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ARTICLE INFO ABSTRACT

Keywords:
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The Dinggye region, in the central part of the Himalayan orogenic belt, includes the southern part of the Xainza-
Dinggye rift and the Mabja Gneiss Dome with leucogranite cores. Previous studies of gneiss domes in this region
report the existence of channel flow processes or tectonic exhumation, in addition to partial melting of orogenic

Electrical structure mid-crust. However, the relationship between the crustal migration of materials and the north-south-trending

Rift X | . ° orth-
Crustal viscous flow normal rifts remains largely unexplored. In this work, we generate a new 3-D electrical resistivity model from
Subduction an array of magnetotelluric data in the Dinggye region and examine it in addition to other electrical resistivity

models to the north and east from previous works. By comparing the geophysical models with available
geological and geochemical evidence, we find a clear relationship between the electrical resistivity structure, the
presence of gneiss domes, north-south-trending normal rifting, and deep plunging subduction which is related to
the source of Helium isotopes (crustal or mantle origin). Overall, the results suggest that the southern migration
of lithospheric materials likely contributed to the evolution of the rifts in the Tethys-Himalaya terrane, which
also may have been influenced by uplifting and cooling of gneiss domes. The models are consistent with tearing
of the Indian lithosphere beneath the Xainza-Dinggye rift and other adjacent rifts. Additionally, the difference in
the electrical structure related to the Indian crust along the east-west direction likely results from the exhumation
of the continental slab, metamorphism in the Tethys-Himalaya terrane, and southern extrusion of materials in the
Lhasa terrane.

1. Introduction characterized by pervasive extensional structures such as N-S-trending

normal rifts and the North Himalayan Gneiss Dome (NHGD). Two

The Himalayan orogenic belt is the product of the collision of the
Indian and Eurasian continental plates, a type example of orogenic belts
worldwide, and a natural laboratory used for building theories of
orogeny and models of tectonic evolution (Yin and Harrison, 2000).
Since the Cenozoic, this belt has experienced high and ultrahigh pres-
sure metamorphism, rapid exhumation of deep crustal material and
subsequent decompression, partial melting, and anatexis of the Hima-
layan deep crust (e.g., Lee et al., 2006; Lin et al., 2020). The Tethys-
Himalaya terrane in the north of the Himalayan orogenic belt is

different types of domes are reported in the NHGD, the core of which
consists of medium-grade metamorphic rocks: one type (e.g., Yardoi,
Kangmar, Kampa, Mabja and Malashan domes) was developed by a
dominantly N-S-oriented shortening and local extension regime,
whereas the other type (e.g., Ranbaand, Leo Pargil, and Gurla Mandhata
domes) appears to be related to E-W extension and is always accompa-
nied by approximately N-S-trending regional grabens and N-S-trending
normal faults (Fu et al., 2017). The NHGD is representative of unevenly
spaced gneiss-dome systems that may result from fault development,
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superposition of multiple folding events, or laterally inhomogeneous
properties of rocks comprising the gneiss-dome systems (Yin, 2004).
Furthermore, the NHGD is one of the Himalayan leucogranite belts that
resulted from anatexis (that is, crustal melting) in the Himalayan
orogenic belt — with the hydrated and dehydrated melting of muscovite
and biotite being the main mechanism of anataxis; the other Himalayan
leucogranite belt is distributed in the Greater Himalaya Sequence (GHS)
south of the Southern Tibetan Detachment GHS (STDS) (Lin et al.,
2020).

Yin (2004) showed that gneiss domes are often generated by the
superposition of several dome-forming mechanisms. Beaumont et al.
(2004) reported that gneiss domes may be triggered by a change in
crustal channel flow, such as an upward deflection or channel contrac-
tion, that causes extension of the upper crust in the Himalayan-Tibetan
orogen. Lee et al. (2006, 2007) and Langille et al. (2010) also indicated a
relationship between partial melting of orogenic mid-crust and channel
flow processes. Although Mitsuishi et al. (2012) indicated that mid-
crustal N-S extension (at relatively deep levels) and upper crustal E-W
extension (at shallower levels) may simultaneously occur (e.g., in the
Kung Co area) — which may result from the southward flow of Tibetan
crust with a divergent radial component — their results do not support
the idea that the overlying upper crust can be treated as a rigid upper lid
of the channel flow (cf. Beaumont et al., 2004). Other studies have been
carried out to investigate the conditions and timing of metamorphism,
partial melting, and the relationship with Cenozoic leucogranite in the
gneiss domes of the NHGD, and the relationship with N-S-trending
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normal rifts, which have great implications on channel flow and/or
tectonic exhumation (e.g., King et al., 2011; Zeng et al., 2011; Groppo
et al., 2012; Liu et al., 2014; Cottle et al., 2015; Zhang et al., 2018; Ding
et al., 2019; Yu et al., 2020; Chen et al., 2022; Xue et al., 2022). Addi-
tionally, Li et al. (2021) reported that a series of shear zones at depths of
10-15 km and two high-velocity bodies at depths of 3 km are located
beneath Kangmar Gneiss Dome. These may represent eclogitic-facies
rocks or mafic intrusions respectively, and provide clear geophysical
evidence for the doming of upper-crustal rocks controlled by thrust
stacking of middle crustal rocks. However, the relationship of the crustal
migration of materials, north-south-trending rifts, and gneiss domes
remains largely unexplored. In this work, we attempt to explore this
relationship by generating new electrical resistivity models compiled
with old electrical resistivity models and examining them with geolog-
ical data and geochemical results in the region. Therefore, open ques-
tions about the region, such as the unknown southward extent of a mid-
crustal channel (King et al., 2007) or whether the gneiss domes con-
tained cooled channel flow material (King et al., 2007), can be poten-
tially addressed with this study. Additionally, it is worth noting that
previous electrical models of regions that have gneiss domes, including
Turkey (Tank et al., 2018) and the Pamirs (Sass et al., 2014), have shown
that those gneiss domes are located above upper-crustal resistive zones,
which is thought to be related to the metamorphism associated with the
active continental subduction/delamination or crustal thickening and
migmatization.

The Dinggye region is located in the central part of the Tethys-
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Fig. 1. Map of the study area in the vicinity of the Dinggye region, Central Himalaya. (a) Map showing the locations of MT measurement sites (black dots) used in the
study. Also shown are major tectonic structures (faults and sutures in black, rifts in red; from Bian et al., 2020, and Wang et al., 2017), crustal helium (purple dots;
Hou and Li, 2004; Klemperer et al., 2022), intermediate-depth earthquakes at 65-100 km depth (stars; Klemperer et al., 2022), hot springs (green dots; Klemperer
et al., 2022),and the areas Lhagoi, Sakya, and Kuday that belong to the Mabja Gneiss Dome (areas marked with cross symbols and red (leucogranite core); Langille
et al., 2010; Xue et al., 2022). Pink rectangles are the selected MT stations in Fig. 3. Blue rectangles are the selected MT stations in Fig. S2. (b) Regional map of the
Tibetan Plateau and surroundings showing tectonic features. The red rectangle outlines the study area. (c) Map of the Moho depth in the survey area determined with
seismic measurements (Li et al., 2013). XDR: Xainza-Dinggye Rift; GHS: Greater Himalaya Sequence; STDS: Southern Tibetan Detachment System; TH:
Tethys-Himalaya; LS: Lhasa terrane; QT: Qiangtang terrane; IYS: Indus-Yarlung Zangbo suture; BNS: Banggong-Nujiang suture; JRS: Jinsha River suture; AMS:
Animaging suture; SPGZ: Songpan—Ganzi basin; QD: Qaidam basin; TB: Tarim basin. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Himalaya terrane. The southern segment of the Xainza-Dinggye rift is, low-resistivity) features detected in the subsurface (in addition to
(XDR) and the Mabja Gneiss Dome are distributed in this region (Fig. 1). other materials like graphite or sulphide metals), which can result in the
The magnetotelluric (MT) method is a passive geophysical method that formation of local weak zones and contribute to possible material
explores the subsurface electrical structure by measuring the time migration. In this study, the MT array data distributed in the Dinggye
variation of electromagnetic fields at the Earth’s surface. The presence region of the Tethys-Himalaya terrane were processed, analyzed, and
of melts and/or fluids can be a potential explanation for conductive (that modelled to obtain a three-dimensional model of the lithospheric
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Fig. 2. Example magnetotelluric data from this study, presented as apparent resistivity and phase against period (impedance components xy and yx). See Fig. 1 for
locations (Pink circles). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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electrical structure. We then combined these models with electrical re-
sistivity models for the region directly to the north (Sheng et al., 2021),
and we compared with other electrical resistivity models for regions
located directly to the east (Wei et al., 2001; Sheng et al., 2020; Xue
et al., 2022). The electrical models are interpreted with the help of
additional information from geological and geochemical studies. This
study investigates the relationship between the electrical structure
observed and the evolution of the NHGD and its influence on the N-S-
trending normal fault, and further hypothesizes the formation mecha-
nism of the XDR in the Dinggye region. In this way, the study attempts to
provide insights on the mechanism of E-W extension in the Himalayan
orogenic belt.

Tectonophysics 869 (2023) 230100

2. Data and method
2.1. Data collection and data analysis

The MT method uses measurements of the time-varying electric and
magnetic fields at the surface of the Earth at selected locations or
measurements stations in order to explore the subsurface electrical
structure. A data set consisting of 62 MT measurements is used in this
study (see Fig. 1 for the MT site location). This data set consists of new
data and of data used in previous studies (for example, 18 sites along the
IYS in the northern part overlap with the southern part of the region
modelled by Sheng et al., 2021, and originally presented in Dong and Li,
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Fig. 3. Maps of real geomagnetic induction vectors (black arrows) and magnetotelluric phase tensors (ellipses). Periods of (a)-(f) 0.01's, 0.1s,1s, 10, 100 s, and
1000 s, respectively. Arrows point to conductors (i.e., based on the Parkinson criterion; scale arrow is in (a)). Phase tensors are colored with their phase tensor skew

values (B, °). See Fig. 1 for labels.
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2009).

The data were collected with Phoenix MTU-5 instruments. Electric
fields were measured along perpendicular dipoles (oriented in the north-
south and east-west directions) with porous-pot electrodes, and the
magnetic fields were measured in three perpendicular directions (north,
south, and down) with induction coils. Thus, all measurement locations
recorded five components of the time-varying electromagnetic field (Ex,
Ey, Hx, Hy, Hz). Typically, measurements were carried out for >20 h.
This allowed a suitable period range of 0.003-3000 s to be recorded,
given the optimal conditions of the study region. Frequency-dependent
transfer functions were computed from the recorded time series data.
Data were processed with the statistically robust algorithm of Egbert
(1997) with software from Phoenix Canada, and noise was reduced at all
measurement locations by employing the remote reference method
(Gamble et al., 1979; Varentsov et al., 2003), from different combina-
tions of synchronous sites. The MT data are high quality and have a low
noise level (see Fig. 2 for data and Fig. 1s for locations). On the whole,
the resistivity decreases with the increase of period in the beginning,
which represents the presence of upper-crustal conductive zones; the
resistivity increases slightly at the longest periods, which indicates that a
resistive zone may be underneath these conductive zones.

The phase tensor, which is not affected by galvanic distortion effects,
is used to evaluate the dimensionality of the MT data (see Caldwell et al.,
2004; Booker, 2014). The skew angle B, derived from the phase tensors,
can be used to decide whether a two-dimensional (2-D) Earth is a
reasonable assumption or if a three-dimensional (3-D) model is required.
The results from this analysis show that the phase tensor skew angles of
most of the MT data are less than absolute 5° (light colors in Fig. 3) for
periods <1 s, whereas the phase tensor skew angles are mainly more
than absolute 5° (dark colors in Fig. 3) for periods >1 s - which indicates
three-dimensional features (Fig. 3). The real part of the induction ar-
rows, which are derived from the vertical to horizontal magnetic field
transfer functions, point to the direction of increasing conductance
(Parkinson, 1959). In the period range 0.01 s to 0.1 s, the orientation of
the induction arrows is multi-directional (Fig. 3 a, b). In the period range
1sto 100 s, the induction arrows point towards the center, to the Mabja
Gneiss Dome (Fig. 3 c-e). For the period of 1000 s, the induction arrows
point parallel to the IYS and STDS (Fig. 3f). The analysis shows that a 3-D
model may better represent the collected data.

2.2. Three-dimensional (3-D) inversion

The MT data are used to generate a 3-D electrical model using the
ModEM inversion algorithm (Egbert and Kelbert, 2012; Kelbert et al.,
2014). According to the geometric mean of the diagonal component of
the MT data (Fig. S1), the starting model is a uniform 100 Q-m half space
(although several were tested, see S.M.) and a mesh was constructed
with rectilinear cells with the number of cells as follows: 60 cells in the
north-south direction, 87 cells in the east-west direction, and 69 cells in
the vertical direction (in addition to 7 air layers). The mesh grid has a
constant cell size of 4 km in the horizontal direction in the core region
and increases with a factor of 1.5 in the padding region (ten padding
cells in each direction). The thickness of the first layer is 100 m in the
vertical direction and increases by a factor of 1.1 in the core region and
1.5 in the padding region. The 3-D inversion uses the impedance tensor
data (four complex components) and tipper data (two complex compo-
nents). A total of 34 frequency points were used, 6 periods in each
decade, logarithmically spaced between 0.01 s and 3000 s. Error floors
were set to 5% of the sqrt (|Zxy *Zyx|) for Zxy and Zyx components and
10% of the sqrt (|Zxy *Zyx|) for the Zxx and Zyy components of the
impedance tensor. An error of 5% on impedance is equivalent to about
10% for the apparent resistivity and 2.86° for the phase. Absolute error
floors for the tipper data were set to 0.05 for Tx and Ty components. The
smoothing parameters in the horizontal and vertical directions were the
same, with the covariance chosen to be a constant value of 0.3. The
starting lambda value was chosen to be 1000. The normalized root-

Tectonophysics 869 (2023) 230100

mean-square (nR.M.S.) misfit of the inversion model was reduced
from a starting value of 22.33 to 1.85 after 132 iterations. For com-
parison, Fig. S2 shows the horizontal slices of the electrical structure at
different depths using the starting model of a 50 Q-m half-space.

The site-by-site nR.M.S. distribution of each separate 3-D inversion is
shown in Fig. 4 i. The nR.M.S. values of the majority of MT measure-
ments are <2. Only one site exhibits a nR.M.S. fit larger than 3 (Fig. 4 i).
A careful comparison of the input data and the output model responses
was undertaken. Fig. S3 shows the total impedance and tipper misfit of
the preferred inverse model to the observational data for some selected
MT stations. Fig. S4 displays observed data and model responses at four
periods; comparisons of the other periods show very similar results. The
comparison between the observed data and the model response shows
that they are in good agreement for periods of <100 s. However, several
MT sites have notable differences in the impedance phase. The results
show that the apparent resistivity is also well fit for the long period (e.g.,
650 s) data, whereas the impedance phase fit appears to be somewhat
inconsistent for parts of the dataset.

We observe a conductor, labelled C1, located east of the XDR at
depths of 10-40 km, with its southern part at depths of approximately
10 km, close to the STDS. Conductors C3 and C4 are distributed along
the IYS (Figs. 4, 5, 6). The bottom of conductor C4 appears to be at a
greater depth, compared to the bottom interface of conductor C3
(Figs. 4, 5, 6). For conductors C1, C2, C3, and C4, sensitivity tests are
carried out to help assess whether the observed resistive structure
beneath these conductors is a robust result and required by the MT data
or whether they are artificial structures produced by the inversion al-
gorithm that lacked constraints, for example due to the limited amount
of very long period data. We take the strategy of extending those fea-
tures to greater depths, for example from 20 km to 40 km or to 60 km, as
compared to that observed in the original model, by adding a conductive
block of 1 Q.m. The changes in the model are assessed by examining the
change in nR.M.S. (as well as by analyzing the fit of the model curve to
the data curve) for all sites, and especially those above or near the
corresponding conductors. Sensitivity tests indicate that the conductors
C1, C2, C3, and C4 are likely constrained to the bottom area of the upper
crust and do not extend deeper (Fig. S5-S10), giving reliability to the
large-scale resistive zone R1 underlying beneath these three conductors,
which also corresponds with the resistivity variability with depth
observed in the resistivity curves (as seen in Fig. 2).

Combined with the result of Sheng et al. (2021), who generated an
electrical resistivity model for a region to the north of the present study
area that slightly overlaps along the IYS, an obvious lithospheric resis-
tive layer extends to the IYS west of the XDR. In contrast, the resistive
layer is unobvious and discontinuous towards the east of the XDR (near
the longitude of 89°E). But in this study, the resistive feature near the
longitude of 89°E is more obvious than that in the previous study (Sheng
etal., 2021). A possible reason may be the inclusion of tipper data in the
present study and their influence on the edges of the features.
Comparing the two studies, conductor C3 corresponds with conductor
WC1 (Fig. 4c and Fig. 4e) and conductor C4 represents the extension of
conductor EC1 in the Tethys-Himalaya terrane (Fig. 4d and Fig. 4f).

Furthermore, the identified conductive zones correspond well with
low-velocity zones detected at a depth of ~30 km (Huang et al., 2020).
However, the discontinuous distribution of these conductive zones is
different from the continuous and widespread distribution of the low-
velocity zones (although we caution that this may be due to differ-
ences in lateral resolution between the two geophysical techniques and
modelling approaches (see e.g., Unsworth et al., 2023), and/or to the
denser distribution of MT measurements in this local area). The high
resistivity zones beneath the conductive zones in the Tethys-Himalaya
terrane are consistent with the gradual increase of velocity below a
depth of ~30 km (Huang et al., 2020).
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Fig. 4. Horizontal slices of the 3-D electrical resistivity model. (a) — (h) Depths of 5, 10, 20, 30, 40, 50, 60 and 70 km, respectively. C1, C2, C3 and C4 mark the
conductive zones. (i) The site-by-site nR.M.S. misfit of the 3-D inversion. See Fig. 1 for labels. The pink lines indicate the profiles. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

3. Bulk electrical conductivity and melt volume

The MT method is better at constraining the conductance than at
resolving resistivity with depth. Because conductance (C) is the product
of the effective conductivity and the thickness, the bulk conductivity o
is computed from:

C=o4H (1

where H is the thickness of the layer that produces the corresponding
conductance.

The maximum bulk conductivity of the conductive zones C1 and C2
is approximately 2.3 S/m and 3.1 S/m, respectively, whereas that of the
conductive zones C3 and C4 are several times higher (possibly >10 S/m;
Fig. 7 a). Previous studies showed that the crustal conductive zones in
the southern Lhasa terrane (e.g., Tethys-Himalaya terrane) may result
from partial melting and aqueous fluids (e.g., saline fluids), individually
or jointly (Wei et al., 2001; Chen et al., 2018). Experimental data shows

that when the temperature is 1200 °C, dry rocks begin to melt, causing
the conductivity to rise; but when aqueous fluids are included, the
melting temperature can be substantially reduced, possibly to 650 °C
(Yardley and Valley, 1997). Sun et al. (2013) reported that in the vi-
cinity of Dinggye region, the temperature is >700 °C at 20 km depth and
>1000 °C at 40 km depth, which could meet the condition of partial
melting in the presence of aqueous fluids. Additionally, the curie
isothermal is at depths of 20-25 km (Xiong et al., 2016).

Assuming that the bulk conductivity of the conductive zones
observed in the model results entirely from partial melting, Archie’s Law
is a simple method to estimate the volume fraction required (e.g., Uns-
worth et al., 2005; Le Pape et al., 2015; see Glover et al., 2000). Because
the resistivity of the solid matrix is generally tens of times than that of
the pure melt (e.g., Jin et al., 2022), the contribution of the solid matrix
to the bulk conductivity can be considered negligible. Archie’s law can
be written (Archie, 1942; Le Pape et al., 2015)

Oeff = CeﬂQnaf (2)
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Fig. 5. Vertical cross sections, in the south-north direction, of the 3-D electrical resistivity models. (a) Map of the region. The locations of the south-north sections are
marked. The locations of MT measurement sites used in this study are indicated with black dots and those use in Sheng et al. (2021) are indicated with blue triangles.
Major tectonic structures (faults and sutures in black; rifts in red) are shown. Gneiss Domes are marked (cross symbols and red). See labels on Fig. 1. (b) Line DJ-W,
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(2008) and Li et al. (2013). The epicenters of the intermediate-depth earthquakes are derived from Liang et al. (2008). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

where o, is the effective conductivity (inverse of resistivity), Cyy is the
Archie constant, n is the Archie cementation exponent (both are
empirically-derived), @ is the volume fraction or porosity, andoyis the
conductivity of pure melt. Previous works in the central and southern
Tibetan Plateau show that the values of the constantsC.rand n can be
taken as 1.47 and 1.30, respectively (ten Grotenhuis et al., 2005; Le Pape
etal., 2015), and that the melt conductivity can be assumed to be within

the range of 1-20 S/m (e.g., Li et al., 2003).

From the minimum bulk conductivity (2.3 S/m) in these conductive
zones, estimates show that when the pure melt conductivity is 20 S/m
(high end of the range), at least 15% melt volume is necessary; when the
pure melt conductivity is 1 S/m (low end of the range), >50% melt
volume is needed (Fig. 6). Note that this is compatible with inferences
for masses of melts in the mid-crust of active orogens and estimates from



Y. Sheng et al.

Gneiss Dome

Depth/km

0 20 40 60 80 100 120 140 160
Distance/km

Tectonophysics 869 (2023) 230100

|
)
S

Depth/km
£

0 20 40 ' 60 80 100 120
Distance/km

140 ' 160 180 200

Fig. 6. Vertical cross sections, in the west-east direction, of the 3-D electrical resistivity models (a) Map of the region. The locations of the west-east sections are
marked. The locations of MT measurement sites used in this study are indicated with black dots and those use in Sheng et al. (2021) are indicated with blue triangles.
Major tectonic structures (faults and sutures in black; rifts in red) are shown. Gneiss Domes are marked (cross symbols and red). See labels on Fig. 1. (b) Line XDR-N is
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Domes. (spatially between DJ-N and DJ-S, but offset here for clarity). Dashed lines indicate the possible inclination and extension of the XDR. LMF: Luobadui-
Milashan fault; GCT: Gerecuo fault. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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migmatites in exhumed orogens (20-40%; Teyssier and Whitney, 2002).

The distribution of subsurface temperature shows that it is relatively
high in the Dinggye region (Sun et al., 2013). Furthermore, experimental
constraints suggest >6 wt% water is dissolved in Himalayan granite
magmas of Oligocene-Miocene age (Hashim et al., 2013). Therefore, the

preferred interpretation is that water-rich melts contribute to the
conductive zones C1 and C2 (possibly including a small amount of saline
fluid). Chen et al. (2018) showed that areas with high melt fractions (e.
g., >30%) reflect a crust that is either fluid-enriched or hotter in the
southern Lhasa terrane. On the other hand, because the conductive
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zones C3 and C4 cut across the IYS, (saline) fluids released from the
subducted lithospheric plate migrate in these two zones along the sub-
duction channel. Therefore, it is hypothesized that a larger volume of
aqueous (saline) fluids may exist in conductive zones C3 and C4 than in
conductive zones C1 and C2. Furthermore, enrichment with aqueous
fluids may decrease the viscosity of melts, and, with the volume of melts
required, the zones can meet the necessary conditions for the local flow
of materials.

4. Interpretation and discussion
4.1. Subduction pattern of the Indian Plate

Previous studies hypothesized that the tearing of the downgoing
Indian Plate and the decoupling of the upper crust and lithospheric
mantle caused by the mid-lower crustal ductile layer contributed to the
formation of the N-S-trending normal rifts (e.g., Nabelek et al., 2009;
Chen et al., 2015; Li and Song, 2018; Bian et al., 2020; Sheng et al.,
2021). Based on the electrical resistivity models generated in this study,
in combination with models from the northern XDR (Sheng et al., 2021)
and other results from the Dinggye region, we discuss the tectonic dy-
namic evolution of the XDR in a bigger regional context. Horizontal
slices of the electrical models show that north of the IYS, the location of
the XDR corresponds with conductive features in the upper crust and is
located above conductive zones in the mid-lower crust (Sheng et al.,
2021); in contrast, south of the IYS, the location of the XDR corresponds
with conductive features in the upper and middle crust and is located
above aresistive zone in the lower crust (Fig. 4). The N-S-direction cross-
sections (Fig. 5) indicate that the lower crust of the Indian Plate reaches
the IYS, which is broadly similar with a model for the electrical structure
of the whole Lhasa terrane (Jin et al., 2022) and a deep seismic reflection
survey near the Xietongmen region (45 km north of the IYS; Guo et al.,
2018). The presence of ~36 Ma medium-pressure rocks in the Mabja
Gneiss Dome indicates medium-pressure metamorphism at depths of
20-30 km, which likely resulted from subduction at depths of 40-60 km
in the middle-lower continental crust (Ding et al., 2016). These depths
are very similar to the depth range of the top surface of the resistive layer
observed in the electrical models.

The detachment of the Indian crust and mantle lithosphere in the
period of subduction has been proposed and discussed in several studies
(e.g., Nabelek et al., 2009; Sheng et al., 2020; Bian et al., 2020). The
Indian lithospheric mantle may subduct northwards, plunging deep
below the Lhasa terrane, which is consistent with Miocene adakite rocks
in the Xietongmen region (north of Dinggye) that are likely generated by
the subduction of the Indian Plate beneath the Lhasa terrane (Chung
et al., 2009). The absence of the Indian continental slab in the dacite
melt source region north and south of the IYS may be taken as additional
evidence that the downgoing Indian plate was characterized by deep
plunging subduction and did not reach beyond the IYS in the time period
between 20 and 10 Ma in this region (King et al., 2007). According to a
possible average convergence rate of ~17 mm/yr along the Himalaya
(Zheng et al., 2017), the Indian Plate may have moved approximately
34 km northwards since 20 Ma, which corresponds with the results
above.

It has been hypothesized that subduction of the Indian Plate
(including roll-back as well as tearing and break-off) resulted in up-
welling of thermal materials and contributed to partial melting of the
mid-lower crust (e.g., Wei et al., 2001; Unsworth et al., 2005). With the
continuous northward subduction of the Indian Plate from the south and
the resistance of the rigid block to the north, material adjustment
beneath the Tibetan Plateau is required, which is possible in multiple
directions (Mo, 2020). Previous studies have reported southern extru-
sion of the mid-lower crust along subduction channels (e.g., the Main
Himalayan Thrust) in some regions (e.g., Sheng et al., 2021; Liu et al.,
2014; Xue et al., 2022; Chen et al., 2022). The Main Himalayan Thrust
(MHT; which is the tectonic boundary between the Indian lithosphere
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and Tibetan crust or orogenic prism), is at a depth of approximate 47 km
in the Dinggye region. In contrast, the ductile shear layer above the MHT
was reported to be located at depth of approximately 22 km in the
Tethys-Himalaya terrane (Guo et al., 2018), which corresponds well
with the observed conductive layers. Furthermore, the conductive layers
(C2/WC1 and WC2) overlying the resistor R1 were observed to be small
and discontinuous in the west whereas the conductive layers (C3 and
EC1) were observed to be large and continuous in the east (Fig. 4). The
conductive zones C2 and C3 may result from water-rich melts (see sec-
tion 3). Therefore, the conductive zones C2 and C3 (Fig. 4) may be
related to southward migration of Lhasa crustal materials into the upper
crust of the Tethys-Himalaya terrane, and may be due to dynamic pro-
cesses that occurred at multiple time-periods. The estimated melt frac-
tions suggest a weak rheology, which may indicate the conditions for
local deformation of the overlying crust and result in the formation of an
upper crustal rift.

4.2. Relationship of the electrical structure and the Northern Himalaya
Gneiss Domes (NHGD)

Beneath the Mabja Gneiss Dome, a feature described as a
moderately-resistive zone (Fig. 5 e) appears in the model at depths of
30-40 km (Fig. 5c). This part of the study area is a zone of low bulk
conductivity and low conductance (Fig. 7a). The Mabja Gneiss Dome is
mainly located at the edge of conductive zones (C2 and C3), which is a
robust result because the sensitivity test shows that conductors C1 to the
south and C3 to the north are not connected (Fig. S7 and S8). Interest-
ingly, these conductive features are proposed to be related to the
southern migration of crustal materials. The numerical models of
Beaumont et al. (2001, 2004) show that the southward extrusion of
Asian crustal materials may terminate beneath the exhumed gneiss
domes or may be interrupted by them, which is incredibly consistent
with the observed electrical structure — an important result.

It is reported that the multi-stage high-grade metamorphism and
anatexis, which occurred from ~45 Ma to ~15 Ma during the Himala-
yan orogeny (King et al., 2011; Yu et al., 2011; Zhang et al., 2018),
contributed to the formation of leucogranite and high-grade meta-
morphic rock in the Himalaya terrane (Zeng et al., 2011; Zhang et al.,
2018). The presence of anatectic granites during the Oligocene-Miocene
in the Mabja dome indicates southward extrusion of crustal materials
(Nelson et al., 1996; Lee et al., 2006, Lee and Whitehouse, 2007; King
et al., 2011), and the measured ages of dykes (12-9 Ma) constrain the
time period for active southwards flow of crustal materials (King et al.,
2007). However, thermochronology studies yield estimates of middle-
Miocene cooling ages in the Mabja Dome (Lee et al., 2006), which
may be a possible reason why a moderately-resistive zone is observed
beneath the Mabja dome. That is, cooled channel flow rocks, as indi-
cated by King et al. (2007), create conditions for a high electrical re-
sistivity. Furthermore, isotope geochemistry results from Hou and Li
(2004) suggest that hydrothermal activities since ~0.5 Ma in the
Dinggye region may result from partial melting of the crust because of an
asthenosphere upwelling. Therefore, conductors C2, C3, and C4, which
may represent the southern extrusion of crustal material, can offer a
thermal source for both the formation of leucogranite in the gneiss
domes and for hydrothermal activities in the Dinggye region (Fig. 1a).

Based on the above, it could have been the case that conductors C3
and C4 were connected with conductor C1 before the middle-Miocene
cooling event, in which case conductor C1 may have been related to
the exhumation of the deep crustal rocks and the southern migration of
crustal materials. Additionally, because Hou and Cook (2009) suggested
that a cold Indian (mantle) lithosphere subducted further north and
halted the heat source from the asthenosphere approximately 13-10 Ma,
the radiogenic heat and tectonic (strain) heating related to the Indian
Plate or thrust-nappe structure may have contributed to partial melting
near the conductive zone C1, which is based on constraints from Helium
isotope data reported in the Dinggye region (i.e., a crustal origin of



Y. Sheng et al.

melts; Hou and Li, 2004; Klemperer et al., 2022). Therefore, the
conductive zone C1 may be due to tectonic dynamic processes that
occurred at multiple time-periods.

Conductor C1 is located at the southern endpoint of the XDR (Fig. 6),
and can be explained by melt fractions of >10%. The crustal ductile
layer resulted in the decoupling of the overlying brittle layer and the
underlying lithosphere, leading to surface deformation (e.g., Jin et al.,
2022; Sheng et al., 2021). Thus, the southern migration of crustal ma-
terials may play an important role in the formation of rifts south of the
IYS (e.g., southern XDR). Combined with the results of Sheng et al.
(2021), this study further indicates that upwelling of mantle-derived
materials resulted from tearing of the Indian Plate and that crustal
weakened zones (ductile layer) played an essential role in the formation
of the XDR. According to the electrical resistivity contrast between faults
and the surrounding rocks, the E-W-direction electrical resistivity
structure beneath the XDR indicates a possible eastward inclination for
the XDR (Fig. 6). Hu et al. (2016) reported that the Lagoi Kangri leu-
cogranite is in the footwall of the XDR, which is consistent with the
inclination derived from the model presented here.

Additionally, crustal shallow earthquakes located south of the IYS
are concentrated at depths of approximately 20 km in the vicinity of the
Dinggye region (Liang et al., 2008), which corresponds with the gradient
belt between conductive zones and resistive zones. Intermediate-depth

Tethys-Himayala terrane
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earthquakes occur at depths of 65 to 100 km (Klemperer et al., 2022)
in this region, which is below or near the Moho depth in the Tethys-
Himalaya terrane (Fig. 1 c; determined with seismic measurements by
Li et al., 2013). In the electrical resistivity model (Fig. 4 f, g, h), these
earthquakes would be mainly located in the resistive layer at depths of
>60 km, and in a mid-resistive layer in the northeast. Zhao et al. (2012)
indicated that some earthquakes may be generated in the rigid resistive
rock mass with conductive zones in the surroundings, which is similar
with the observed electrical structure related to the shallow earth-
quakes, but is slightly different from the observed electrical structure at
depths of >60 km. Furthermore, Liang et al. (2008) reported that
earthquakes in the Dinggye region that occur at depths of 50-70 km are
associated with the subducted Indian lithosphere. The fragmentary
zones that resulted from the detachment of the Indian crust and mantle
lithosphere in the period of subduction in the south of the IYS may be
under the gravitational effect of the overlying Indian crust and could
subsequently compact, which can be a possible reason for the feature of
mid-high resistivity at the Moho depth (e.g., Sheng et al., 2020).
Therefore, the detachment of the Indian crust and Indian lithospheric
mantle may contribute to the energy of these intermedia-depth earth-
quakes, whereas the continuous northward subduction of the Indian
lithospheric mantle could provide the material source for southern
extrusion of crustal materials (e.g., represented as conductor C2 and C3),

Lhasa terrane
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and variations in the electrical structure in the shallow area could
accumulate stress prior to earthquakes.

4.3. Working hypothesis for N-S rift and gneiss dome in the Himalayas

Combined with previous studies, it seems that the relationship be-
tween the electrical resistivity structure, gneiss domes, and geothermal
gas in the Mabja Gneiss Dome of the Dinggye region is similar with that
in the Ranba Gneiss Dome (at a longitude of approximately 90°E) of the
Yadong region (Wei et al., 2001; see Fig. 8; e.g., discontinuous
conductive layers; see also Xie et al., 2017), and is different from that in
the Yardoi Gneiss Dome (at a longitude of approximately 92°E) of the
Cuona region (Fig. 8; e.g., continuous conductive layers). Uplifting and
cooling of the Ranba and Yardoi Gneiss Domes occurred ~8-7 Ma (Chen
et al, 2022) and ~ 13-10 Ma (Ding et al.,, 2019), respectively.
Furthermore, results from Helium isotope ratio measurements in the
Yadong region indicate only a crustal origin, whereas results from He-
lium isotope ratio measurements in the Cuona region indicate a crustal
and mantle origin (Hou and Li, 2004; Klemperer et al., 2022).

Based on the observations noted above, a) it appears that where an
electrically conductive layer is terminated or interrupted by a gneiss
dome (for example near Mabja and Ranba) the Helium isotope ratios
indicate that the geothermal gas is derived from crustal sources, which
indicates that materials extruding southwards were derived from crustal
partial melting; and b) it appears that where a large-scale electrically
conductive layer passes across a gneiss dome (for example near Yardoi)
the Helium isotope ratios indicate that the geothermal gas is derived
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from crustal and mantle sources, which indicates that materials
extruding southwards were derived, in part, from mantle-derived
materials.

Bian et al. (2020) proposed that gradual continental slab breakoff
(from west to east) is linked to the evolution of the eastward-younging
rifts (N-S-trending normal faults) in the Tibetan Plateau. Based on
this, the subduction angle of the Indian Plate would steepen eastwards
and the subduction frontier would move southwards (see also Chen
et al.,, 2015). The observed electrical structure in the vicinity of the
Dinggye region does show a lateral variation in the E-W direction. The
distance to the resistive layer in the mid-lower crust, possibly repre-
sentative of the subducted Indian Plate, from the IYS is various but is not
monotonic. Furthermore, the northern boundary of the resistive layer
from the XDR (near longitude 88°E) to the RCR (near longitude 92°E) is
imaged at depths of 30-50 km (mid-lower crust) and shows no obvious
difference in its distance to the IYS (Fig. 8; e.g., Sheng et al., 2020; Wei
et al., 2001; Xue et al., 2022). The preceding observations indicate the
similarity of the subduction frontier of the Indian crust between the
longitudes of 87°E and 93°E, and also illustrate the complex topography
of the descending Indian plate.

Additionally, near the XDR and the YGR, the Indian lithospheric
mantle detached from the Indian crust, and subducted far from the IYS
and in different regions beneath the Lhasa terrane (e.g., Sheng et al.,
2021; Wang et al., 2017), which resulted in upwelling of asthenospheric
materials and partial melting of the mid-lower crust in the Lhasa terrane.
The Indian Plate may resist underplating of materials beneath the plate,
but its frontier can facilitate the upwelling of mantle-derived materials.
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Therefore, southern migration of crustal materials alone may contribute
to the discontinuous conductor overlying the resistive layer, because of
the possible migration distance and thermal energy. In contrast, in the
vicinity of the RCR, possibly because of large-scale roll-back, the Indian
Plate is characterized by steep subduction near the IYS, which likely
contributes to the continuous, large-scale conductor overlying the
resistive layer by facilitating southern migration of crust-mantle mate-
rial and offering abundant fluids (Fig. 9 and Fig. 10). This is a possible
reason why the RCR is mainly located in the Tethys-Himalaya terrane
(south of the IYS).

All in all, the conductive zones observed in the mid-lower crust in the
Lhasa terrane resulted from subduction, break-off, tearing or roll-back of
the Indian lithosphere, which contributed to detachment of the upper
crust and mantle in the Lhasa terrane and brittle deformation of the
upper crust that is linked to the evolution of the N-S-trending normal
rifts. In comparison, southern migration of materials along subduction
channels (e.g., MHT) played an important role in the formation of the
rifts in the Tethys-Himalaya terrane (Fig. 10). The variation of the
observed resistive zones characterized by the Indian crust is related to
the exhumation of the continental slab, metamorphism in the Tethys-
Himalaya terrane and southern extrusion of materials of the Lhasa
terrane.

5. Conclusions

Using data from a magnetetolluric array in the Tethys-Himalaya
terrane of the southern Tibetan Plateau, we generate a 3-D electrical
resistivity model covering the Dinggye region including the southern
Xainza-Dinggye rift and the Mabja Gneiss Dome. Several conductive
zones and a large-scale resistive feature are distributed throughout the
region. According to the subsurface temperature distribution in the
Dinggye region, assuming partial melting is responsible for causing the
anomalies, Archie’s law is used to estimate the melt volume required to
explain the conductive zones.

—80
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We combine the electrical resistivity models generated in this study
with electrical resistivity models from Sheng et al. (2021) of the region
immediately to the north. In addition, we also compare the electrical
resistivity models of regions located to the east (Wei et al., 2001; Sheng
et al., 2020; Xue et al.,, 2022). The electrical resistivity models are
interpreted based on all available, geophysical, geological, and
geochemical evidence.

The conductive zones C2, C3, and C4 potentially indicate that the
southern extrusion of lithospheric materials in the Lhasa terrane is
related to the location of the Indian crust, and delimited and/or inter-
rupted by the Mabja Gneiss Dome because of uplifting and cooling of the
gneiss dome during the mid-Miocene. The conductive zone C1 may be
related to the metamorphism, exhumation, and anatexis that occurred in
the Greater Himalaya Sequence. Radiogenic heat and tectonic (strain)
heating related to the Indian Plate likely contribute to partial melting in
conductive zone C1, based on a predicted lack of mantle-derived ther-
mal energy. Additionally, the estimated volume of partial melt required
to explain the conductive feature C1 is lower than that required to
explain conductors C3 or C4.

The observed electrical structure (such as its variation in the east-
west direction) is consistent with ideas about the location and extent
of tearing of the Indian Plate beneath the Lhasa terrane, near the Xainza-
Dinggye rift. The results indicate that i) the mid-lower crustal conduc-
tive layers contributed to the evolution of the north-south-trending
normal faults in the Lhasa terrane, ii) that the upper-crustal conduc-
tive zones resulted from the southern migration of lithospheric mate-
rials, and iii) that migration of lithospheric material thus played an
essential role in the formation of the north-south-trending normal faults
in the Tethys-Himalaya terrane.
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