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The Altyn Tagh Fault (ATF) is a left-lateral, strike-slip fault that forms the northern margin of the
Tibetan Plateau and plays a significant role in accommodating the convergence between the colliding
Indian and Eurasian plates. As a part of the fourth phase of the INDEPTH project, magnetotelluric (MT)
data were collected across the central segment of the ATF to determine the lithospheric-scale structure
of the fault system. Dimensionality analyses demonstrated that the MT data can be interpreted using
two-dimensional approaches, but some localized 3-D effects are seen. Consequently, both 2-D and 3-D
inversions were carried out, and a joint interpretation was made on the basis of these two types of
models. Inversion models revealed two major conductors beneath the Qaidam Basin (QB) and Altyn
Tagh Range (ATR), respectively. The conductive region beneath the QB was interpreted as a ductile layer
in the lower crust to upper mantle that might represent flow beneath the western margin of the QB,
whereas the large scale south-dipping conductor beneath the ATR is interpreted as a region with high
fluid content formed by metamorphism associated with the oblique underthrusting of the Tarim Block
beneath the northern Tibetan Plateau. These fluids migrate upwards through the fault system and have
formed serpentinized zones in the crust. Combining these interpretations, a structural model compatible
with diverse geophysical observations is proposed, in which we suggest the competing end-member rigid
block model and continuum model are reconcilable with the continuum model locally dominant for the
study region, as evidenced by a thickened crust.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

faults that characterize the Northern and Eastern parts of the
plateau (Tapponnier et al., 2001). However, the contribution of

The ongoing continent-continent collision between the Indian
and Eurasian plates has created the spectacular topography of the
Tibetan Plateau over the last 50 Myr. The tectonic processes that
occurred and are still occurring during this orogeny are still not
fully understood and a wide variety of models have been proposed
to explain the dynamics of this region (Tapponnier et al., 2001;
Tilmann et al., 2003; Yin and Harrison, 2000). Horizontal crustal
motion is clearly important, as evidenced by the major strike
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horizontal motion on these faults to the overall mass balance of
the orogen remains unresolved. Another important tectonic pro-
cess that may be active is crustal flow (Clark and Royden, 2000;
Royden et al., 1997), a process first proposed by Nelson et al.
(1996).

The magnetotelluric MT method is a useful tool in studies
of continental dynamics because it images subsurface electri-
cal resistivity, which is a rock property sensitive to the pres-
ence of fluids and temperature, and can give important con-
straints on crustal rheology (Pommier et al, 2013). MT data
have been used effectively in previous studies to reveal rheolog-
ical properties associated with active tectonics, including studies
of large-scale strike-slip faults such as the San Andreas Fault
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Fig. 1. Topography map showing major tectonic structures and MT station locations
in the survey area. Red dots are broadband MT stations, green dots are long-period
MT stations, blue squares are cities or towns, and texts in white boxes are sta-
tion numbers. Figure was generated from GTOPO30 digital elevation data set using
GMT (Wessel and Smith, 1995). Fault locations are taken from the HimaTibetMap-
1.0 database (Styron et al., 2010). Focal mechanism solutions are from the Global
Centroid Moment Tensor (CMT) Project (http://www.globalcmt.org). Abbreviations
are: WKL, West Kunlun.; ATF, Altyn Tagh Fault.

(Becken et al., 2011; Unsworth and Bedrosian, 2004), the Alpine
Fault (Wannamaker et al., 2002) and East Anatolian Fault (Tiirkoglu
et al, 2015). MT has played a major role in previous studies
of the Tibetan Plateau (Bai et al., 2010; Unsworth et al., 2005;
Wei et al,, 2001). One key result from the MT studies is the ob-
servation of a low resistivity crustal layer along the southern and
eastern margins of the Tibetan Plateau, where the resistivity val-
ues are consistent with crustal viscosities low enough to permit
crustal flow (Rippe and Unsworth, 2010). These studies have also
focused on some of the major strike-slip faults in Northern Ti-
bet (Bedrosian et al., 2001; Le Pape et al., 2012; Unsworth et al.,
2004). Many of these studies were made as part of the INDEPTH
project (InterNational DEep Profiling of Tibet and the Himalaya)
which has undertaken a series of integrated geological and geo-
physical studies across the Tibetan Plateau since 1993 (Nelson et
al., 1996). INDEPTH-IV was the final stage of this project and fo-
cused on the northern margin of the plateau (Karplus et al., 2011;
Wei et al., 2014). As part of this study, MT profiles were acquired
across the central Altyn Tagh Fault (ATF) in 2010 to investigate the
resistivity structure of the lithosphere and thereby constrain de-
formational processes and test competing models on deformation
patterns along the northwestern margin of the plateau (Fig. 1).
In this paper, we present new models of the electrical resistiv-
ity structure of the central ATF and discuss their interpretation.
Insight gained from the Altyn Tagh Fault can give an improved un-
derstanding of orogens where continent-continent collisions are
active and major strike-slip zones have developed (Eastern Anato-
lia), as well as those preserved in the geological record.

2. Previous geological and geophysical studies
2.1. Fault geometry

The Altyn Tagh Fault (ATF) is a major boundary that sep-
arates the Tibetan Plateau, with an average elevation of more
than 4500 m above sea level, from the Tarim Basin, with an el-
evation of only about 1000 m (Fig. 1). The ATF extends for at
least 1500 km from the West Kunlun Mountains in the west

to the Qilian mountains in the northeast, and may extend even
further northeast for as much as 2500 km (Darby et al., 2005;
Mériaux et al., 2005). The ATF can be divided into three main
sections based on its geomorphological expression: (a) the south-
western section west of 84°E, (b) the central section between 84°E
and 94°E, and (c) the northeastern section east of 94°E. The cen-
tral section investigated in this study includes several restraining
bends where relatively high elevations have been formed by trans-
pressional deformation (Cowgill et al., 2004).

A major splay of the ATF - the North Altyn Fault (NAF, Fig. 1) is
located between 86° and 92°E, and is almost parallel to the main
ATF (Cowgill et al., 2000). The NAF bounds the Altyn Tagh Range
(ATR) together with the ATF to the south and the Lapeiquan Fault
to the northeast (Fig. 1). Two different models have been proposed
to describe the tectonics of the ATR. One model suggests that
the NAF is a thrust fault formed by the southward underthrust-
ing of the Tarim Block, with the ATF acting as a sinistral strike-
slip fault (Avouac and Tapponnier, 1993; Burchfiel et al., 1989;
Molnar et al., 1987; Peltzer and Saucier, 1996; Wittlinger et al.,
1998; Yue et al., 2004). The other model proposes that the ATR
is a strike-slip duplex, comprising a group of imbricated blocks
bounded by the strike-slip ATF and oblique-slip NAF (Cowgill et
al., 2000). Reconstruction of the ATF based on geochronology stud-
ies also suggests that the NAF may have been the active trace of
the ATF at an early stage of its development (Cowgill et al., 2003).

2.2. Geology

The MT profiles presented in this paper are focused on the cen-
tral section of the ATF (see Fig. 1). Within this region, the ATF
separates the sedimentary fill of the western Qaidam Basin from
the Precambrian basement rocks of the Tarim Basin (Wittlinger et
al., 1998). Archean and Proterozoic metamorphic rocks are sheared
along the fault zone, with coal-bearing Jurassic sedimentary rocks
scattered throughout the region (Chen et al.,, 2003). As shown in
Fig. 2, geological units on both sides of the ATF are well corre-
lated. Precambrian complexes are found to the northeast of the
Lapeiquan Fault and the North Qilian Fault, while Paleozoic com-
plexes are located to the southwest of the Lapeiquan Fault and
the North Qilian Fault (Sobel and Arnaud, 1999). The surface struc-
ture of the ATR and the Qilian Block are comprised of primarily
Neoproterozoic to Mesozoic sedimentary rocks. Two belts of High
Pressure (HP) and Ultrahigh Pressure (UHP) metamorphic com-
plexes, where samples of eclogites and garnet peridotites are found
(Gilotti, 2013; Liou et al., 2009; Yang et al., 2001), are located to
the south of the ATR (Liu et al., 2012, 2009) and along the north-
eastern margin of the Qaidam Basin. Accordingly, it was suggested
that the geologic units on both sides of the ATF are offset by
475 + 70 km of sinistral strike-slip motion (Cowgill et al., 2003;
Peltzer and Tapponnier, 1988; Ritts and Biffi, 2000).

2.3. Kinematics

As a major strike-slip fault, the ATF plays an important role in
accommodating the convergence between the Indian and Eurasian
plates. Two different end-member models have been proposed
to explain how this convergence occurs. In one class of models
it is assumed that the crust is made up of rigid blocks sepa-
rated by weak fault zones, and convergence is accommodated by
deformation along major thrusts and strike-slip faults bounding
these blocks (Calais et al., 2006; Meade, 2007; Peltzer and Tappon-
nier, 1988; Tapponnier and Molnar, 1976; Tapponnier et al., 2001;
Thatcher, 2007). This rigid block model regards the eastward ex-
trusion along the ATF as the dominant tectonic mechanism on
the northern margin of the Tibetan Plateau. The other class of
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Fig. 2. Simplified geology map of the study area. Base map is after Zhang et al. (2007a). White regions show regions of sedimentary cover in the Tarim and Qaidam Basins. Red
dots are broadband MT stations, and green dots are long-period MT stations. Abbreviations are: NAF, North Altyn Fault; NQTB, North Qaidam Thrust Belt. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

models assume that the crust deforms viscously with deforma-
tion distributed over a broad region, and convergence is mainly
accommodated by continuous deformation within the middle to
lower crust (Clark and Royden, 2000; England and McKenzie, 1982;
England et al., 1988; Royden et al., 1997; Shen et al., 2001a). Thus,
according to this continuum model the northern margin of the
Tibetan Plateau is characterized by crustal thickening caused by
the soft middle to lower crust of the Tibetan Plateau interacting
with the rigid Tarim Block. Although it is vigorously debated which
model is a more appropriate description of the tectonic processes,
it is evident from the presence of major strike-slip faults that hor-
izontal motions are clearly important.

The slip rate along the ATF is an important factor in determin-
ing the total contribution from horizontal motion to the overall
mass balance of the orogen, and consequently crucial to discrimi-
nating between the two different end-member models. A total dis-
placement of ~475 470 km has been estimated for the ATF since
the mid-Oligocene (Cowgill et al., 2003; Peltzer and Tapponnier,
1988; Ritts and Biffi, 2000). Early slip rate estimates on the ATF
vary by a factor of five, depending on which approach was used
for the determination. Morphochronological slip rates previously
yielded fast prior slip measurements of 20 mm/yr or more (Meéri-
aux et al., 2004, 2005; Peltzer et al., 1989), whereas geodetic tech-
niques gave relatively slow present-day slip rates of ~10 mm/yr
(Bendick et al., 2000; Chen et al, 2000; Elliott et al., 2008;
Shen et al, 2001b; Wallace et al., 2004; Zhang et al., 2007b).
This difference was first reconciled by Cowgill et al. (2009), and
recent geodetic (He et al., 2013), paleoseismic (Washburn et al.,
2003, 2001), and geologic data (Cowgill et al., 2009; Gold et al.,
2011) all agree on a Late Quaternary rate of 9.0 & 4.0 mm/yr. Al-
though the majority of these studies focused on the central ATF,
an important issue in slip rate comparisons is the observed east-
ward decrease in slip rate. Meyer et al. (1996) concluded that the
slip rates east of 96°E are just 4 +£2 mm/yr, and this slip gradi-
ent has been accommodated by thrusting along the margins of the
Qaidam Basin (Mériaux et al., 2012).

2.4. Previous geophysical studies

A gravity survey of the central ATF suggested that the fault
is sub-vertical and penetrates the entire lithosphere (Jiang et al.,
2004). Seismic studies of the central ATF include the teleseismic
tomography experiment by Wittlinger et al. (1998) that showed
a low P-wave velocity anomaly extending to a depth of 140 km.
This anomaly suggested that the ATF is lithospheric in scale and
was interpreted as faulted rocks, including asbestos-rich serpen-
tinite bodies, in the shallower part and a ductile shear zone at

greater depth. The interpretation of their model also proposed that
convergence had occurred across the ATF, with the lithosphere of
the Tarim Basin being thrust beneath the Tibetan Plateau, mak-
ing the ATF behave as an oblique plate boundary. Herquel et al.
(1999) observed teleseismic shear wave splitting in the same re-
gion, and found that the delay times displayed a marked increase
in a narrow zone centered on the ATF, implying anisotropy within
the lithospheric mantle. Their results add additional support to the
thesis that the ATF guides the northeastward extrusion of the Ti-
betan lithosphere.

Zhao et al. (2006) studied the crustal and uppermost mantle
structure across the ATR and its adjacent basins by using the re-
fraction/wide-angle-reflection data from an active-source seismic
profile. They reported a wedge-shaped low-velocity zone extending
to the depth of about 90 km beneath the ATR, which was inter-
preted as a mixture of mafic crustal and ultramafic mantle mate-
rial. They proposed a model for the ATR that included southwest-
ward underthrusting of a sliver of the easternmost Tarim litho-
sphere at an oblique angle into the ATR and NE-SW convergence
within the range. Seismic studies have revealed that the crustal
thickness of the adjacent Tarim Block and the Tibetan Plateau are
40-50 km and 60-70 km respectively, although it is still contro-
versial whether the ATF is of crustal scale (Zhao et al.,, 2006) or
lithospheric scale (Wittlinger et al., 1998).

According to the distribution of earthquake focal mechanism
solutions in the study area (see Fig. 1), earthquakes occurring close
to the ATF mostly exhibit strike-slip mechanisms, whereas earth-
quakes located to the south of ATF were mostly produced by com-
pressional processes along the thrust faults on the western margin
of Qaidam Basin.

Paleomagnetic studies infer that no vertical-axis rotation of the
Qaidam Basin or the ATF has occurred in the Neogene, which
means the displacement between the Tarim Basin and the Tibetan
Plateau is mainly accommodated by the strike-slip motion along
the ATF rather than distributed shearing deformation within the
northern Tibetan Plateau (Dupont-Nivet et al., 2002).

Previous MT studies were mainly focused on the northeastern
ATF, in which the ATF was imaged as a sub-vertical electrical resis-
tivity boundary that shallowed to the east (Bedrosian et al., 2001;
Xiao et al., 2011). However, the electrical resistivity structures be-
neath the central ATF, where the seismic studies were mainly
located, were unknown prior to the INDEPTH-IV investigations.
In this study, MT data are used to provide new constraints to
distinguish between competing tectonic models for the northern
margin of the Tibetan Plateau. MT data are inherently sensitive
to the presence of fluids, both aqueous and partial melt, which
weaken crustal material. Thus resistivity models derived from MT
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can define the geometry of fluid zones that often control the de-
formation style.

3. MT data acquisition

MT data were recorded along the profiles shown in Fig. 1 and
included both broadband MT (BBMT) and long period MT (LMT)
data. The BBMT data were collected with Phoenix MTU-5 instru-
ments, and LMT data with LEMI-417 instruments. All five compo-
nents of the time-varying electromagnetic field (Ex, Ey, Hx, Hy,
H;) were recorded. As shown in Fig. 1, the profile crosses the cen-
tral ATF close to the town of Mangai. To the north of the ATF, the
profile splits into two branches (Linel and Line2, see Fig. 1). The
total survey consisted of 50 BBMT stations (red dots in Fig. 1) and
6 LMT stations (green dots in Fig. 1). The average station spacing
was 5 km and 40 km for the BBMT and LMT instruments respec-
tively. The original MT time series data were transformed into the
frequency domain, and frequency dependent transfer function ele-
ments were computed through remote-reference processing with
statistically robust algorithms (Egbert, 1997; Jones and Jodicke,
1984; Varentsov et al., 2003; Wight et al., 1977). With an aver-
age recording time of 20 hours for BBMT, high quality MT data
were obtained in the period range of 0.003-2000 s. The LMT sta-
tions provided useful data in the period range 100 to 10,000 s from
an average recording duration of 20 days. Note that the BBMT and
LMT stations were deployed in different years and were not in ex-
actly the same locations. Thus, the LMT responses were used as
independent stations and were not merged with the broadband
stations during inversion. Typical sounding curves (Fig. S1) and re-
lated discussions are presented in supplementary file 1.

4. MT data analyses

The goal of MT data analysis is to derive a dataset suitable for
defining the resistivity model of the Earth from the observed MT
data. It is therefore essential to investigate the dimensionality of
the MT responses, and determine if the data require a 1-D layered
Earth, 2-D model invariant in the strike direction or 3-D resistivity
model. The phase tensor (Booker, 2014; Caldwell et al., 2004) is a
useful tool in assessing the dimensionality of MT impedance data
and is defined as the product of inverse real matrix and imaginary
matrix of the impedance tensor. It can be graphically represented
as an ellipse defined by three values: the maximum phase ®pax,
the minimum phase ®p,,, and the skew angle 8. @nax and P,
correspond to the major and minor axes of the ellipse with their
directions indicating the two orthogonal electrical principal axes,
or two possible strike directions. Under 1-D conditions, ®nax and
@nin are equal and the ellipse is a circle. The skew angle (8) gives
a measure of the dimensionality and is defined by Caldwell et al.
(2004). The skew is zero for a 1-D or 2-D resistivity structures, and
non-zero values indicate a 3-D resistivity structure.

The phase tensor maps are plotted in Fig. 3, and most of the
stations showed relatively small skew angles at short periods (<5°,
as shown in blue, see Fig. 3a-b). In Fig. 3a, many stations exhibit
one-dimensionality as indicated by the phase tensor plotting as
a circle, which is reflecting the shallow sedimentary units in the
Tarim and Qaidam Basins. However, at longer periods some sta-
tions start to exhibit complex aspects, which do not support the
presence of a 2-D resistivity structure (8 > 10°, as shown in yellow
and red colors, see Fig. 3c-d). However, such stations are relatively
sparsely distributed, which indicate that the 3-D effects are gen-
erally localized. Statistical analysis of the directions of @pax and
@nin are also shown as rose diagrams in Fig. 3. It can be seen that
the distribution of these directions are quite scattered at short pe-
riods and no dominant direction can be determined (see Fig. 3a-b).

This is probably due to the one-dimensionality of the shallow sed-
imentary layer in the Tarim and Qaidam Basins. At longer periods
(Fig. 3c-d), a relatively consistent strike direction (~N70°E) can be
observed, which is closely parallel to the surface trace of the ATFE.

Further analyses were also conducted utilizing multi-site, multi-
frequency tensor decomposition technique of McNeice and Jones
(2001) and induction vectors (Parkinson, 1959). Details of these
analyses results are presented in the supplementary material and
the conclusions are generally consistent with phase tensor analy-
ses, which suggest that the data are generally of two-dimensional,
but with some localized 3-D effects, and a regional strike direction
of N70°E. The NW-SE trending thrusts to the south of the ATF on
the western margin of the Qaidam Basin are probably the sources
of the observed 3-D effects. Consequently, in this study, both 2-D
and 3-D inversions were used, and a joint interpretation was made
on the basis of these two types of resistivity models.

5. MT data inversion
5.1. Two-dimensional (2-D) inversion

The MT stations were divided into two profiles labeled Linel
(4200-4330-4510) and Line2 (4200-4330-4410n), and were in-
verted separately. These two profiles share the same MT stations
south of the ATF but differ in their northwestern sections. The MT
data were decomposed into two independent modes, namely, the
transverse electric mode (TE) and the transverse magnetic mode
(TM) along the regional strike direction N70°E, and inverted with
the 2-D nonlinear conjugate gradients (NLCG) algorithm of Rodi
and Mackie (2001). Both TE and TM modes, and the vertical mag-
netic field transfer function (tipper) data in the 6-decade period
range of 0.01-10,000 s were used in 2-D inversion. The same in-
version parameters were applied to both profiles (Line1l and Line2)
to ensure that the inversion models were comparable. The error
floors for the TM apparent resistivity and phase data were set to
10% and 1.45° (equivalent to 5% in apparent resistivity) respec-
tively. Given that the TE mode data can be more susceptible to 3-D
effects than the TM mode data (Becken et al., 2008; Jones, 1983;
Wannamaker et al., 1984), relatively high error floors of 40% and
2.9° (10% in apparent resistivity) were applied to the TE appar-
ent resistivity and phase data, respectively, to reduce the weight of
the TE data in the 2-D inversions. For the tipper data, an absolute
error floor of 0.05 was applied. A horizontal smoothing factor of
o =1 was used, which imposes equal smoothness in the horizon-
tal and vertical directions. The roughness regularization parameter
T = 3 was determined through a trade-off analyses, which corre-
sponds to the corner of the L-curve (see Fig. S8) between overall
root-mean-square (r.m.s.) misfits and model norms (Hansen, 1992;
Hansen and O’Leary, 1993). All inversions were started from a
100 2 m uniform half space. Preferred models that fit the MT data
with overall r.m.s. misfits of 1.897 (Linel) and 1.872 (Line2) are
presented in Fig. 4 along with their site-by-site misfit distributions.

From the 2-D inversion models, four major conductors and two
resistors were identified and are marked as C1-C4 and R1-R2 in
Fig. 4. Features C1 and C2 are located beneath the Qaidam Block
south of the ATF. C1 is located at lower crustal to upper mantle
depths, whereas C2 is located in the middle to lower crust. Con-
ductor C3 is located in the upper crust directly beneath the ATF,
and the large-scale south-dipping conductor C4 extends from sur-
face to upper mantle beneath the ATR to the south of NAF. Resistor
R1 is located in the upper to middle crust beneath the Qaidam
Block, whereas R2, which is much more resistive, is located be-
neath the Tarim Block to the north of the NAF. Features C1-C3 and
R1 were detected on both profiles, whereas C4 and R2 were only
imaged on Linel.
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Fig. 3. Phase tensor maps for periods of (a) 0.1 s, (b) 10 s, (c) 100 s, and (d) 1000 s. Rose diagrams show the statistical results of directions of ®nax and @, for each period.

Linel and Line2 share the same stations in their southern sec-
tions, and from these two models, the geometries of anomalies
C1, C3 and R1 are generally consistent, which is as expected as
they were imaged using the same data. However, there is a large
difference in the spatial scale of conductor C2. The scale of C2 is
far larger on Line2 than on Linel, and its lower boundary is also
much deeper on Line2 than Linel. This difference may be caused
by some off-profile 3-D distortions originated from the thrust belts
to the south of ATF on the western margin of the Qaidam Block,
as discussed in data analyses section. Such 3-D features cannot be
robustly resolved through a 2-D approach. Consequently, 3-D in-
versions were conducted to further investigate these features.

5.2. Three-dimensional (3-D) inversion

Inversion of MT data on a 2-D profile with a 3-D algorithm
not only images the subsurface electrical resistivity structure be-
neath the profile, but also can qualitatively constrain the geometry
of off-profile structures that cannot be correctly resolved with a
2-D approach (Siripunvaraporn et al., 2005b). In this study, the WS-
INV3DMT code developed by Siripunvaraporn et al. (2009, 2005a)
was used for 3-D inversion.

The starting model was a uniform 100 Qm half space with
53, 70 and 47 cells in the north-south, east-west and vertical di-
rections respectively, including 7 air layers. Forty-six MT stations
with relatively high data quality were selected for the 3-D inver-
sion, and 24 frequencies were extracted for each station within the

6-decade wide period range of 0.01-10,000 s, with 4 frequencies
per decade. The full impedance tensor and tipper were inverted
to ensure that off-profile structures were resolved as reliably as
possible (Siripunvaraporn et al., 2005b). A uniform error floor of
0.05 - (Zxy - Zyx)'/? was applied to all four impedance tensor ele-
ments. An error floor of 0.1-[(Tz)? + (T)?1"/? was applied to all
two vertical magnetic field transfer function elements. Length scale
parameters of T =5, dx =38y =38z = 0.1, and Lagrange multiplier
parameters of initial value A =3, step = 0.5 were used during the
3-D inversion.

Initially the inversion was run for 10 iterations. Then the model
from the iteration with the lowest misfit was selected as the ini-
tial and a priori model for the next round of 10 iterations with
all other parameters unchanged. After three rounds of 3-D inver-
sions, the inversion was observed to have converged, based on the
fact that the resistivity model was not varying significantly from
iteration to iteration. The preferred model has an r.m.s. misfit of
3.127 and was selected as is the inversion model from the 4th it-
eration in the 3rd round of inversions. This type of multi-stage
inversion scheme was proven to be able to decrease both data mis-
fit and model norm effectively (Xiao et al., 2012). Horizontal slices
of the 3-D model at depths of 30, 50, 70, and 90 km are plot-
ted in Figs. 5a-d. Misfit variation during the inversion process and
site-by-site r.m.s. distribution are shown in Figs. 5e and 5f. It can
be seen that there is only one station with r.m.s. misfit over 4,
and misfits of most stations are less than 4, which indicates a rea-
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sonable data fit. The fit of the 3-D model to the measured data is
illustrated in the supplementary material.

5.3. Comparison of 2-D and 3-D inversion models and resolution tests

Vertical cross sections were extracted from the final 3-D inver-
sion model to compare with the 2-D inversion models (see Fig. 4).
Electrical resistivity features C3, C4, R1 and R2 are imaged by both
inversions models, and generally have consistent geometries. How-
ever, C1 and C2 from the 2-D inversion are actually imaged as a
single conductor rising from the upper mantle to the upper crust
in the 3-D inversion model (see C1 + C2 in Figs. 4e and 4f). We
consider this combined C1 + C2 feature from the 3-D inversion
model to be more reliable, given the relatively complex dimen-
sionality to the south of the ATF as discussed above.

By conducting 3-D inversions on 2-D MT profile data, off-
profile structures, especially conductors, can be qualitatively im-
aged (Siripunvaraporn et al.,, 2005b). From Figs. 5a-d, it can be
seen that conductors C1 + C2 and C4 are related to off-profile
features which both extend eastward. Although the geometries of
these off-profile conductors cannot be well-constrained due to the
lack of data, these conductors are required to fit the observed MT
data. Consequently, their horizontal spatial extension can be rea-
sonably and qualitatively constrained as extending eastward.

MT data are generally most sensitive to the depth to the top
of a conductor, while the base of conductors are not well resolved.
Thus the horizontal position and dip of a low resistivity feature can
be well constrained. A consequence of the smoothing imposed in
inversions is that conductors will be smeared downwards. In terms
of a dipping structure such as C4, the depth and southward dip of

this feature are well resolved. To further constrain the depth ex-
tent of conductors C1 + C2 and (4, a 3-D forward modeling study
was implemented by calculating the responses from a modified
3-D resistivity model and observing the change in r.m.s. misfits to
ascertain if the data are sensitive to these modifications. The 3-D
forward model was obtained by removing conductors C1 + C2 and
C4 from the model in Fig. 5 below 90 km depth and the region
was set to a 100 m uniform half space. The new response data
were computed with forward modeling and the resulting site-by-
site r.m.s. misfit variation is plotted in Fig. 6. The response curves
are shown in the supplementary material. It can be observed that
there is a systematic increase in r.m.s. misfits at most stations in
the modified model. Although a few stations show a decrease in
r.m.s. misfits, their reduced percentages are much smaller than
those stations showing increases. Furthermore, stations above or
close to the regions of C1 4+ C2 and C4 generally showed greater
increases in r.m.s. misfit. All these features suggest that the MT
data are sensitive depths of at least 90 km, and the vertical exten-
sion of conductors C1 + C2 and C4 are no less than 90 km.

6. Model interpretation and discussion

In interpreting the resistivity model, previously published seis-
mic models (Wittlinger et al., 1998; Zhao et al., 2006), and poten-
tial field and surface heat flow data (Zhao et al., 2010) were used
in the interpretation. In this section, each part of the model is dis-
cussed and the resistivity models are compared with the seismic
velocity models as well as other datasets (Fig. 7). Note that Linel
and Line2 diverge north of 4330 which is to the south of the ATF,
and the resistivity models are different on each line.
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splitting from the study of Herquel et al. (1999).

6.1. The Altyn Tagh Fault

In both of the 2-D and 3-D inversion models presented in this
paper, the electrical structure beneath the ATF is characterized by
a sub-vertical conductor C3, which is separated from a larger con-
ductor C4 by resistor R4. Other upper crustal conductors similar to
C3 are present.

Conductor C3 is directly below the fault trace, a location where
MT studies of other fault zones have reported major conductors
that have been interpreted as elevated concentrations of aqueous
fluids. C3 is similar in geometry and conductivity to the conductors
detected beneath the San Andreas Fault (Becken et al., 2011) and
East Anatolian Fault (Tiirkoglu et al., 2015). Wittlinger et al. (1998)
used seismic tomography to image the ATF and reported a sub-
vertical low velocity zone (LVZ) that extended from the surface to

a depth of 140 km (Fig. 7a). They proposed that the ATF was litho-
spheric scale shear zone with the low velocity anomaly interpreted
as a zone of faulted rocks with enhanced porosity and fluid con-
tent. The geometry of the anomaly in the MT model is similar to
the seismic anomaly. It should be noted that the tomographic tech-
nique used by Wittlinger et al. (1998) used sub-parallel rays that
may give limited depth resolution (Lévéque and Masson, 1999).
The coincident anomalies in resistivity and velocity may reflect a
common origin, i.e. both rock properties will be reduced by the
presence of elevated porosity. The comparison between the resis-
tivity anomaly and seismic velocity anomaly may also be influ-
enced by other minerals present in the fault zone. Serpentinite
has been mapped along the central ATF and at Mangai, where
the MT western profile crosses the trace of the ATF (see Fig. 1),
serpentinite bodies rich in asbestos and talc have been mined
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(Xinjiang Bureau of Geology and Mineral Resources, 1993). The
soft slippery mineral talc could facilitate creep on the central ATF,
as previously discovered in the creeping section of the San An-
dreas Fault (Moore and Rymer, 2007). Serpentinization reduces
seismic velocity (Hyndman and Peacock, 2003), and could pro-
vide contribute to the sub-vertical LVZ reported by Wittlinger et
al. (1998). In contrast, serpentinite has a high electrical resistiv-
ity (>10,000 m) similar to other dry mantle minerals (Guo et
al., 2011; Reynard et al., 2011). Thus the presence of serpentinite
would increase the scale of seismic anomaly, while not affecting
the resistivity anomaly. Serpentinization can cause the precipi-
tation of magnetite (Evans et al., 2013), and if present in high
concentrations the magnetite may increase conductivity (Kawano
et al., 2012) and produce detectable magnetic anomalies at the
surface. Fig. 7c shows some correlation between conductance (in-
tegrated conductivity) and magnetic anomaly within the ATR. The
conductance integrated from the surface to a depth of 50 km and
100 km is shown in Figs. 7e and 7g. The 50 km depth corre-
sponds to the Curie isotherm (~580°C) as estimated by Zhao et al.
(2010). Relatively large magnetic anomalies are observed directly
above the ATF and the NAF, which are also two regions with high
conductance (Fig. 7e). The seismic study of Zhao et al. (2006) did
not report a major LVZ beneath the ATF, but this may be because
the survey geometry was optimized for detection of sub-horizontal
structures.

Conductor C4 is stronger than C3 and a model of the ATF must
account for its origin. One possibility is that the low resistivity is
due to graphite films, which have been proposed as the cause of
low resistivities in a number of ancient suture zones, e.g. Rao et al.
(2014). A possible suture in this part of the Altyn Tagh area was
proposed by Sobel and Arnaud (1999) and named the Lapeiquan
suture. The geometry was proposed to be south dipping, which
matches the geometry of C4. A problem with invoking graphite
as an explanation for the low resistivity, is that graphite films do
not remain connected above temperatures of 700 °C (Yoshino and
Noritake, 2011). Based on the geothermal gradient of 28-34 °C/km
reported by (Zhao et al., 2010) this would occur at a depth of
23-25 km, well above the depth of anomaly C4.

Aqueous fluids provide an alternate explanation for C4, but a
mechanism to create them must be determined. One mechanism
that could generate fluids is the underthrusting of crustal rocks
which then undergo prograde metamorphic reactions with the in-
creasing temperature and pressure. These fluids will be saline and
produce a zone of low resistivity such as C4. This type of pro-
cess has been inferred from MT studies of a number of convergent
plate boundaries where crustal thickening has occurred (Bertrand
et al., 2009; Wannamaker et al., 2002). Fluids will flow to the sur-

face through the highest permeability pathways, i.e. faults. In this
case, fluids are generated due to the oblique underthrusting of the
Tarim Block beneath the northern Tibet along the NAF, and the ATF
system provides a pathway for the fluids to move upwards. As the
fluids migrate to the surface, they can cause metasomatic reactions
such as serpentinization (Hyndman and Peacock, 2003). However,
it should be noted that no surface outcrop of serpentinite has been
reported (Eric Cowgill, personal communication, 2014).

Is this mechanism of fluid generation consistent with other geo-
logical and geophysical data? It is significant that C4 does not pro-
duce a major low seismic velocity anomaly in either the Wittlinger
et al. (1998) or Zhao et al. (2006) models. This can be explained
if the fluid has a high salinity, with only a small concentration
needed to produce the observed high conductivity. The seismic
model of Wittlinger et al. (1998) gives evidence that underthrust-
ing has occurred. While Zhao et al. (2006) reported a relatively
flat Moho beneath the ATF (Fig. 7b), they also describe an anoma-
lously slow region in the upper mantle that was partially due to
the presence of crustal material. While both these models propose
some degree of fault normal shortening, the maximum amount is
constrained by structural studies based on seismic reflection data
from the Tarim Basin (McDermott et al., 2014) to a few kilometers.
It should be noted that these observations do not constrain the
amount of motion of the entire Tarim block - just the internal de-
formation. The geothermal gradient beneath Qaidam was reported
as 28-34°C/km Qaidam (Zhao et al., 2010). Thus with an average
value of 30°C/km, a change in depth from 7-9 km would corre-
spond to a temperature change of 210-270°C, sufficient for the
transformation from greenschist to amphibolite or amphibolite to
granulite facies. These prograde metamorphic reactions both gen-
erate water through the corresponding mineral reactions.

In summary, we propose that the ATF system is characterized
by fluid generation in a deep fluid-rich zone, with faults acting as
a migration pathways for the upwelling fluids. Both seismic models
report some local thickening of the crust beneath the ATR, which
could produce fluids. If the Moho was indeed flat, then this could
be incompatible with our model, as a source of fluid in the man-
tle is more difficult to justify. Thus the presence of an anomalous
region at, and just below, the Moho in the model of Zhao et al.
(2006) helps reconcile the seismic and resistivity models. Note that
the mixing of mafic and ultramafic rocks will not produce a major
change in resistivity. It is the fluid generation that gives an observ-
able resistivity anomaly.

Could the fluids originate elsewhere? One possible interpreta-
tion is that the fluids responsible for C4 are generated within the
thickened Tibetan crust adjacent to the ATF at depth. In this case,
underthrusting would not be required, although horizontal trans-
port of fluids could be difficult to explain, and the resistive zone
at depth beneath the ATF is likely a barrier. Lateral flow of lower
Tibetan crust has been widely invoked to explain a number of ob-
servations of crustal structure in Tibet - but is unlikely to be in
operation here because transpressional deformation may be only
restricted to the strike-slip duplex of the ATR (Cowgill et al., 2000).
Another possibility is that the fluids are generated by shear heating
and related magmatic processes in the deep crust, as envisioned by
Leloup et al. (1999) based on exhumed shear zones and numerical
simulations.

6.2. Crustal structure of the Qaidam Block

The electrical structure beneath the Qaidam Basin is different in
the 2-D and 3-D inversion models. Considering that the dimension-
ality is relatively complex to the south of the ATF, and structures
beneath the Qaidam Basin may not be robustly resolved in the 2-D
inversion, the 3-D inversion model is used for interpretation.
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The 3-D inversion model (Fig. 4e-f), shows that the shallow re-
sistivity structure of the Qaidam Block consists of a thin (<5 km)
conductive layer that can be identified as the shallow sedimentary
cover of the Qaidam Basin. This is underlain by a heterogeneous
layer characterized by several conductors (C1, C2) and resistors
(R1, R3). The resistors are associated with the crystalline basement

Fig. 7. Comparison between different geophysical models/datasets across the cen-
tral ATF. (a) Schematic seismic model of Wittlinger et al. (1998). Red and green
regions indicate the crust and mantle, respectively. Regions that are more yel-
low or red in the model are low velocity zones. (b) Seismic model of Zhao et
al. (2006). Black lines are inferred discontinuities from the original paper. Regions
above the white dashed line are of relatively high resolution due to dense ray cover-
age. Horizontal distances in (a)-(b) are using coordinates from the original papers.
(c) Potential field data from Zhao et al. (2010). (d) Surface heat flow data from
Zhao et al. (2010). (e)-(h) Electrical resistivity models for Linel and Line2 of this
study, as well as conductance integrated from surface to the depth of 100 km and
50 km for each profile. Focal mechanism solutions are from the Global CMT Project
(http://www.globalcmt.org). Moho depth is after Wittlinger et al. (1998). All subfig-
ures are aligned according to the locations of ATF and NAF (vertical black dashed
lines). Pink bars show the highlighted anomalies discussed in this paper.

rocks and typical of such rocks. The conductors require an expla-
nation in terms of the material causing the low resistivity.

There are two distinct scenarios for the origin of these fluids.
The first is the same as elsewhere in Tibet where crustal thickening
has produced elevated temperatures that in the presence of water
can lead to melting. In many previous studies of Tibet, conductive
layers such as these have been detected and interpreted as fluid
rich layers, either partial melt or aqueous fluids (Li et al., 2003;
Unsworth et al., 2005; Wei et al., 2001). Thus conductive zones
are most likely combinations of aqueous fluids and partial melt.
Evidence for elevated temperatures comes from heat flow mea-
surements close to the profile and shown in Fig. 7d. Relatively high
heat flow can be observed above conductor C2 in the 2-D inversion
model (or the upper part of C1 + C2 in the 3-D inversion model).
This could be explained by the elevated temperature in the upper
to middle crust caused by upwelling of hot material from the lower
crust beneath the Qaidam Basin along the ductile flow path repre-
sented by C1 + C2. Using laboratory studies, these layers can be
inferred as possible low strength regions that could flow, although
MT cannot directly the detect motion (Rippe and Unsworth, 2010).
The feature C1 + C2 detected beneath the Qaidam Block is likely
similar in composition to those reported elsewhere beneath the Ti-
betan Plateau. In the model, conductor C1 + C2 may represent a
fluid rich region. If this causes sufficient weakening then it could
be associated with regional ductile flow path on the western mar-
gin of the Qaidam Basin. This proposed flow is also consistent with
the observed teleseismic shear wave splitting that shows a roughly
E-W extending fast axes direction to the south of the ATF (see
Fig. 5d). This observed anisotropy could be explained by the pro-
posed upper mantle flow beneath the Qaidam Basin.

The second possible origin for the fluids causing C1 + C2 is that
have been formed by prograde metamorphism in the thickened
crust, similar to the explanation proposed for C4 in the previous
section. This is supported by the striking similarity of the shapes
of conductors C1 + C2 and C4.

The discovery of conductive features at the western margin
(this study) and northeastern margin (Xiao et al., 2011) of the
Qaidam Basin further raises the possibility that there might be a
widespread conductive layer in the lower crust and upper mantle
beneath the Qaidam Basin, which could decouple the Qaidam crust
and mantle. Such a detachment layer is required by geodynamic
models to explain the deformation of the Qaidam Block and sur-
rounding regions, and have been proposed a range of depths from
upper crust to upper mantle (Burchfiel et al., 1989; Yin et al., 2008;
Yin et al,, 2002; Zuza and Yin, 2013). It could further explain how
the strike slip motion along the ATF was accommodated by inter-
nal deformation within the Qaidam Basin. However, due to the lack
of MT data within the basin, it is still unknown whether this layer
exists extensively in the interior regions of the Qaidam Basin.
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Fig. 8. Model of lithospheric structure across the central ATF on the northern margin of the Tibetan Plateau derived from magnetotelluric and other data.

6.3. Tarim Block

To the north of C4, the Tarim Block is characterized by high
resistivity (R2 in Fig. 4) that extends from the surface to the up-
per mantle. The Tarim Block consists primarily of Neoarchean and
Paleoproterozoic rocks overlain by Meso-Neoproterozoic sedimen-
tary cover (Zheng et al., 2013). Sedimentary rocks of the Tarim
Block are generally thin in the surrounding margins and thick in
the central region, where the thickness locally exceeds 15 km. In
both the 2-D and 3-D inversion models, R2 corresponds to the re-
sistive Precambrian basement of the stable Tarim Block, with the
shallow conductive layer above R2 representing the sedimentary
fill of the Tarim Basin. The contrast between C4 and R2 outlines
the oblique-slip NAF as part of a strike-slip duplex that represents
the ATR.

6.4. Geodynamic model

Based on the interpretations made above, a model is proposed
to describe the convergent process on the northern margin of
the Tibetan Plateau. As shown in Fig. 8, this model incorporates
(a) a relatively hot and weak northern Tibetan crust that may flow,
(b) possible ductile flow motion towards the surface in the western
margin of the Qaidam Basin, and (c) thickened crust beneath the
ATR produced by limited oblique underthrusting of the Tarim Block
along the NAF. Aqueous fluids are generated by prograde meta-
morphic reactions caused by the underthrusting of Tarim crust,
and upwelling along the serpentinized shear zones of ATF system,
which act as fluid migration pathways. This model explains diverse
geophysical anomalies observed in the study area and brings a new
perspective to understanding the continent-continent collision on
the northern margin of the Tibetan Plateau. Based on our inter-
pretations, we propose that the rigid block model and continuum
model are both applicable for this study region. However, the con-
tinuum model seems to be more dominant as evidenced by large
scale conductors associated with distributed crustal thickening. It
must also be emphasized that the MT data presented in this pa-
per cannot image along strike variations, and further research is
needed to determine if the structure at 90°E is representative of
other segments of the fault.

7. Conclusions
A magnetotelluric study across the Altyn Tagh fault yielded data

that gives new images of the northern boundary of the Tibetan
Plateau. The following four points are the most significant:

(1) Dimensionality analyses showed that the MT data are gen-
erally two-dimensional but with some localized 3-D effects. Both
2-D and 3-D inversions were conducted, and a joint interpretation
was made on the basis of these two types of resistivity model.

(2) Beneath the Qaidam Basin, conductor C1 + C2 is interpreted
as a ductile layer in the lower crust and upper mantle. This may
act as a weak layer, either associated with crustal flow, or as a
detachment layer.

(3) The large-scale south-dipping conductor (C4) beneath the
ATR is interpreted as a zone rich in aqueous fluids that generated
by prograde metamorphic reactions associated with oblique under-
thrusting of the Tarim Block. These fluids migrate upward through
the ATF system and result in serpentinization.

(4) Combining the interpretations above, a geodynamic model
is proposed that suggests the rigid block model and continuum
model are reconcilable for this study region with the continuum
model dominant as evidenced by large scale conductors associated
with crustal thickening over a broad region on each side of the
ATF.
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