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Abstract The origin of Hangai Dome, an unusual large-scale, high-elevation low-relief landform in central
Mongolia, remains enigmatic partly due to lack of constraints on its underlying seismic structure. Using
adjoint tomography—a full waveform tomographic technique—and a large seismic waveform data set in
East Asia, we discover beneath the dome a deep low shear wave speed (low-V) conduit indicating a slightly
warmer (54 K to 127 K) upwelling from the transition zone. This upwelling is spatially linked to a broader
uppermost mantle low-V region underlying the dome. Further observations of high compressional to shear
wave speed ratios and positive radial anisotropy in the low-V region suggest partial melting and horizontal
melt transport. We propose that the mantle upwelling induced decompression melting in the uppermost
mantle and that excess heat associated with melt transport modified the lithosphere that isostatically
compensates the surface uplift at upper mantle depths (>80 km).

1. Introduction

Topographically elevatedmore than 2 km above sea level, the intracontinental high-elevation low-relief Hangai
Dome in central Mongolia bears an enigmatic origin (Figure 1). Initial calc-alkaline granitoids of the Hangai
batholith possibly formed due to a Late Permian to Middle Triassic large magmatic event [Donskaya et al.,
2013]; this magmatic event is linked to northward subduction of the paleo-Mongol-Okhotsk ocean before its
complete closure by the Early Cretaceous. Cenozoic alkaline volcanic basalt erupted sporadically in Mongolia
since ~ 33Ma, and the main Miocene volcanic rocks in the Hangai area are limburgites, analcime andesite-
basalts, and trachy basalts [Whitford-Stark, 1987]. Post-12Ma volcanic activity has been focused on the uplift
of Hangai Dome [Hunt et al., 2012].

Buoyancy due to mass deficit in both the lower crust/uppermost mantle and asthenosphere accounts for the
“excess” topography of Hangai Dome [Petit et al., 2002]. However, the mechanism producing such buoyancy
remains a debated topic. Two end-member models invoke a mantle plume [Khain, 1990; Windley and Allen,
1993; Cunningham, 1998; Barry et al., 2003; Zorin et al., 2006; Mordvinova et al., 2007, 2015; Tiberi et al.,
2008] or lithospheric processes [Cunningham, 2001; Petit et al., 2002; Barry et al., 2003; Anderson, 2005; Hunt
et al., 2012]. Mantle plume models suggest an active bottom-up process where a low-density mantle plume
or asthenospheric diapir interacts with overlying lithosphere, possibly causing lithospheric thinning. Such
models are qualitatively supported by observations of regionally elevated heat flow up to 120mW/m2

[Tseesuren, 2001], lithospheric thinning [Zorin et al., 1990], rifting, and late Cenozoic alkaline volcanism
[Hunt et al., 2012]. Conversely, lithospheric models support a passive top-down process where convective
removal of lithosphere due to preexisting thickening induces small-scale mantle upwelling of light astheno-
spheric material. A series of tomographic studies [Koulakov, 1998; Villaseñor et al., 2001; Friederich, 2003;
Yanovskaya and Kozhevnikov, 2003; Lebedev et al., 2006; Mordvinova et al., 2007, 2015; Tiberi et al., 2008] have
imaged a distinctive upper mantle low wave speed (low-V) anomaly beneath Hangai Dome and associated
uplift in terms of a mantle plume or asthenospheric diapir. Due to differing classical tomographic techniques
and data coverage, images of the low-V anomaly vary dramatically, and interpretations of the origin of the
mantle upwelling are not conclusive. Geochemical evidence from Cenozoic alkaline basalts [Barry et al.,
2003] indicates that high heat flux plume-like thermal anomalies are not required, and instead melting of
metasomatized lower lithosphere can be triggered by low-heat flux thermal anomalies. Because the origin
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of active mantle upwelling is ambiguous from previous tomographic studies, lithospheric processes are
favored as the melting mechanism beneath Hangai Dome [Hunt et al., 2012].

Detailed seismic imaging along a major transect crossing central Mongolia was carried out by the 2003
MOBAL (Mongolian-Baikal Lithosphere Seismological Transect) experiment, which revealed low-V upper
mantle anomalies beneath Hangai Dome extending to transition zone depths [Mordvinova et al., 2007,
2015; Tiberi et al., 2008]. Our study presents an improved 3-D shear wave speed (VS) model of the entire
Mongolia area as well as models of two additional seismic properties indicative of temperature/partial melt
and mantle flow direction, namely, (1) the isotropic compressional to shear wave speed ratio, VP/VS, and (2)
the radial anisotropy parameter ζ = (VSH� VSV)/VS, that is, the relative wave speed difference between hori-
zontally traveling and horizontally (SH) and vertically (SV) polarized shear waves.

2. Data and Adjoint Tomography

Improvements in both full waveform tomography [Tromp et al., 2005; Fichtner et al., 2009; Tape et al., 2009; Zhu
et al., 2012; French and Romanowicz, 2014] and seismic station coverage have enabledmore detailedmapping of
cold downwellings and hot upwellings in Earth’s mantle. More specifically, adjoint tomography—a full wave-
form tomographic technique based on finite frequency theory and a spectral element method [Komatitsch
and Tromp, 2002a, 2002b]—has recently been developed to render seismic images from large data sets
[Tromp et al., 2005; Tape et al., 2009; Zhu et al., 2012; Chen et al., 2015]. The latest adjoint tomography study of
East Asia [Chen et al., 2015] (Texts S1 and S2 and Figures S1 to S3 in the supporting information) assimilates
an unprecedented data set (Figure 1, inset) and reveals details of mantle anomalies, such as melts, subducting
slabs, and fossil slabs due to subduction of the Pacific and other oceanic plates. While a previous paper [Chen
et al., 2015] covers the technical aspects of constructing the East Asia Radially Anisotropic Model (EARA2014),
here we provide a more detailed interpretation of seismic wave speed features beneath Hangai Dome.

3. Results and Discussion

Cross sections through EARA2014 along four profiles in the Hangai-Hentai-Baikal area are shown in Figure 2.
Two anomalous regions identified beneath Hangai Dome are denoted by LV1 and LV2 in Figure 2. Located at
depths shallower than 150 km with a broad horizontal extent (~600 km to 800 km), LV1 is characterized by
strong low VS (<� 3%) and a high VP/VS ratio (> 3%), indicating high temperatures and possible partial

Figure 1. Topographic map of the Hangai-Hentai-Baikal area. Black lines indicate the four profiles marked by A–D, along
which cross sections of seismic anomalies are shown in Figure 2. The inset shows the distribution of earthquakes
(red stars) and stations (yellow triangles) used in this tomographic study.
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melting. Elevations in the Hangai area are clearly correlated with the thickness of LV1 (Figures 2 and S6 in the
supporting information). Higher elevations are correlated with longer columns of LV1, such as those beneath
the apex of Hangai Dome (Figures 2a–2c), while lower elevations correspond to shorter columns of LV1, such
as those beneath Lake Uvs (Figures 2a and 2d) and the valley between Hangai Dome and Hentai Dome
(Figure 2a). On the contrary, high VS and low VP/VS ratios indicate cold temperatures and absence of melt,
such as those beneath the region south of the Gobi Altai (Figures 2b and 2c). Moreover, LV1 exhibits strongly
positive radial anisotropy (up to 5%) (VSH> VSV) (Figures 2, S4, and S5 and Text S3 in the supporting
information), consistent with a previous surface wave study [Villaseñor et al., 2001]. In the same depth range
of LV1 along its edges, strongly negative radial anisotropy is found beneath relatively low elevations, such as
Lake Uvs, indicating possible downwelling of relatively cold and denser mantle material, which corresponds
to less negative Bouguer anomalies (~� 50mGal) compared to Hangai Dome, where there are strongly
negative Bouguer anomalies (~� 150mGal) (Figures S5d and S6b). At a depth of ~ 150 km, LV1 appears to
be connected to a narrow conduit LV2 (~200 km to 400 km wide) beneath the northwestern part of Hangai
Dome. LV2 is characterized by moderately low VS (1% to 2% reductions) and moderately high VP/VS ratios
(1% to 2% increases) above the transition zone (Figure 2a). As LV2 dips downward to the southeast and spans
across the mantle transition zone right beneath central Hangai (Figure 2d), VS becomes weakly low and the
VP/VS ratio weakly high (Figures 2b–2d).

The narrow conduit LV2 (Figures 2 and 3 and Movie S1 in the supporting information) beneath northwestern
Hangai is consistent with previous observations from the 2003 MOBAL experiment [Tiberi et al., 2008;
Mordvinova et al., 2015]. This feature is confirmed to be robust, because it still emerges if the inversion starts

Figure 2. Cross sections showing surface elevations and seismic anomalies in the crust and upper mantle. (a–d) Cross sec-
tions along profiles A–D (indicated in Figure 1) are shown for (first row) surface elevation, (second row) relative shear wave
speed anomalies δlnVS, (third row) relative VP/VS ratio anomalies δln(VP/VS), and (fourth row) radial anisotropy (VSH� VSV)/
VS. White lines delineate � 6% contours of δlnVS (Figure 2, second row) or 3% contours of δln(VP/VS) (Figure 2, third row).
Dashed lines represent the 410 km and 660 km discontinuities, and gray lines mark 100 km, 200 km, and 300 km depths.
The low-V anomalies beneath Hangai Dome are marked by LV1 and LV2. Note that a thin wide low-Vs region that underlies
the 660 could indicate unmodeled topography of the 660 discontinuity (Figures 2b–2d, second row). Black arrows
indicate the interpreted downwelling location and direction from radial anisotropy (Figure 2, fourth row).
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with a 1-D initial model in the depth range from 100 km to 300 km [Chen et al., 2015]. Additional resolution
tests also prove that our data coverage and imaging technique can resolve such features at depths of
~ 300 km (Figures S1 and S2). Another wider conduit (Figures 2a and 3b) beneath the Hentai-Baikal area
has moderately low VS and weakly high VP/VS ratios extending into the mantle transition zone. These two
conduits appear to originate in the same low-V region residing in the lower transition zone or even as deep
as about 800 km (isosurface at �0.5% in Figure 3 and Movie S1 in the supporting information), but they feed
two separate shallower low-V regions (<150 km) beneath Hangai Dome (LV1) and Hentai Dome. The
relatively more anomalous LV1 region (Figures S4 to S6) might explain the higher topography, higher heat
flow [Dorofeeva and Lysak, 2010], more abundant Cenozoic volcanism [Barry et al., 2003], and more negative
Bouguer gravity anomalies [Petit et al., 2002] observed at Hangai Dome compared to Hentai Dome.

Our tomographic images indicate that the LV2 conduit extends down to about 800 km (Figure 3). Receiver
function analysis of the 410 km and 660 km discontinuities beneath central Hangai (in the vicinity of station
HD25 of network XL) reveals a mantle transition zone ~10–20 km thinner than the global average (~250 km)
(Text S4 and Figures S9 and S10 in the supporting information), suggesting a slightly warmer thermal
anomaly spanning across the mantle transition zone which coincides with the location of LV2 (Figure S11
in the supporting information). At 410 km depth, given a pressure-depth gradient of ~ 38MPa km�1

Figure 3. Three-dimensional visualization of the low shear wave speed (low-V) structure beneath the Hangai region
rendered from EARA2014 [Chen et al., 2015]. (a) Isosurfaces of low-V anomalies viewed downward from the south, (b) viewed
upward from the southeast, and (c) viewed from the east. Isosurfaces of low-V anomalies, in percent referenced to the
regional mean at each depth, are plotted from �4% to �1% with 1% intervals. The �0.5% isosurface is also plotted
in semitransparent light yellow. Maps of shear wave speed anomalies are shown at 410 km and 660 km depths. Surface
topography with vertical exaggeration is superimposed for reference.
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[Dziewonski and Anderson, 1981] and Clapeyron slopes of 1.5 MPa K�1 to 3.5 MPa K�1 for the α-olivine to
β-spinel phase change [Akaog and Ito, 1993; Bina and Helffrich, 1994], a 5 km topographic depression on the
440 discontinuity implies a weakly high-temperature anomaly of 54 K to 127 K. At 660 km depth, given a
pressure-depth gradient of ~ 40MPa km�1 [Dziewonski and Anderson, 1981] and Clapeyron slopes of
�3.0MPa K�1 to �2.1MPa K�1 for the γ-spinel to perovskite +magnesiowüstite phase change [Akaog and
Ito, 1993; Bina and Helffrich, 1994], a 5 km topographic uplift on the 660 discontinuity also implies a weakly
high-temperature anomaly of 67 K to 95 K. Using the tomographic shear wave speed anomaly and a value
of �1.0% per 100 K at 410 km depth and �0.65% per 100 K at 660 km depth, determined by [Karato, 1993,
Figure 1a] to relate shear wave speed and temperature, we infer a 0.6% to 1.27% VS reduction at 410 and a
0.44% to 0.62% VS reduction at 660, similar to the ~0.5% to 1% VS reduction we observe (Figure 3). In conclusion,
a ~0.5% to 1% VS reduction as imaged here and ~10 km of TZ thinning are consistent with a low-heat thermal
anomaly (54K to 127 K warmer) in the transition zone.

Global tomographic models do not contain low-V anomalies above the core-mantle boundary beneath the
Hangai area [Bijwaard et al., 1998; Kustowski et al., 2008; Ritsema et al., 2011; French and Romanowicz, 2014].
Cenozoic basalts are small in volume, erupted sporadically over ~30Myr, and are low-degree melts with a
mid-ocean ridge basalt (MORB)-like isotopic signature. Combined seismological and geochemical evidence
suggests that LV2 does not originate from the base of the mantle. Instead, lower mantle low-V anomalies
appear to depths of only ~1500 km, right above a high-speed anomaly in the depth range of 1500 km to
2500 km [Bijwaard et al., 1998], which has been interpreted as subducted Mongol-Okhotsk lithosphere [van
der Voo et al., 1999]. Since Cenozoic volcanism in the Hangai area is more recent (in the past 12Myr) and
Mongol-Okhotsk subduction stopped at ~150Ma, LV2 is not likely associated with Jurassic Mongol-
Okhotsk subduction. Because we do not know the residence time of the Mongol-Okhotsk slab inside the
transition zone before it sank into the lower mantle, we cannot completely rule out the possibility of initial
volcanism at ~33Ma being related to the paleo-Mongol-Okhotsk slab. However, based on broader East
Asia tomographic images [Chen et al., 2015, Figures 7 and 9], there is no discernable high-V slab feature
indicating a relic Mongol-Okhotsk slab inside or immediately below the mantle transition zone. Therefore,
we favor a connection between post-12Ma Hangai volcanism and the presently subducting Pacific slab.
The formation of LV2 may be due to hot fertilized peridotite detaching from stagnant Pacific slab as it sinks
into the lower mantle [Zorin et al., 2006], although slab edge-driven return flow may provide an alternative
explanation [Faccenna et al., 2010].

Our observation of LV1 (Figures 2 and 3) possibly indicates an anomalous lithosphere thermally modified by
heat associated with partial melting and melt transport. About 6% VS reductions (Figure 2), 3% high VP/VS ratio
anomalies (Figure 2), and even more reduced VSV (less than 4.2 km/s) (Figures S4 and S5) exist between depths
of ~50 km (around theMoho) and ~90 km. These observations imply the presence of about 2–3% partial melt in
the lower crust and uppermost mantle [Takei, 2000], consistent with a steeper geotherm at the Moho derived
from xenoliths in the Tariat region (central Hangai) [Ionov et al., 1998]. The focused mantle upwelling LV2
revealed beneath northwestern Hangai may have provided asthenospheric melt as the initial source at
Tariat, although a detailed melt migration path is unresolved by our study. Furthermore, basalts in the
Hangai area are less depleted and very different in terms of isotopic composition compared to xenoliths
[Stosch et al., 1986; Ionov et al., 1994]. Isotopic evidence suggests two main source components of Hangai
magma [Barry et al., 2003]: (1) those similar to Indian-MORB indicating a shallow asthenospheric source instead
of a lithospheric mantle contribution and (2) those similar to EM1-type basalts suggesting possible contamina-
tion from fluids/sediments subducted during the long subduction history of the Western Pacific slab, which is
common for Cenozoic basaltic magmas all across East Asia. The mantle upwelling possibly generated early
magma due to decompression melting and subsequently triggered melting of volatile-enriched lithospheric
mantle beneath Hangai Dome to form LV1 at shallower depths [Barry et al., 2003; Hunt et al., 2012] (Figure 4).
Because LV1 spatially corresponds to positive radial anisotropy, indicating horizontal mantle flow, we speculate
that partial melt near the Moho beneath the dome may have migrated horizontally (Figure 4).

Contributions to uplift of Hangai Dome may include crustal thickening, a crustal and upper mantle mass
deficit, and/or basal traction caused by dynamic mantle convection. Geodetic modeling suggests no signifi-
cant neotectonic deformation at Hangai Dome due to the remote India-Asia collision [Liu and Bird, 2008].
Therefore, tectonic-driven crustal shortening at Hangai Dome may be insignificant. A viable mechanism for
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crustal thickening could be magmatic underplating [McKenzie, 1984]. Airy type isostatic adjustment requires
addition of ~11 km to 22 km thick underplated basalt (Text S3 in the supporting information). Post-12Ma
basalts at Hangai are erupted sporadically in small volume and with low-degree melt. This limited surface
expression of an underlying magma supply makes the presence of a thick underplated basalt layer unlikely.
Further investigations of underplating require high-resolution seismic imaging of Moho depth variations and
crustal and uppermost mantle wave speeds using a regional dense seismic array, such as the temporary
Incorporated Research Institutions for Seismology (IRIS)/Portable Array Seismic Studies of the Continental
Lithosphere (PASSCAL) array with 75 stations deployed at Hangai Dome. On the other hand, our seismic con-
straints on crustal and mantle structure cannot distinguish dynamic topography due to basal traction from iso-
statically compensated topography, unless we have very robust constraints on the density-wave speed relation
and crustal thickness [Molnar et al., 2015]. Given that density and shear wave speed perturbations are positively
correlated at least in the upper mantle [Anderson, 1987; Karato, 1993], the ~600 km to 800 km wide LV1 may
represent a lighter lithosphere, thereby accounting for the observed long-wavelength (~600 km to 800 km)
negative (~100mGal to 250mGal) Bouguer gravity anomaly (Text S3 and Figure S6 in the supporting informa-
tion). Further analysis of model EARA2014 indicates that the lithosphere can isostatically support surface uplift
of Hangai Dome with a compensation depth of ~ 80 km or even greater (up to 150 km) based on Pratt isostasy
(Text S3 and Figures S7 and S8 in the supporting information). This makes the mass deficit in this depth range
consistent with that inferred from gravity modeling (100 km to 200 km) [Petit et al., 2002] andmuch deeper than
the maximum estimated depth of the crust (57 km) from a receiver function study [Stachnik et al., 2014].

4. Conclusions

Our tomographic model of Hangai Dome suggests that a slightly warmer (54 K to 127 K) thermal anomaly—
possibly originating from above the underlying flat slab in the transition zone—feeds lighter asthenospheric
material through a localized (~200 km to 400 km wide) area at the bottom of the lithosphere. Large-scale
convective removal of the lithosphere at its bottom is not observed. Our model favors an active bottom-
up asthenospheric upwelling with low-heat influx. Infiltrated asthenospheric material generates partial melt
through decompression melting during ascent. Horizontal melt transport at shallower depths promotes

Figure 4. Schematic interpretation of the origin of uplift of Hangai Dome.
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heating of lithosphere and thermally modified lithosphere in a wide region (~600 km to 800 km across).
Further analysis of EARA2014 shear wave speed anomalies favors an isostatic contribution of Hangai surface
uplift from lithospheric depths of at least 80 km, which exceeds the maximum possible Moho depths
[Stachnik et al., 2014] and suggests an additional contribution to isostatic support from an upper mantle
mass deficit.

Future work should focus on identifying a possible underplated basalt layer at the bottom of the crust and/or
dynamic topography by obtaining a more accurate map of the Moho, characterizing the crustal and
upper mantle density distribution, and numerical modeling of dynamic topography based on seismic tomo-
graphic images.
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