010; Wang et al., 2018).

The adjoint sources derived from the misfit objective functions for
both PRFs and EGFs are then calculated (Wang et al., 2018; Xu et al.,
2023). The sensitivity kernel related to each virtual event is computed
through the interaction between the forward and adjoint wavefields (Liu
and Tromp, 2006; Tromp et al., 2005). The adjoint wavefield is gener-
ated by time-reversed adjoint sources at receiver locations. Subse-
quently, we sum, precondition, and smooth all event kernels
corresponding to both PRFs and EGFs. The preconditioner is utilized to
approximate the Hessian matrix and aimed to suppress extreme sensi-
tivities near sources and receivers, while simultaneously accelerating
the convergence of inversion. For the inversion of PRFs, the precondi-
tioner is determined by the square root of the depth (Wang et al., 2016),
whereas for the inversion of EGFs, it is defined as the vector dot product
of the forward and adjoint accelerations (Zhu et al., 2015) (Fig. 3). To
further regularize the objective function, a Gaussian function is applied
to smooth the summed and pre-conditioned kernels (Tape et al., 2010).
The descent direction for further optimization is then constructed by

taking a weighted sum of these smoothed kernels (Fig. 4). We employ
the limited-memory BFGS algorithm for optimization (Nocedal and
Wright, 2006), and a line search method to determine the optimal step
length for model updating (Zhu et al., 2015). After ten iterations, we
obtain the final model M10 when the misfit of PRFs decreases by 50%,
and the misfit of EGFs decreases by over 60% (Fig. 5a). The waveform fit
of the synthetics to the observed PRFs and the EGFs has been signifi-
cantly improved in the final model compared to the initial model
(Figs. 5b, 5¢ and S2 -S7).

4. Results
4.1. Resolution tests

We conduct resolution tests using JointAT to evaluate the resolution
of the selected data, comparing the results with those obtained using
ANAT and RFAT, following a previously established strategy (Van
Herwaarden et al., 2023; Xu et al., 2023). We initially introduce per-
turbations to the final model M10 as the perturbed model R0O. Subse-
quently, we invert the true data, including both the EGF and PREF,
starting from ROO to recover M10. Theoretically, the recovered model
should converge to M10, as it represents the optimal solution. However,
in practice, achieving this ideal state is constrained by the distribution of
stations and the presence of data noise. Thus, the resolution can be
assessed by measuring the deviations of the perturbed model (R00) from
the recovered model. This resolution evaluation strategy has several
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Fig. 5. (a) Normalized misfit reduction of P-wave receiver function data (green line) and ambient noise data (blue line) over iterations. (b) Waveform fitting at
station XL.HD25 for receiver functions. The black line represents the observed data, the green line represents the synthetic data derived from the initial model, and
the red line represents the synthetic data derived from the final model. Colored squares denote back-azimuth of events shown in the right subfigure. (c) Waveform
fitting of partial waveforms from a virtual source at XL.HD25 for ambient noise data, focusing on period bands of 6 — 15s (left panel), 10 — 25s (middle panel), and 20
- 35s (right panel). Black and red lines are consistent with those in (b). Numbers represent distance. Location of each station is shown in the right subfigure.

benefits compared to previous methods (checkerboard test and employed as data instead of synthetic data and additional random noise;
approximate Hessian analysis): first, the resolution test includes the final third, the resolution test takes into account the non-linearity of the
model that is close to the true model; second, real data with real noise is objective function.
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In the resolution test, we introduce alternating perturbations with a
maximum amplitude of 8% to M10 to generate the perturbed model ROO
(Figs. 6a-6d). We then employ the ANAT, RFAT, and JointAT methods to
invert the observed data starting from ROO, resulting in recovered
model, Rggp (Figs. 6e-6h), Rprg (Figs. 6i-61), and Rjeint (Figs. 6m — 6p).
With respect to ANAT, Rggr demonstrates superior lateral resolution in
the crust, yet lacks resolution in the uppermost mantle. As for RFAT,
Rpgr displays commendable vertical resolution from crust to uppermost
mantle, specifically under a dense linear array. JointAT acquires the
complimentary resolution of ambient noise data and receiver functions.
Rjoint has the capacity to not only resolve lateral anomalies in the crust
but also illuminate anomalies under the dense linear array down to the
uppermost mantle. This test suggests that the JointAT offers superior
resolution compared to ANAT and RFAT used individually (Fig. 6), and
can be used to achieve accurate and high-resolution results in resolving
lateral heterogeneity in the crust and the uppermost mantle. However,
the JointAT still presents irregular resolution due to imperfect data
coverage in our study area. Consequently, our discussion will focus
mainly on horizontal features within the crust and lateral heterogene-
ities from crust to uppermost mantle along profile AA’ (Fig. 2). Addi-
tionally, two other profiles BB’ and CC’ (Figure S8) across the Tariat
volcanoes are presented in the Supplementary materials for reference
(Figures S9-S10).

4.2. Tomographic results

Our tomographic results reveal the lateral heterogeneity of S-wave
velocity in the crust and uppermost mantle of the Hangay Dome as
shown in map view in Fig. 7. One of the most striking features is the
crustal low-velocity anomaly beneath the Hangay dome. Map views at
depths of 12 km and 22 km reveal low-velocity anomalies in the upper
crust of the eastern and northern parts of the dome, with S-wave
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velocities of 3.35 — 3.5 km/s (Figs. 7a and 7b). These anomalies are
primarily observed within the Mongol-Okhotsk Orogeny, a region where
numerous basalts from the Oligocene to the Holocene associated with
volcanic activities have been identified. Moreover, two significant low-
velocity anomalies are observed in the middle and lower crust (CLVZ1
and CLVZ2 in Figs. 7c and 7d), exhibiting S-wave velocities of 3.4 — 3.6
km/s, significantly lower than those of neighbouring areas. In particular,
the CLVZ1 extends from the upper to lower crust beneath the Orkhon
volcano, aligning with the high Vp/Vs ratios of ~1.77 — 1.80 (Guy et al.,
2024).

Profile AA’ shows the S-wave velocity of the crust and uppermost
mantle across the Orkhon volcano (Fig. 8). The imaging result reveals
the CLVZ1 in the lower crust beneath the Orkhon volcano. The Moho
discontinuity, determined by the maximum gradient of S-wave velocity
between 35 and 62 km depth, is depressed from a depth of 43 km to 54
km, which is observed slightly to the south of the Orkhon volcano. This
results in an increase in crustal thickness by 11 km. Furthermore, a
mantle low-velocity zone (MLVZ) is imaged at depths of 70-100 km
beneath this volcano, exhibiting S-wave velocities of 4.25 — 4.4 km/s,
significantly lower than the velocity observed in the surrounding lith-
ospheric mantle (Figs. 8a and 8b). The lithosphere-asthenosphere-
boundary (LAB) is traced by the gradient of S-wave velocity between
depths of 65 and 90 km, with a normalized gradient greater than 0.4.
Consequently, the thickness between the LAB and the Moho, attributed
to the consolidated lithospheric mantle, is less than 20 km beneath the
volcanic area. The presence of low-velocity anomalies beneath the
Orkhon volcano suggests that Cenozoic magmatic activity has induced
lateral heterogeneities within the crust-mantle structure beneath the
dome.
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Fig. 7. Map views of S-wave velocity at depths of 12, 22, 32, and 42 km. The dotted line denotes the trace of Hangay Dome. The white zones with red boundaries in
(a) represent the development of Cenozoic basalts. The dashed purple line in (b) denotes the trace of Mongol-Okhotsk Orogeny. The red volcano symbols in (b)

represent the volcanoes.



M. Xu et al.

Orkhon V. N
o’ N

Elev. (km)

| >i
//

>

j

5.0
= = 45 _
o4 °
= 40 §
oy 35 2

o 3.0

Z 8
€ .-
£ 401 g
= g
o [
@ ‘ 4%
O g0+ LMLV - >

-8

100 , ' ,
(© 105
— 20 o PP
IS 8 &
< 40 06 ©
= 2
% 60+ — - 0.4 Q
O goA v== Moho | [T02 E
LAB 00 2
100 , ; , : ; =
0 50 100 150 200 250

Distance (km)

Fig. 8. Cross section of absolute Vs (a), Vs perturbations (b) and Vs gradient (c)
along Profile AA’, as shown in Fig. 1. The dashed red lines denote the Moho
topography and the dashed pink lines denote the LAB topography. The top
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of Cenozoic basalts. The volcano symbol represents the Orkhon Volcano.

5. Discussion
5.1. Small-scale magmatic activity and low degree of melting

Geophysical observations beneath the Hangay Dome reveal exten-
sive low-velocity and high-conductivity anomalies within the litho-
spheric mantle (Chen et al., 2015; Comeau et al., 2022; Feng, 2021;
Huang and Zhao, 2022; Wang et al., 2022b). These anomalies are
considered to be source of Cenozoic magmatic activities. Since 33 Ma,
the basaltic field observed in the Hangay Dome has been distinctly
smaller in scale compared to other active intraplate volcanoes and
ancient volcanic provinces (Ancuta et al., 2018; Ernst, 2014), suggesting
small-scale mantle magmatic activities. The improvement in resolution
has facilitated the identification of smaller-scale low-velocity anomalies
in the uppermost mantle (MLVZ) beneath the Orkhon volcano, pre-
senting a more refined structure compared to previous seismic obser-
vations (Chen et al., 2015; Feng, 2021; Wang et al., 2022b). The
horizontal width of the MLVZ along profile AA’ is estimated to be 150
km, based on Vs<4.4 km/s (Fig. 8), indicating localized partial melting
within the lithosphere mantle. This observation is consistent with
geochemical studies suggesting that Holocene basaltic magma primarily
results from lithospheric melting, rather than directly from astheno-
spheric upwelling (Ancuta et al., 2018; Hunt et al., 2012). In addition,
the S-wave velocity of the MLVZ is 4.2 — 4.4 km/s, which is significantly
higher than in some regions with high degrees of mantle melting, such as
southern Nevada, where the velocity is 3.9 — 4.2 km/s (Rau and Forsyth,
2011). While this lithospheric melting could potentially contribute to
the genesis of mantle-derived volcanic rocks, it also indicates that such
small-scale, low-degree partial melting is insufficient to trigger
large-scale volcanic activities.

Significant low-velocity anomalies exist within the lower crust
beneath the Orkhon volcano (CLVZ1 in Figs. 7 and 8), with a distribution
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pattern that strongly aligns with high-conductivity anomalies (Comeau
etal., 2018), low density (Bayasgalan et al., 2005; Guy et al., 2024; Petit
et al., 2008), and high average crustal Vp/Vs (Guy et al., 2024). Thus,
these low-velocity anomalies are inferred to be magma reservoirs within
the lower crust. Due to the presence of lithospheric melting beneath the
Orkhon volcano, the solid lithospheric mantle has become extremely
thin, with a thickness of less than 20 km, which provides favourable
conditions for the entry of mantle melting materials into the lower crust.
Gravity studies reported that in the Hangay Dome, not only a thickened
crust but also the presence of crustal low-density zone is required to fit
the gravitational observations (Bayasgalan et al., 2005; Petit et al.,
2002). Therefore, the lithospheric melting has triggered the magmatic
underplating in the lower crust, forming the crustal magma reservoir,
while also contributing to crustal thickening.

The S-wave velocity in the upper crust of the Mongol-Okhotsk
Orogeny is relatively low compared to adjacent regions (Figs. 7a and
7b). Nevertheless, the absolute S-wave velocity beneath the Orkhon
volcano is ~3.4 km/s, which is significantly higher than that of other
activate volcanoes, such as the ~2.5 km/s detected beneath Yellowstone
(Maguire et al., 2022) and the ~2.3 km/s detected beneath the
Altiplano-Puna volcano (Ward et al., 2014). In contrast, the S-wave
velocity anomaly of 3.4 — 3.5 km/s in the lower crust is close to that of ~
3.4 km/s beneath Yellowstone. Furthermore, there are no distinct in-
dications of independent magma chambers in the upper-mid crust,
which is clearly different from typical active volcanoes, despite the
presence of comparable magma reservoirs in the lower crust. These
characteristics suggest a low degree of crustal melting, insufficient for
the creation of notable magma chambers and for triggering large-scale
volcanic activities.

To quantitatively assess the degree of magma melting, we have
estimated the relationship between S-wave velocity and melt fraction in
partially molten crustal media using Gassmann’s equation (Chu et al.,
2010):

2, (1%
/}Ops (1 ¢C> (6)
ps(l - ¢) + ¢pf7

where f represents the S-wave velocity, ¢ denotes the melt fraction, and
Py is the S-velocity of the wall rock in its solid phase. In relation to the
CLVZ1, we select , = 3.72km/s as the solid phase velocity. It corre-
sponds to the S-wave velocity of mafic granulite at 45 km depth and a
temperature of 615°C (Christensen, 1996; Christensen and Mooney,
1995). The critical melt fraction, ¢,, is chosen to be between 30% and
35% (Scott and Kohlstedt, 2006), with a specific value of 32.5% used for
our estimation. Additionally, the values of 30% and 35% are used to
estimate uncertainties in the melt fraction. The densities of the solid and
liquid phases, p; and p;, are chosen as 2.7 g/em® and 2.9 g/em®,
respectively. Regarding the S-wave velocity of CLVZ, the estimated
melting fraction in the lower crust is 3.50%-5.57% (Fig. 9). This esti-
mation aligns with the melting fractions of 1% - 5% indicated by
geochemical measurements (Ancuta et al., 2018; Hunt et al., 2012; Meng
et al., 2018). This finding suggests that the degree of melting in the
crustal magma reservoir beneath the Hangay Dome is relatively low
compared to other active volcanic areas, such as Clear Lake (Li et al.,
2024), Altiplano-Puna (Spang et al., 2021), and northeast Japan (Chen
et al.,, 2020). The low-degree crustal basaltic magmas beneath the
Hangay Dome are unlikely to contaminate the surrounding crustal
country rocks (Hunt et al.,, 2012; Meng et al., 2018). In addition,
although the S-wave velocity of the lower crustal magma reservoir at
Yellowstone is comparable (Maguire et al., 2022), the scale of the
magma reservoir at Yellowstone far exceeds that of the Hangay Dome
(Kelbert et al., 2012). This significant difference in scale accounts for the
presence of a silicic magma chamber in Yellowstone’s upper crust,
which is absent in the Hangay Dome. Volcanic studies suggest that
producing one unit volume of silicic rhyolite requires five times that



M. Xu et al.

10%

8%

6% 15.57%

Melt Fraction

4%
3.50%

2%

0% +——r— —
3.2 3.4 3.6

Vs (km/s)

Fig. 9. Relationship between S-wave velocity and melt fraction in the lower
crust (a) and lithospheric mantle (b) The thin lines represent the upper and
lower boundaries of melt fraction, based on critical melt fractions set at 30%
and 35%.

volume of basalt (Barker et al., 2020). Thus, the small scale and low
degree of melting in the Hangay Dome lead to an absence of silicic
magma and magma chambers in the upper and middle crust (Fig. 8). Asa
result, magma transport within the upper crust is mainly controlled by
fractures (Rubin, 1995). The far-field effects of the Cenozoic Indo-Asian
collision may have activated these fractures, causing normal faults that
facilitate the transportation of mafic magma within the crust
(Cunningham, 2001). Consequently, the small-scale partial melting and
low melting fraction provide compelling evidence for the low-volume
volcanism observed in the Hangay Dome.

5.2. Multilevel Cenozoic magmatic system

Current end-models for the formation of the Cenozoic Hangay Vol-
canoes, which are supported by regional geophysical imaging results,
propose mechanisms such as lithosphere delamination and mantle up-
welling (Hunt et al., 2012; Windley and Allen, 1993), which have
improved our understanding of the deep origins of magma. However,
due to the resolution limitations of previous imaging, these models are
inadequate in providing a comprehensive interpretation for the
small-scale partial melting with low melting degrees. In contrast to these
end-member models, the diversity of isotopic geochemical components
of the Cenozoic basalts in the Hangay Dome show clear evidence of
influence from both depleted and enriched mantle components (Hunt
et al., 2012; Kourim et al., 2021; Togtokh et al., 2019). This suggests
that, in addition to the upwelling of primordial mantle materials, vola-
tiles from crustal recycling play a critical role in magma genesis.
Consequently, this indicates that the Cenozoic magma activity is a
complex process that cannot be fully described by a simple end-member
model.

Seismic tomographic studies have indicated the existence of low-
velocity anomalies in the upper mantle, potentially due to upper
mantle upwelling from the asthenosphere or/and the mantle transition
zone (Chen et al., 2015; He et al., 2022; Huang and Zhao, 2022). As a
result of the closure of the Mongol-Okhotsk Ocean in the Mesozoic,
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volatiles had been transported into the bottom of the upper mantle, as
evidenced by the depressed 660-discontinuity (He et al., 2022) and the
basalts resulting from oceanic crustal recycling (Togtokh et al., 2019).
Since the Oligocene, these remnant volatiles have contributed to the
upwelling with a low melting degree from the mantle transition zone,
which is supported by low-velocity zones and a thinner mantle transition
zone (Chen et al., 2015; Sun et al., 2020). The upwelling results in the
enriched mantle components in the basalts. The hot materials of the
upwelling in the asthenosphere have been consistently heating the base
of the lithosphere from the Oligocene to the Holocene, leading to a
partially molten SCLM (Hunt et al., 2012). This melting process pro-
duces low-velocity anomalies in the lithospheric mantle, MLVZ, leading
to further extreme thinning of the lithosphere (Fig. 8). Consequently,
this molten SCLM could provide an alternate source for magma forma-
tion, exhibiting depleted geochemical characteristics.

Based on the observations from seismic imaging and other
geophysical and geochemical studies, we propose a new model (Fig. 10)
that unifies various observations and provides a novel understanding of
the genesis of the Neogene Hangay volcano. This model reveals that the
magma beneath the Hangay Dome primarily originates from three
sources.

(1) Due to the closure of the Mongol-Okhotsk Ocean during the
Mesozoic, a large amount of volatiles are transported into the
mantle transition zone (He et al., 2022; Sun et al., 2020). These
residual volatiles cause the upper mantle upwelling with a low
melting degree.

(2) The upper mantle upwelling accumulates in the asthenosphere,
heating the SCLM, leading to localized low-degree partial melting
and further thinning of the lithosphere.

(3) The magmas originating from the upper mantle inject into the
lower crust through the thinned lithosphere, resulting in crustal
magmatic underplating and the subsequent formation of a crustal
magma reservoir.

Due to the small scale and low degree of melting, this process leads to
the sustained and low-volume eruption of magma, giving rise to low-
intensity volcanoes and low-volume magmatic activities.

6. Conclusions

In this study, we develop an innovative adjoint waveform tomogra-
phy method which jointly inverts receiver function and ambient noise
data and apply it to demonstrate the process of Cenozoic magmatic
transport beneath intraplate volcanoes of Central Mongolia. This
advanced technique integrates the vertical sensitivity of receiver func-
tions with the horizontal sensitivity of ambient noise data, significantly
enhancing the robustness and resolution of seismic imaging in the lith-
ospheric scale. The new velocity structure imaging reveals partial
melting in the SCLM and mid-lower crust. However, we observed no
evidence of a magma chamber in the upper crust, suggesting a unique
magmatic system compared to more typical volcanic regions. By
computing the melt fraction and integrating regional tomographic and
isotopic observations, we suggest that Cenozoic magmatism in Central
Mongolia is driven by multiple levels, including upper mantle upwell-
ing, low-degree partial melting of the SCLM, and lower crustal magma
underplating. The closure of the Mesozoic Mongol-Okhotsk Ocean re-
sults in the transportation of volatiles to the bottom of the upper mantle.
These residual volatiles have triggered mantle upwelling, leading to
small-scale partial melting in the SCLM and thinning of the lithosphere
since the Oligocene. As a result, magma is injected into the lower crust,
causing localized underplating and crustal thickening. However the
small-scale magma reservoir and its low-degree melting prevent the
formation of significant magma chambers in the upper crust.
Conversely, the movement of magma through the crust is predominantly
controlled by fractures, and insufficient pressure accumulation results in
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sustained and low-volume eruptions at the Hangay Dome volcanoes
from Oligocene to Holocene.
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