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Abstract Existing models describing continental crust deformation require the coexistence of strike‐slip
faults and crustal blocks rotating between them, although the dimension and shape of the blocks and
the location and offset of the faults are mostly unconstrained. Here we report on the paleomagnetism of
middle Cenozoic (<45 Ma) continental red beds exposed along the 40 km long and 2–8 km wide
NW‐trending Mula basin (East Tibet), unconformably lying above Triassic marine strata and plutons and
mildly deformed by two subparallel thrust faults. A tectonic magnetic fabric and magnetic lineations
subhorizontal and parallel to the compressive fronts show that thrust tectonics guided basin formation and
continued soon after sediment deposition. Characteristic and high‐temperature components isolated at
17 sites support a positive fold test and suggest primary detrital magnetization acquisition. The comparison
with East Asia paleopoles defines several 2–5 km wide crust fragments yielding variable rotations from
~30° counterclockwise to ~90° clockwise without clear rotation trend. No strike‐slip fault with offset
exceeding 1 km occurs among blocks, and no regional‐scale strike‐slip fault is documented at basin vicinity,
implying that the East Tibet rotation pattern is different from all existing block rotation models. A regional
high thermal flow and vigorous geothermal activity are consistent with the occurrence of a ductile crust
layer identified by seismological data at 13–30 km depths. We suggest that midlower crust, flowing SE‐ward
toward Indochina, drag upper crust fragments that were randomly rotated depending on the local torque
exerted on lower block boundaries by a ductile crust flow.

1. Introduction

The patterns and kinematics of continental crust deformation within high plateaus of Earth underlain by
thick crust and zones of diffused crustal deformation, such as the Altiplano‐Puna Plateau (central Andes),
Anatolia‐Armenia‐Iran, and Tibet, have long been a matter of debate (e.g., Dayem et al., 2009; François
et al., 2014; Houseman & England, 1993; Lamb & Hoke, 1997; Molnar et al., 1973; Royden et al., 1997,
2008; Tapponnier et al., 1982, 2001). Current deformation is witnessed by GPS data that however have a
maximum density of one station every tens to hundreds of square kilometers (in SE Tibet typically every
2,000–10,000 km2; Gan et al., 2007; Figure 1a), thus can hardly document the style of crust deformation at
a smaller kilometer‐size scale. Moreover, GPS data can be influenced by transient deformation of seismic
cycles related to neighbor active faults that may hinder the finite deformation accumulated over geologic
timescales (Moreno et al., 2011).

In the past, paleomagnetic data gathered over orogenic deformation zones were used to propose several
models of crust deformation, where strike‐slip faults and rotating crustal blocks of variable size and shape
were inferred to interact according to different geometries and kinematics (Hernandez‐Moreno et al., 2014,
2016, and references therein). Such models always require the occurrence of at least one master strike‐slip
fault guiding block rotation and/or crust fragmentation into crust slates in turn separated by second‐order
strike‐slip faults.

However, suchmodels were rarely based over solid evidence, as the paleomagnetic data were typically sparse
(few data every tens of square kilometers), and some of the strike‐slip faults (mostly the second‐order faults)
were in fact not apparent in the field. More recently, paleomagnetic results with a higher spatial density, that
is, several sites per few square kilometer, were collected at several regions such as New Zealand, South Chile,
and Indochina (Hernandez‐Moreno et al., 2014; Li, Advokaat, et al., 2017; Li et al., 2018; Pellegrino
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et al., 2018; Randall et al., 2011; Speranza et al., 2019). Such studies indeed recognized the occurrence of
semirigidly crustal blocks and slates whose width varies between approximately 1 and 10 km that
underwent independent paleomagnetic rotations. However, also in such cases, the great majority of the
faults bounding rotating blocks was simply inferred. In fact, widespread occurrence of a fluvioglacial and
volcanic blanket (Chile) or tropical vegetation developed above monotonous and easily erodible
clayey‐sandy red bed sequences (Indochina) commonly hides the geologic substratum.

Here we report on a paleomagnetic study of middle Cenozoic continental red beds exposed along the
NW‐elongated Mula basin, unconformably lying above deformed grayish‐whitish Triassic marine strata
and late Triassic plutons in the Yidun terrane of East Tibet. We puzzling document the occurrence of 2–
5 km wide semirigid blocks undergoing independent rotations—both clockwise (CW) and counterclockwise
(CCW) in sense—that are not separated by faults yielding significant displacements.

2. Geological Setting

The Yidun terrane is located in the E‐SE Tibet, separated from the Qiangtang and the Songpan‐Ganzi ter-
ranes by two Triassic ophiolitic mélange zones (Figure 1b). It is ~500 km long and ~160 kmwide and mainly
composed by 5 to 12 km thick Triassic turbidite and volcano‐sedimentary sequences (Yidun Group rocks)
and Late Triassic arc‐related granitoid intrusions (Daocheng pluton), associated to the westward subduction
of the Ganzi‐Litang oceanic slab during middle‐late Triassic (Gao et al., 2018; Reid et al., 2007; Wu
et al., 2017). During early‐middle Cenozoic shortening, several intracontinental sedimentary basins devel-
oped in East Tibet (Gonjo, Mula, and Ganzi basins; Jackson, Robinson, Weislogel, Jian, & McKay, 2018;
Jackson, Robinson, Weislogel, Shang, & Jian, 2018; Studnicki‐Gizbert et al., 2008; Tong et al., 2017; Zhang
et al., 2018 Figure 1b).

The NW‐oriented, ~40 km long, and 2–8 km wide Mula basin lies on top of the SE Yidun terrane (Figures 2
and 3) and is considered by Jackson, Robinson, Weislogel, Jian, andMcKay (2018) as a flexural basin formed
above a thrust fault footwall. It is filled by ~1 km thick oxidized, red to purple continental red beds deposited
in alluvial environment, showing a maximum 45 ± 0.5 Ma (middle‐lower Eocene) depositional age from

Figure 1. (a) Schematic tectonic map of the SE Asia generated by GIS (DEM source: Esri, User Community, geographic information system. Coordinate System
& Projection: World Geodetic System 1984—Web Mercator Auxiliary Sphere). Purple thin arrows represent the present‐day global positioning system
velocities relative to stable Eurasia (Gan et al., 2007). Colored arrows are paleomagnetic rotations with respect to East‐Asia poles by Cogné et al. (2013). Strike‐slip
fault shear senses are relative to Holocene times. EHS ¼ East Himalaya Syntaxis. (b) Geological map of the Yidun terrane and previous paleomagnetic rotation
data (Huang et al., 1992; Tong et al., 2017).

10.1029/2020GC009225Geochemistry, Geophysics, Geosystems

TODRANI ET AL. 2 of 16



detrital zircon geochronology (Jackson, Robinson, Weislogel, Jian, & McKay, 2018). Along the SW basin
margin, the Cenozoic continental strata unconformably overlay the Triassic Daocheng granites and the
Yidun Group rocks. Conversely, the NE basin flank is characterized by a NE‐dipping thrust fault
juxtaposing the Triassic rocks on top of the red beds sequence (Bureau of Geology and Mineral Resources
of Sichuan Province, 1984a, 1984b).

Jackson, Robinson, Weislogel, Jian, and McKay (2018) subdivided the Cenozoic deposits into three strati-
graphic units, yet due to lithologic similarities, we consider here the two upper units altogether. The
350–400 m thick basal unit is characterized by 1–10 m thick reddish conglomerate beds interbedded to
0.1–1 m coarse‐to‐fine reddish‐to‐grayish sandstone layers (Figure 2b, 3a, and 3b). The conglomerate strata
are made by matrix‐supported layers hosting centimetric rounded to subangular clasts, alternated by thin
centimetric layers of reddish‐to‐brown siltstone‐mudstone. The 600–700 m thick upper unit (Figures 2b

Figure 2. (a) Schematic geological map of the Mula basin and (b) stratigraphic column of the paleomagnetically sampled middle Cenozoic red beds. Black dots in
(a) indicate the location of the 29 paleomagnetic sampled sites (MUL suffix is omitted). Colored arrows represent the CW (red), CCW (blue), and null
(green) paleomagnetic rotations with respect to East‐Asia. (c) Site‐mean paleomagnetic rotations (and relative errors; Table 1) versus longitudinal distance
(parallel to basin trend) in the southern Mula basin. Numbers refer to site numbers; the MUL suffix is omitted. Red lines represent the mean rotation values
calculated from adjacent sites, defining individual 2–5 km wide blocks undergoing uniform rotation.
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and 3c) shows systematically reddish to purple fine sandstones interbedded with mudstone‐to‐siltstone
levels. Matrix‐supported sandstone strata are 0.1–1.5 m thick, intercalated to 5–30 cm thick massive
mudstone and siltstone levels. Sporadic clast‐supported conglomerate layers characterized by millimetric‐
to‐centimetric subrounded clasts are also observed. Finally, thin virtually undeformed alluvial deposits
generically referred to the Quaternary (Bureau of Geology and Mineral Resources of Sichuan
Province, 1984a, 1984b) are observed on the top of the Cenozoic red beds.

In the southern Mula basin, a NE dipping thrust fault dissects the basin and juxtaposes the lower onto the
upper unit (Figure 3d). The structural setting and stratigraphic features of the Cenozoic deposits that uncon-
formably overlay the Triassic formations suggest a flexural development of the Mula basin due to incipient
compressive tectonics, followed by similarly compressive postdepositional tectonics. Stratigraphic relation-
ships show that the central northern basin and boundary thrust fault are cut by a NE‐trending fault with dex-
tral kinematics (Figure 2) that was not considered by Jackson, Robinson, Weislogel, Jian, andMcKay (2018).
Further south, the boundary thrust fault is dissected by a NE‐trending tear fault showing an ~5 km dextral
displacement. The study area is located at 15–40 km SW from some active NW‐trending left‐lateral
strike‐slip faults (Dewu and Litang faults; Wang & Burchfield, 2000; Zhang et al., 2015; Figure 1b).

More than 200 natural hot springs were mapped in the Yidun arc, consistently with a high measured
geothermal heat flow (66 mW/m2 on average; Tang et al., 2017). An unusual 13–30 km depth crust layer
characterized by low seismic wave velocity and high Poisson's ratio is interpreted as related to hot and duc-
tile middle crust (Moho is at ~ 60 km depth; Wang et al., 2019).

3. Paleomagnetic Sampling and Methods

A total number of 288 oriented samples from 29 sites was gathered in the Mula basin (Figure 2 and
Table 1). At each site, we collected 8 to 11 (10 on average) paleomagnetic specimens, drilled using a por-
table drill cooled by water and oriented in situ using the Sun (when possible) and a magnetic compass,
corrected for the local magnetic declination for the Year 2019 (1°W according to NOAA's Geophysical
Data Center, https://www.ngdc.noaa.gov/geomag/declination.shtml). Sites were mostly sampled in the

Figure 3. Field images of the lower (a, b) and upper (c, d) sedimentary units. Subvertical strata of Figure 2a are located
just south of the boundary thrust fault (Site MUL08; Figure 2). (d) shows the intrabasin thrust fault juxtaposing the
lower onto the upper unit.
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lower reddish Mula basin unit (20 over 29 sites), spreading as much as possible each core on different
stratigraphic levels, in order to average out the paleosecular variation of the geomagnetic field. We col-
lected 11 sites (MUL01–11) in the southern basin sector (Figure 2a), sampling both the footwall and
the hanging wall of the longitudinal intrabasin thrust fault. Twelve sites (MUL12–23) were sampled on
both stratigraphical units in the central part of the Mula basin, and six sites (MUL24–29) were drilled
in the lower unit from the northern sampling area.

Samples were cut into standard cylindrical specimens of 22 mm height, and paleomagnetic measurements
were carried out in the shielded room of the paleomagnetic laboratory of the Istituto Nazionale di
Geofisica e Vulcanologia (Rome, Italy), using a 2G Enterprises direct current superconducting quantum
interface device cryogenic magnetometer. All samples were thermally demagnetized using a Pyrox shielded
oven in 12 steps up to 690°C. Considering previous evidence from red beds paleomagnetically studied world-
wide (Tanaka et al., 2008; Tong et al., 2017, among many others), the stepwise thermal demagnetization was
performed using wide temperature increments (50°C) from 300°C to 600°C and smaller increments (15°C)
between 600°C and 690°C, a temperature interval where the primary detrital magnetization component is
generally isolated (Jiang et al., 2015). Demagnetization data were plotted on orthogonal diagrams
(Zijderveld, 1967) and analyzed by principal‐component analysis. Site‐mean paleomagnetic directions were
computed using Fischer (1953) statistic and plotted on equal‐area projection. Rotation and flattening values
with respect to Eurasia were evaluated according to Demarest (1983), using East‐Asia paleopoles by Cogné
et al. (2013). In order to analyze red bed magnetic fabric, the Anisotropy of Magnetic Susceptibility (AMS) at
room temperature was performed for 272 specimens with an AGICO Kappabridge KLY‐5 susceptibility
bridge, and data were evaluated using Jelinek and Kropáček (1978) statistics.

Finally, one representative specimen from each site was selected for magnetic mineralogy analysis. A
three‐component isothermal remanent magnetization was first given to specimens by imparting 2.7, 0.6,
and 0.12 T magnetic fields along the three sample axes with a 2G Enterprises pulse magnetizer and subse-
quently thermally demagnetized in 11 steps up to 680°C according to Lowrie (1990).

4. Results
4.1. Magnetic Mineralogy

The soft (<0.12 T)magnetic fraction is virtually absent, while the intermediate (0.12 < coercivity < 0.6 T) and
high coercivity (0.6 < coercivity < 2.7 T) components are demagnetized at 680°C (Figure 4), pointing to
hematite as the main magnetic carrier and confirming previous widespread evidence from SE Asia red beds
(e.g., Speranza et al., 2019; Tong et al., 2017). A steep thermal decay at 120°C of the hard magnetic fraction is
observed in 7 out of 29 samples from both sedimentary units, suggesting the occurrence of goethite along
with hematite at few sites.

4.2. Paleomagnetic Directions and Rotations

Twenty‐one out of 29 sites gave reliable paleomagnetic results, while the remaining eight sites were dis-
carded from further consideration as they yielded scattered demagnetization diagrams. During the thermal
demagnetization, a viscous component was isolated up to 300°C, and a characteristic remanent magnetiza-
tion component (ChRM) was isolated in seven sites between 300°C and 690°C (Figures 5a, 5b, 5c, and 5e). In
the remaining 14 sites, a low‐temperature (LT) and high‐temperature (HT) components were isolated in the
300–600°C and 600–690°C temperature intervals, respectively (Figures 5d, 5f, 5g, and 5h). Site‐mean direc-
tions from LTmagnetization component were obtained at eight sites (Figures 6a and 6b). The in situ LT com-
ponents (excluding Site MUL24) are close to the present‐day geocentric axial dipole (GAD) field direction
expected for the sampling area (D¼ 0°, I¼ 47°; the fold test according toMcFadden, 1990, is indeterminate),
suggesting that they represent a recent chemical magnetic overprint, as frequently observed in red beds
(Jiang et al., 2015; Li, Yang, et al., 2017; Liu et al., 2011).

Combining ChRMs and HT components, well‐defined (4.8° ≤ α95 ≤ 20.2°; 12.3° on average) site‐mean direc-
tions were obtained for 21 paleomagnetic sites (Figures 6c and 6d and Table 1). Sites MUL02, MUL05, and
MUL06—systematically defined by ChRMs from the southern Mula basin—showed again mean directions
close to the present‐day GAD field direction in in situ coordinates and anomalously low (5.2°, 25.8°, and 9.9°,
respectively) inclinations in tilt‐corrected coordinates (the 40 Ma East Asia expected inclination is 38° ± 6°),
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suggesting again a recent magnetic overprint. Furthermore, Site MUL27 from the northern Mula basin
yielded an aberrant tilt‐corrected direction completely different from that of neighbor sites and an in situ
direction close to the local reverse‐polarity GAD field; consequently, we assume that it was overprinted in
a reverse‐polarity chron. Thus, considering the—likely reliable—remaining 17 sites data set, a reverse mag-
netic polarity was systematically observed, except Site MUL07 from the lower sequence at the southern basin
that yielded a normal polarity.

A systematic magnetic declination difference is observed in the southern and central‐northern Mula basin
sectors (Figures 2 and 6). Among the 17 reliable sites, three sites from the central‐northern basin show west-
ward directed declinations, whereas the other 14 sites from the southern sector yield SSE‐ward to SSW‐ward
directed declinations (in the reverse‐polarity state). The McFadden (1990) fold test applied on the 14 more
clustered sites from the southern Mula basin supports a positive fold test at a 99% confidence level
(N ¼ 14; 99% critical Scos value ¼ 6.08, Scosinstu ¼ 6.13, Scostiltcorrected ¼ 3.12; maximum K and minimum
Scos values are obtained at 78% and 77% of complete unfolding, respectively). The McFadden and
McElhinny (1990) reversal test applied on the 14 more clustered sites is undetermined.

The positive fold test, coupled with a folding age that is considered to occur just after (i.e., within fewmillion
years) sediment deposition, strongly suggests a primary late Eocene‐early Oligocene (the preferred sediment
age by Jackson, Robinson, Weislogel, Jian, & McKay, 2018) magnetization of the 17 reliable sites. The pri-
mary origin of the isolated ChRMs and HT components is also suggested by the convex shape of the NRM
thermal decay curves and sudden remanence drop between 640°C and 690°C (Figure 5) that, according to

Figure 4. Thermal demagnetization of three‐components IRM, according to Lowrie (1990), for four representative specimens from the Mula basin.
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Jiang et al. (2015), is typical for detrital hematite occurrence, whereas chemically overprinted hematite
grains yield progressive demagnetization and concave decay curves.

Paleomagnetic rotations (Figures 2a–2c) calculated for the 17 reliable sites using the 40 Ma East‐Asia paleo-
magnetic pole by Cogné et al. (2013) show several different rotational behaviors in the Mula basin. Three
sites (MUL04‐07‐08) sampled at the SE basin edge show a systematic CCW rotation (average 26° ± 12°) with
respect to East Asia. Eleven sites from the southern basin (MUL01 and fromMUL10 to MUL23) show either
null rotation or moderate (up to 37 ± 8°) CW rotations. Finally, the three sites from the northern Mula basin

Figure 5. (a–h) Orthogonal vector diagram of representative demagnetization data, in situ coordinates. Progressive thermal demagnetization data are in °C. LT
and HT are low‐temperature and high‐temperature magnetization components, respectively; ChRM is characteristics remanent magnetization component.
Open and solid symbols represent projections on the vertical and horizontal planes, respectively.
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show strong 60° to 86° CW rotations. Concerning inclination values, average flattening with respect to East
Asia considering the 17 reliable sites (10.4° ± 11.1°; Table 1) is not significant.

4.3. AMS

Figure 7a shows the frequency distribution of the magnetic susceptibility values for the 272 specimens. The
data set is characterized by mean susceptibility Km ¼ (Kmax + Kint + Kmin)/3 clustered at low values,
between 100 and 200 × 10–6 SI, suggesting a predominant contribution of paramagnetic clayey minerals
to the magnetic susceptibility and fabric (e.g., Rochette et al., 1992). The parameters defining magnetic ani-
sotropy (P′) and shape (T), according to Jelinek and Kropáček (1978), indicate moderate anisotropy
(P′ < 1.09) and distributed fabrics, from oblate to prolate (Figures 7b and 7c).

The equal‐area projection of the principal anisotropy axes shows a clustering of magnetic lineations (Kmax
directions) along a subhorizontal N340° trend (Figures 7d–7g) which is subparallel to the orientation of both
the Mula basin and the thrust faults bounding and cross‐cutting it (Figure 2a). The magnetic foliations
(planes orthogonal to Kmin directions) are mostly distributed at variable angles from bedding planes, with
a main cluster that deviates by approximately 20° from bedding (Figure 7g).

5. Discussion

Magnetic lineations from theMula basin are subhorizontal andmostly parallel to thrust fault trend, whereas
magnetic foliation poles are distributed along a girdle pivoting around them. Such features clearly indicate a
tectonic overprint of thrust tectonics on a sedimentary magnetic fabric (Weil & Yonkee, 2009, and references

Figure 6. (a–d) Equal‐area projection of the site‐mean paleomagnetic directions, before (a, c) and after (b, d) tilt
corrections. Solid (open) yellow star represents the normal (reverse) polarity geocentric axial dipole field direction
(D ¼ 0°, I ¼ 47° or D ¼ 180°, I ¼ −47°) expected for the study area. Solid (open) symbols represent projection onto the
lower (upper) hemisphere, and open gray circles represent projections of the 95% confidence cones. Squares represent
characteristics remanent magnetization components (ChRMs) that were inferred to be remagnetized. Red points and
open circles represent the mean paleomagnetic directions of the low‐temperature (LT) components and the relative 95%
confidence cones, respectively. (upper panel) LT components isolated at eight sites (mean direction computed for seven
sites, excluding Site MUL24). (lower panel) High‐temperature components and ChRMs isolated at 21 sites.
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Figure 7. Anisotropy of Magnetic Susceptibility results from all investigated specimens (N ¼ 272). (a) Frequency distribution of the mean susceptibility (km)
values; (b) Flinn diagram: magnetic lineation (L) versus magnetic foliation (F) plot, the red dot represents the average value of the whole data set; (c) Jelinek
diagram: anisotropy degree (P) versus shape parameter (T). Equal‐area projection in situ (d) and tilt‐corrected (e) coordinates of main anisotropy axes. The
Kmax, Kint, and Kmin average values are reported in white with black ellipses; red arrow represents the mean Kmax orientation (magnetic lineation), and the
orange semicircles represent projections of the bedding planes. (f, g) Contour plots of (d) and (e), respectively, represent the distribution of percentage densities of
Kmax (blue) and Kmin (purple) axes.
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therein). Several works documented that magnetic fabric of sediments is particularly sensitive to the pristine
tectonic episodes occurring synchronous or just after sediment deposition (Mattei et al., 1997; Sagnotti
et al., 1998). Thus, AMS data confirm that the Mula basin developed as a flexural basin adjacent to a
NW‐trending thrust front and that the thrust faults cross‐cutting it formed soon after basin formation,
likely during the same tectonic episode (Figure 8). A magnetic fabric completely comparable to that found
by us was recently documented in the upper Cretaceous‐lower Cenozoic Gonjo basin, located some
300 km NW of the Mula basin (Figure 1b; Li, van Hinsbergen, Shen, et al., 2020), confirming that similar
tectonics characterized in lower‐middle Cenozoic times the whole East Tibet.

AMS evidence also serves to exclude that the simple bed back‐tilting we performed yields biased paleomag-
netic data. In fact, in case of polyphase deformation or plunging structures, a simple bed back‐tilting

Figure 8. Three‐stage crustal‐scale evolution model of the formation and evolution of the Mula basin. Black thin arrows
represent the magnetic lineation orientations. Paleomagnetic blocks rotation is reported with colored arrows: Red,
blue, and green indicate CW, CCW, and no rotation, respectively.

10.1029/2020GC009225Geochemistry, Geophysics, Geosystems

TODRANI ET AL. 11 of 16



translates into a wrong paleomagnetic direction, a classical problem for strongly deformed paleomagneti-
cally sampled zones (MacDonald, 1980). Many studies showed in the past that in compressive settings, mag-
netic lineations from subparallel to local fold axes, meaning that in case of polyphase deformation and/or
plunging folds, magnetic lineations are definitely not subhorizontal. Magnetic lineation is definitely a
powerful proxy to get local fold axes directions that cannot be estimated by other methods (when folds are
not apparent in the field, of course).

AMS data from the Mula basin show that magnetic lineations are mostly subhorizontal and subparallel to
the thrust fronts (Figures 7d–7f), thus excluding the occurrence of plunging structures that would translate
into biased paleomagnetic directions. This is also confirmed at southern basin edge by drag folds occurring
in the red beds below the two thrust fronts that show subhorizontal axes.

Paleomagnetic data from the Mula basin reveal the occurrence of differently rotated blocks. Besides the
three CCW rotated sites at SE basin edge, sites from the southern basin indicate the occurrence of small crus-
tal blocks (2–5 kmwide) alternating CW and null rotations (Figures 2a and 2c). Conversely, sites collected in
the central‐northern part of the basin show strong (60° to 86°) CW rotations, confirming block rotation
occurrence although data resolution is not enough here to define block size. Only two NE‐oriented faults
of dextral kinematics offsetting the peripheral thrust fault of 1–2 km were mapped in the central‐northern
Mula basin (Figure 2a); however, they are far from almost all paleomagnetic sites, so that their effect on rota-
tion pattern is unclear. Also, the rotations are not related to local effects of thrust fault(s) cutting the basin, as
similar rotations occur at both basin sides, both adjacent and some kilometer away from thrust front(s) (see
Sites MUL07‐04, 19‐20, and 29‐26). Depending on crustal block size, paleomagnetic rotation magnitude, and
other tectonic and geophysical parameters (e.g., crustal rheology, tectonic offset, and width of the fault
zone), different crustal kinematics models were proposed during the last decades to justify the rotation pat-
tern observed in transcurrent fault zones (Hernandez‐Moreno et al., 2014, and references therein). Three
main kinematics models were proposed, as they consider upper crust deformation as continuous (Kimura
et al., 2011; McKenzie & Jackson, 1986), discontinuous (Ron et al., 1984), or quasi‐continuous
(Beck, 1976; Hernandez‐Moreno et al., 2014; Randall et al., 2011; Sonder et al., 1994).

The continuous model considers paleomagnetic rotations systematically of the same sign continuously
increasing toward the strike‐slip fault, where they reach about 90° in magnitude; such rotation pattern is
clearly not compatible with that from the Mula basin. The discontinuous model suggests a bookshelf (or
domino) fault‐slate system where elongated crust slates separated by strike‐slip faults undergo rigid rota-
tions. This model again is not verified in the Mula basin, as strike‐slip faults separating rotating blocks in
the southern basin are lacking (continuity of basin margins does not admit unrecognized faults with offsets
greater than approximately 1 km; Figure 2a). Finally, the quasi‐continuous model assumes that the rotation
of the same sign of small crustal blocks increases getting closer to a master strike‐slip fault, reaching values
even largely exceeding 90° adjacent to the fault itself. Such model postulates that a thin viscous sheet in the
midlower crust drags the brittle upper crust causing its fragmentation and block rotation. Again, such model
is not consistent with the Mula basin setting, as a major strike‐slip fault is lacking, and rotations vary
irregularly from CCW to CW across the basin.

Early Cretaceous to Eocene paleomagnetic data collected in SE Tibet, NW of the Mula basin, predominantly
reveal CW rotations although data resolution is usually not enough to highlight kilometer‐size rotating
blocks (Huang et al., 1992; Tong et al., 2015, 2017; Zhang et al., 2018; Li, vanHinsbergen, Najman, et al., 2020;
Figure 1). Further south, a wealth of paleomagnetic data from north Indochina red beds similarly documen-
ted a complex pattern, with prevailing CW rotations, but also CCW rotated or unrotated crust blocks at some
places (Tanaka et al., 2008; Li, Advokaat, et al., 2017; Li et al., 2018). Here crust fragmentation and indepen-
dent rotating blocks in the 1–10 km size were documented both adjacent to major strike‐slip faults
(Pellegrino et al., 2018) and in the middle of “blocks” that were previously considered to be rigid and unde-
formed (Speranza et al., 2019).

The predominant CW rotation pattern from East Tibet and North Indochina has been mostly related to hun-
dreds of kilometer wide blocks escaping SE‐ward around the East Himalaya Syntaxis (EHS) as squeezed by
India‐Eurasia collision (Funahara et al., 1993; Otofuji et al., 2010; Li, Yang, et al., 2017; Li et al., 2018;
Figure 1). Such rotationmodel was inspired by Tapponnier et al.'s (1982) and subsequent works that invoked
the Oligo‐Miocene E‐SE‐ward lateral extrusion of semirigid “megablocks” or “microplates” bounded by

10.1029/2020GC009225Geochemistry, Geophysics, Geosystems

TODRANI ET AL. 12 of 16



continental‐scale strike‐slip (or transform) faults with displacements of several hundreds of kilometers that
would cross the whole SE Asia.

Others conversely considered SE‐ward Tibet crust drift shown by GPS data as driven by a thin viscous
layer of a 10–15 km thick partial molten midlower crust occurring below 10–13 km depth, which would
drag the brittle upper crust (Clark & Royden, 2000; Huang et al., 2019; Royden et al., 1997, 2008). The
occurrence of an anomalous hot viscous layer in the midlower crust of the East Tibetan Plateau is con-
firmed by Helium isotopes data, a vigorous hydrothermal activity, and a high (51 to 80 mW/m2) heat flow
(Tang et al., 2017). GPS data (Gan et al., 2007; Liang et al., 2013) show that at present, the SE‐ward crust
extrusion reminds a glacier‐like CW flow of SE Tibet and north Indochina around the EHS (Panda
et al., 2019; Figure 1).

Paleomagnetic data from the Mula basin reveal a pervasive deformation of the crust and irregular rotations
of 2–5 kmwide blocks, certainly at odds with the occurrence of rigid continental‐scale megablocks. Magnetic
anisotropy data confirm that sediment deposition occurred in a flexural basin related to thrust tectonics,
strengthening the suggestion of an early‐middle Cenozoic NE‐SW shortening that yielded crust thickening
and the formation of numerous narrow continental basins in central‐eastern Tibet (Clark, 2012;
Studnicki‐Gizbert et al., 2008; Wang & Burchfield, 2000). Thickening of the acidic crust caused an increase
of radiogenic heat production and the formation of a weak and partially molten midlower crust layer.

Since ~15–20 Ma, the upper crust of East Tibet underwent a SE‐ward lateral drift around the EHS, drag by
the underlying ductile layer flowing SE‐ward between the rigid crust buttresses represented by the EHS and
the Sichuan block (Royden et al., 2008). We suggest that paleomagnetic rotations documented in the Mula
basin reflect the drag of midlower crustal flow on brittle rigid crust. Small 2–5 km wide blocks are consistent
with a shallow crustal décollement, and the irregular rotation pattern (with both CW and CCW rotations)
coupled with lack of significant strike‐slip faults bounding them suggests that rotations are driven by the
local torque exerted on lower block boundaries by underlying ductile crust flow. Deep crust ductile flow
interacted with a rigid crust shell probably already broken in small fragments by older tectonics.
Differently than quasi‐continuous models where rotations are systematically of the same sign and would
depend upon lower crust drag gradient moving away from the master strike‐slip fault zone, we suggest that
unsystematic block rotations at the Mula basin depend on local blocks interactions with the remarkably
constant lower crust flow shown by GPS data in SE Tibet.

6. Conclusions

The relation between magnetic anisotropy and compressive structural features from the middle Cenozoic
Mula basin confirms that sediments deposited due to flexural subsidence and SW‐ward thrust propagation
in East Tibet. The basin was later disrupted into 2–5 km wide blocks that rotated irregularly both CCW
(up to 30° ± 10°) and CW (up to 86° ± 10°) with respect to East Asia. Surprisingly, no fault with offset exceed-
ing approximately 1 km exists among rotating blocks, and no regional‐scale strike‐slip fault is documented at
basin vicinity, implying that the paleomagnetic rotation pattern cannot be explained by any of the block
rotation models postulated so far. The suggestion of hundreds of kilometer wide crustal blocks or micro-
plates—squeezed by India‐Eurasia convergence thus escaping SE‐ward from Tibet to SE Asia and rotating
rigidly—is also not supported by our paleomagnetic data.

Late Cretaceous‐middle Cenozoic shortening in Tibet caused radiogenic crust thickening and subsequent
heating that eventually led to the formation of a layer of ductile and partially molten midlower crust
(Huang et al., 2019). In early Miocene times (15–20 Ma), the ductile crust underwent lateral instability
and started to flow SE‐ward in a glacier‐like manner toward Indochina, in between the rigid crust buttresses
represented by the EHS and Sichuan block. We speculate that the constant lower crust flow documented in
East Tibet drag and rotated randomly kilometer‐size upper crust blocks, according to the local interaction
between lower block geometry and underlying crust flow.

Data Availability Statement

All paleomagnetic data supporting this work are available at institutional INGV FTP site address (ftp://ftp.
ingv.it/pub/alessandro.todrani/Data/).
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