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Abstract 

 

The Cenozoic deformation of SE Asia is classically related to India-Asia collision and Tibet 

Plateau rise, supposedly resulting in the SE-ward drift of lithospheric blocks bounded by 
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strike-slip faults with displacements in the order of 1,000 km. Here we report on the 

paleomagnetism of 44 Triassic-Cretaceous red bed sites from the northern Simao, Chuandian, 

and Lanping “blocks”, along both sides of the Ailao Shan-Red River shear zone (north 

Indochina). In the Simao domain, remagnetization pre-dates folding and subsequent 48°-70° 

clockwise (CW) rotation of three 2-5 km wide sub-blocks separated by two unrotated blocks. 

A primary magnetization component from the Lanping domain centre suggests variably CW 

rotated (up to 95°±24°) sites, interrupted by a 2-6 km wide block that is rotated 

counterclockwise by 27°±6°. Thus the Lanping and Simao “blocks” are far from being rigid, 

being made of a mosaic of independently deforming sub-blocks, whose kinematics and 

association with documented tectonics are speculative. It is unclear whether both folding and 

widespread remagnetization were synchronous or diachronous across north Indochina, but 

(considering previously published results) strike-slip activity along major shear zones, 

remagnetization, rotations, and crustal shortening overlapped within the 32-15 Ma time 

window, thus were likely genetically related. As opposed to previous models, we suggest that 

in early to mid-Cenozoic times, north Indochina was under the influence of oblique Neo-

Tethys subduction. Collision between the NE corner of Greater India and Indochina at ~30 

Ma yielded ENE-WSW shortening and strike-slip reactivation of pre-existing faults, in turn 

fragmenting the crust into small, independently-rotating, blocks. 

 

Key-words: Paleomagnetism; block rotation; intra-continental deformation; Indochina; Ailao 

Shan-Red River shear zone 
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Introduction 

 

In the 1970s, Peter Molnar and Paul Tapponnier proposed that the Cenozoic collision 

between India and Asia yielded the Tibet Plateau – the highest and widest High Plateau of 

Earth – and contemporaneous eastward extrusion of thickened crust, actively deforming all of 

E Asia (Molnar et al., 1973; Molnar & Tapponnier, 1975; Tapponnier & Molnar, 1977). 

Later, it was suggested that during Oligocene and Miocene times such deformation occurred 

through the ESE directed lateral extrusion of several hundreds of km size mega-blocks - or 

proper “micro-plates” - bounded by transform faults with individual displacements of about 

500-1,000 km (Tapponnier et al., 1982; 1990; Leloup et al., 1995). 

On the other hand, the kinematics of present-day SE Asia deformation is clearly imaged 

by seismologic, geodetic, and geophysical data that image crust structure (Nelson et al., 1996; 

Socquet & Pubellier, 2005; Gan et al., 2007; Yao et al., 2008; Liang et al., 2013; Huang et al., 

2017; Zhu et al., 2017; Figure 1). These data show that - at a large scale – the crust of E-SE 

Tibet may be viewed as a viscous fluid, floating E-SE-ward above a very ductile lower-

middle crust (Houseman & England, 1986; 1993). Lower-middle crust is assumed to flow 

above an undeformed mantle lid, while the mega-block model for Cenozoic deformation 

required the occurrence of undeformed mega-block interiors and coupled crust-upper mantle 

translation of the entire Asian lithosphere (e.g. Royden et al., 2008). 

It is unclear whether the present-day SE Asia “thin viscous sheet” style of tectonism can 

be extrapolated to the geologic past, or if other models - such as the mega lithospheric block 

drift - apply. The history of India-Asia collision and Tibet thickening may extend back to 60-

70 Ma (Zhu et al., 2017), and a clear change of tectonic regime in Indochina after mid 

Miocene (ca. 15 Ma) times has been widely reported (Burchfiel & Wang, 2003; Socquet & 

Pubellier, 2005; Royden et al., 2008; Wang et al., 2016a). The pre-15 Ma Indochina 
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deformation models should rely on geologic evidence – for example offset estimate along the 

main strike-slip faults – that unfortunately have not yielded definitive conclusions so far. For 

example, displacement estimates reported for the well-studied Ailao Shan- Red River strike 

slip shear zone (ARRSZ, Figure 1) vary greatly, from >1,000 km (Leloup et al., 1995) to 

unconstrained (Searle, 2006). 

Paleomagnetism might represent a significant tool to address the question of pre-15 Ma SE 

Asia deformation style, as the size and kinematics of rotating blocks should better delineate 

crust fragmentation pattern. North Indochina is characterized by many continental basins 

where thick (up to 7 km) sequences of red beds - deposited during a long Triassic to 

Oligocene time window- were paleomagnetically investigated in the last 25 years (Figure 2 

and Table S1, see online material). Significant - mostly clockwise (CW) in sense - rotations 

with resect to stable Asia have been documented, but no consensus was reached so far on 

rotation pattern and rotating block size (e.g. Li et al., 2017a; Pellegrino et al., 2018) 

In this paper we report paleomagnetic data from Upper Triassic-Lower Cretaceous red 

beds from the northern Simao, Chuandian and Lanping “blocks” from north Indochina 

(Figure 2). Forty-four new paleomagnetic sites, distributed along three transects orthogonal to 

the main strike-slip shear zones (ARRSZ and Chongshan shear zone) representing “block” 

boundaries, show that the Simao and Lanping “blocks” are in fact broken in small sub-blocks 

in the 2-5 km size order rotating independently during the 25-15 Ma time window. These new 

results call into question the mega-block (or “micro-plate”) rotation / drift process inferred to 

occur in SE Asia during Cenozoic times. 

 

Geologic setting 

 

Crustal amalgamation of SE China occurred in mid-late Triassic times, when the South 
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China Block collided with the Qinling orogen (Meng & Zhang, 1999). Afterwards, apart for 

Jurassic times when marine sedimentation also occurred, Indochina was subjected to 

continental sedimentation that resulted into deposition of thick lower Jurassic - upper 

Oligocene red bed sequences. Deformation resumed during early-mid Cenozoic times and 

was mainly characterized by ductile displacement along a few major N-S to NW-trending 

shear zones – now exposing at their cores exhumed lower-middle crust rocks – that were 

supposed to separate less deformed and elongated “blocks” (hereinafter called “domains”, 

Bureau of Geology and Mineral Resources of Yunnan Province, 1990; Bureau of Geology 

and Mineral Resources of Xizang Autonomous Region, 1993; Tapponnier et al., 1990; 

Leloup et al., 1995; Wang & Burchfiel, 1997; Akciz et al., 2008; Figure 2). From W to E, the 

Gaoligong, Biluoxueshan-Chongshan (hereinafter Chongshan), and ARRSZ separate the 

Tengchong, Baoshan, Lanping, and Chuandian domains. The Xianshuihe-Xiaojiang fault 

further separates the Chuandian domain from South China Block, but unlike other major 

structures shows a younger (post-10 Ma and ongoing) activity, and does not expose lower 

crustal rocks in its core (Wang et al., 1998; Burchfiel & Wang, 2003). The Lanping domain 

grades at about 24.5°N latitude – without clear discontinuity - to the northern Simao domain, 

in turn separated from the Indochina domain by the Dien Bien Phu fault (Figure 2). 

Several geochronologic/thermochronologic and structural geology investigations of the 

Gaoligong, Chongshan, and ARRSZ showed a long history of ductile compressive 

deformation starting as early as 60-55 Ma, followed by a main phase of strike-slip activity at 

32-15 Ma, and final exhumation since 15 Ma (Tapponnier et al., 1990; Leloup et al., 1995; 

Searle, 2006; Zhang et al., 2010; 2012a; 2012b; 2017). After about 15 to 10 Ma, the shear 

zones became inactive, or were reactivated/cut by brittle faults with kinematics that was 

opposite in sense to the previous Oligo-Miocene shear sense. The Gaoligong shear zone was 

characterized by dextral kinematics in the 32-10 Ma time windows, while no younger activity 
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is documented in its central-northern N-S branch. The southern NE-trending Gaoligong 

segment was reactivated as sinistral fault and yielded, in 1976, the M 7.4 Longling 

earthquake (Ekström et al., 2012). Similar recent and ongoing sinistral kinematics were 

documented in the sub-parallel and NE-trending Wanding and Nantinghe faults (Figure 2). 

The Chongshan shear zone shows ductile deformation spanning a long, 57 to 16 Ma time 

window, with opposite dextral and sinistral strike-slip displacement reported for the 32-14 

Ma time window along its northern and southern segment, respectively (Zhang et al., 2010; 

2012a). 

The ARRSZ is a major shear zone that received considerable attention since the 1980s, 

and was viewed by some authors as separating deforming and drifting Indochina from the 

stable South China Block. Ductile top-to-the-east mid crustal shortening took place during 

the 55-30 Ma window, followed by sinistral strike-slip shearing at 27-15 Ma, and younger E-

W exhumation (Tapponnier et al., 1990; Leloup et al., 1993; 1995; 2001; Zhang et al., 2017). 

After about 10 Ma, the ARRSZ was reactivated as a brittle dextral fault yielding a cumulative 

≤40 km displacement (Wang et al., 1998; 2016a; Burchfiel & Wang, 2002; Schoenbohm et 

al., 2006). 

The significance of the Oligo-Miocene left-lateral offset of the ARRSZ has been strongly 

debated. Tapponnier et al. (1990), Zhong et al. (1990), Leloup et al. (1995; 2007) and Li et al. 

(2017a) – mainly relying on displaced geological markers - considered it to represent the 

lithospheric boundary between the South China and Indochina blocks, and to be characterized 

by a left-lateral displacement of several hundreds of km, possibly even exceeding 1,000 km. 

Relying on a review of available paleomagnetic data, Li et al. (2017a) also suggested that the 

displacement on the ARRSZ is ~600 km in the northwest, but only 250 km in the southeast. 

The 600-1000 km displacement estimates would imply that the ARRSZ was a proper 

transform fault and that Indochina behaved as a microplate during Oligo-Miocene times. On 
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the other hand, Searle (2006; 2007) recognized the ARRSZ as an Oligo-Miocene crustal 

strike slip fault reactivating an older exhumed metamorphic core complex, and stressed that 

the left-lateral offset cannot be estimated. 

In comparison to previous shear zones, the Xianshuihe-Xiaojiang fault developed only in 

the last 10 Ma, with a brittle sinistral offset of ca. 60 km (Wang et al., 1998; Zhang et al., 

2004; Meade, 2007; Wang et al., 2016a). It is interpreted as the present-day eastern boundary 

of SE extruding Tibetan crust, diverted to the south due to collision with rigid crust of the 

Sichuan Basin and South China Block (Figure 1). 

Structural data from north Indochina relative to the ductile 55-20 Ma and fragile present-

day deformation show a clear tectonic regime change, from a reoughly E-W shortening 

direction (in present-day coordinates) during early-mid Cenozoic times to the N-S shortening 

direction evidenced at present by both active fault kinematics and focal mechanisms of major 

- mostly strike-slip – earthquakes (Socquet & Pubellier, 2005; Ekstrom et al., 2012; Zhang et 

al., 2012a; 2017; Pellegrino et al., 2018). This observation, coupled with GPS data showing a 

southward drift of north Indochina at a ~2 cm/yr rate (Gan et al., 2007; Liang et al., 2013) 

and with evidence for hot – and likely partially molten - lower crust below E-SE Tibet 

(Nelson et al., 1996; Yao et al., 2006), suggests that active north Indochina deformation is 

driven by lower crust flowing SE-ward in-between the rigid crustal buttresses represented by 

the East Himalayan Syntaxis and the Sichuan basin (Figure 1; Royden et al., 1997; 2008). 

The north Indochina and Chuandian domains mainly expose spectacular sequences of 

continental red beds - mostly Jurassic-Oligocene in age - locally exceeding a 7 km thickness 

(Bureau of Geology and Mineral Resources of Yunnan Province, 1990). Discontinuous 

exposures of Miocene-Pleistocene sediments and deposits are scattered throughout the area, 

and unconformably overlie the red bed sedimentary sequences. 

At some localities red beds are intensely deformed, with fold axes that are roughly parallel 



 
©2019 American Geophysical Union. All rights reserved. 

 

to shear zones approaching them, and complex and apparently multiphase deformation 

patterns seem to occur at “block” centres (dome-like tectonic structures are observed within 

the Lanping domain). The age of folding is not well-determined and deformation probably 

occurred with variable magnitude over a long time span, starting as early as mid Eocene (ca. 

45 Ma) in the southern part of the Simao domain near the China-Laos border (e.g. Wang and 

Burchfiel, 1997; Wang et al., 1998). However, the age of deformed red bed sequences and the 

shallow attitude of mid Miocene and younger sedimentary deposits point to a main phase of 

late Oligocene to early Miocene (25-15 Ma) compressional deformation, at least for the 

Lanping-Simao domains north of 22°N (Bureau of Geology and Mineral Resources of 

Yunnan Province, 1990; He et al., 1996). 

 

Previous paleomagnetic research in north Indochina 

 

The recognition of active crustal deformation of E Asia (Molnar et al., 1973), the 

suggestion of lateral microplate extrusion due to India-Eurasia collision (Tapponnier et al., 

1982; 1990), and the widespread occurrence of red beds well suitable for paleomagnetic 

investigation, stimulated, since the early 1990s, many paleomagnetic studies in north 

Indochina. In Figure 2, we show rotation estimates from north Indochina and the Chuandian 

domain with respect to stable Eurasia, re-evaluated using reference Eurasia paleopoles by 

Torsvik et al. (2012) for sites in 170 to 140 Ma values, and the most recent East Asia-based 

poles summarized by Cogné et al. (2013) for sites in 130 to 10 Ma values. Data (and the 

complete list of papers) from the Lanping, north Simao, and Chuandian domains are given in 

Table S1 (see online material), while revised data from the Baoshan and Tengchong domains 

were recently reported by Pellegrino et al. (2018). 
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Figure 2 shows a general predominance of variable-magnitude clockwise (CW) rotations 

from Jurassic-Oligocene rocks, and Neogene sediments and deposits show barely significant 

rotations. The Chuandian domain yields a rather clear pattern of 15°-20° CW rotations for 

Cretaceous-Oligocene red beds (Funahara et al., 1992; Otofuji et al., 1998; Yang et al., 

2001a; Yoshioka et al., 2003; Zhu et al., 2008; Li et al., 2013; 2015; Tong et al., 2015; Wang 

et al., 2016b; Gao et al., 2017). Jurassic-Oligocene red beds from the Baoshan, Lanping, and 

northern Simao domains provide highly variable CW rotations, in few cases exceeding 90° 

(Funahara et al., 1993; Huang & Opdyke, 1993; 2015; Chen et al., 1995; Sato et al., 1999; 

2001; 2007; Yang et al., 2001a, 2001b; Tanaka et al., 2008; Kondo et al., 2012; Tong et al., 

2013; 2016; Gao et al., 2015; Li et al., 2017b; 2018). In the Tengchong domain, both CW and 

counterclockwise (CCW) rotations have been documented (Kornfeld et al., 2014a; 2014b). 

The inhomogeneous pattern of tectonic rotations of north Indochina is likely also related to 

remanence acquisition complexities in red beds. In fact, several paleomagnetic studies have 

shown that detrital hematite (or specularite) in red beds, which may carry a primary 

magnetization, competes with hematite precipitation and growth during subsequent 

hydrothermal fluid circulation, frequently yielding a very stable chemical remanent 

magnetization (CRM) and secondary magnetization overprint (Collinson, 1966; Walker et al., 

1981; Kent et al., 1986; Liu et al., 2011; Jiang et al., 2015; 2017, among many others). 

Several paleomagnetic studies of north Indochina red beds report a paleomagnetic overprint - 

inferred by the occurrence of ubiquitous normal polarities in rocks of wide age ranges - 

coupled with a positive fold test, suggesting a pre-tilting (i.e. pre-25-15 Ma) remagnetization 

(Funahara et al., 1993; Sato et al., 1999; 2007; Gao et al., 2015; 2017; Li et al., 2017b). 

However, other studies reported also dual polarities, and isolated a (presumably primary) 

remanence unblocked at very high temperatures, in the 610-670°C to 690°C temperature 

range (Huang & Opdyke, 1993; Chen et al., 1995; Sato et al., 2001; Yoshioka et al., 2003; 



 
©2019 American Geophysical Union. All rights reserved. 

 

Tanaka et al., 2008; Kondo et al., 2012; Tong et al., 2013; 2015; 2016; Wang et al., 2016b). 

Most of the published paleomagnetic studies (Funahara et al., 1993; Huang & Opdyke, 

1993; 2015; Otofuji et al., 2010; Tong et al., 2016; Li et al., 2017a; 2018) associate the CW 

rotations to the eastward drifting microplate model put forward by Tapponnier et al. (1982; 

1990), identifying each shear zone-bounded domain with a rigid rotating block. However, a 

major problem of space would arise if one assumes that the N-S elongated Baoshan and 

Lanping domains rotated CW by some 80°, questioning the internal block rigidity and 

appropriate delineation of a tectonic block. Other studies (Sato et al., 1999; Otofuji et al., 

2010; Kornfeld et al., 2014a; 2014b; Tong et al., 2017; Li et al., 2018) relate the CW 

rotations to rotational SE-ward displacement of crust around the East Himalaya Syntaxis, 

similar to the present geodetic pattern (Figure 1; Liang et al., 2013). However, the 

documented paleomagnetic rotations are mostly pre-mid Miocene (i.e. pre-15 Ma) in age, so 

that present-day CW rotations shown by GPS data can hardly be related to the pattern of 

paleomagnetic rotations. 

Although the microplate / megablock model prevailed in the paleomagnetic literature on 

northern Indochina, some papers indeed recognized the possibility of “internal” block 

deformation and local rotations, due to oroclinal bending of fold axes (Yoshioka et al., 2003; 

Kondo et al., 2012; Gao et al., 2015), or small blocks decoupled by an array of strike-slip 

faults according to the “domino” model by McKenzie & Jackson (1986) (Wang et al., 2008; 

Tanaka et al., 2008; Otofuji et al., 2012; Tsuchiyama et al., 2016). It is worth noting that 

Funahara et al. (1993), Huang & Opdyke (1993), Sato et al. (2001), and Tanaka et al. (2008) 

documented in the Lanping domain a few sites carrying a pre-tilting magnetization (primary 

magnetization as inferred by dual magnetic polarities in two cases) that implied little if any 

rotation (Figure 2). Such data indeed question the definition of rigid and internally coherent 

CW rotating “blocks” in north Indochina. 
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Recently, Pellegrino et al. (2018) documented a pattern of decreasing CW rotation values 

(from 165° to nearly zero) within a distance of 20 km E of the Gaoligong shear zone, 

revealing that fault shear can be a significant source of local rotations. This study showed that 

- in the vicinity of the Gaoligong shear zone - the crust is broken in 1 km-size crust 

fragments, conforming to a quasi-continuous crust deformation model (Sonder et al., 1994). 

However – as also Pellegrino et al. (2018) admit – “blocks” between major shear zones are 

up to 200 km wide (in case of the north Simao domain), implying that fault shear cannot be 

the sole mechanism for the widespread CW rotations documented in northern Indochina. 

 

Sampling and methods 

 

We collected 443 paleomagnetic samples from forty-four sites (routinely ten samples per 

site) along three crust transects orthogonal to the ARRSZ and at both margins of it (Figures 

2-4), trying to spread sites as much as possible along each transect. All sites were sampled in 

Upper Triassic to Lower Cretaceous continental red beds that were shown by previous studies 

to give valuable paleomagnetic information. Sixteen sites (Yun51-66) were distributed in the 

northern Simao domain, from the Silurian-Triassic sediment contact to a maximum 31 km 

distance from ARRSZ mylonites (Figure 3a). East of the ARRSZ, nine sites (Yun67-75) were 

sampled in the Chuandian domain, up to a maximum 36 km from shear zone mylonites 

(Figure 3b). In the Lanping block, nineteen sites (Yun76-94) were distributed along a WSW-

ENE transect from the Chongshan to the ARRSZ (Figure 4). 

The samples from each site, that is intended to represent a geographically distinct locality, 

were distributed as much as possible on different beds from a given outcrop to attempt to 

average out paleosecular variation of the geomagnetic field. Therefore each site represents in 
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fact a paleomagnetic pole and can be directly compared to coeval reference poles from stable 

Eurasia. 

Each sample was taken by drilling a core with a petrol-powered portable drill cooled by 

water and orienting it in situ using Sun (when possible) and a magnetic compass, corrected 

for the local magnetic declination for year 2017 (1°W according to NOAA’s National 

Geophysical Data Center, http://www.ngdc.noaa.gov/geomag/declination.shtml). 

The sampled cores were cut into standard cylindrical paleomagnetic specimens of 22 mm 

height, and the paleomagnetic measurements were carried out in the shielded room of the 

paleomagnetic laboratory of the Istituto Nazionale di Geofisica e Vulcanologia (Roma), using 

a 2G Enterprises direct current superconducting quantum interference device cryogenic 

magnetometer. 

All samples were thermally demagnetized using a Pyrox shielded oven in 12 temperature 

steps up to 680°C. Demagnetization data were plotted on orthogonal vector component 

diagrams (Zijderveld, 1967). The magnetization components were identified by principal 

component analysis (Kirschvink, 1980), and the site mean paleomagnetic directions were 

computed using Fisher (1953) statistics, and plotted on equal-angle projections. Finally, the 

rotation and flattening values with respect to Eurasia were evaluated according to Demarest 

(1983), using the recent and East Asia-focused poles by Cogné et al. (2013) that extend to 

130 Ma (Eurasia paleopoles by Torsvik et al. (2012) were used for sites with magnetizations 

presumably acquired in older times). To define the sense and amount of rotation, we always 

considered the smaller of the two angles between the observed and expected declinations, 

thus calculating rotation values ≤|180°|. This is a conservative approach, although we are 

aware that –mostly in the vicinity of strike-slip faults- rotations may possibly exceed 180° 

(e.g. Nelson & Jones, 1987; Piper et al., 1997; Hernandez-Moreno et al., 2014). 

http://www.ngdc.noaa.gov/geomag/declination.shtml
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Moreover, one specimen per site was selected to carry out additional analyses with the aim 

of characterizing the magnetic mineralogy. Following Lowrie (1990), we thermally 

demagnetized up to 680°C a composite isothermal remanent magnetization (IRM) acquired 

by applying subsequently a 2.7, 0.6, and 0.12 T magnetic field along the z, y, and x sample 

axes (respectively). 

 

Paleomagnetic results and fold tests 

 

Apart from a viscous component typically unblocked by 300°C (Figure 5), three main 

thermal demagnetization behaviours are observed. In ~5% of the samples, a characteristic 

magnetization component (ChRM) is observed in the 300-600°C temperature interval, 

followed by erratic magnetization changes and an increase in intensity, suggesting the growth 

of newly formed magnetic minerals (Fig. 5a, 5k). In most of the samples (~ 65%, mostly 

from the north Simao and Chuandian domains), a ChRM is isolated in the 300-680°C 

temperature range (Fig. 5c, 5d, 5f, 5g, 5l). In ~30% of the samples (mostly from the Lanping 

domain) a medium (MT) and high temperature (HT) component are isolated in the 300-640 

and 640-680°C temperature ranges, respectively (Fig. 5b, 5e, 5h, 5i, 5j, 5n). 

We make clear that the HT components were calculated by connecting only two 

demagnetization points (640 and 680°C), thus we admit that the HT component directions of 

our data set may be slight biased. However, several studies of red beds from Indochina have 

showed that the HT component is usually defined at a temperature range varying between 

600-680°C to 640-680°C, never found to be higher than 670-690°C (Huang & Opdyke, 1993; 

Chen et al., 1995; Sato et al., 2001; Yoshioka et al., 2003; Tanaka et al., 2008; Kondo et al., 

2012; Tong et al., 2013; 2015; 2016; Wang et al., 2016b). Figure 5 shows that – considering 

samples where a HT occurs - remanence directions change slightly from 600 to 640°C, 
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testifying the final unblocking of the MT components. We conclude that a HT defined from 

an undetermined temperature range between 640-680°C and 670-680°C would not be 

significantly different from the HT component determined by us in the 640-680°C 

temperature range. 

The composite IRM results show that most of the IRM is unblocked along the high and 

intermediate-coercivity (2.7-0.12 T) axes, and is fully unblocked at 680°C (Figure S1, online 

material). Thus all paleomagnetic data show the almost exclusive occurrence of hematite with 

variable grain size as remanence carrier, consistently with previous evidence from red beds 

sampled in the same region (Funahara et al., 1993; Huang & Opdyke, 1993; 2015; Sato et al., 

2001; Tanaka et al., 2008; Wang et al., 2008; Otofuji et al., 2010; 2012; Tong et al., 2016; Li 

et al., 2017b). 

Estimated mean paleomagnetic directions from all sites are reported in Table 1. Jurassic-

Cretaceous directions from the north Simao domain were obtained by averaging ChRMs and 

MT components, with the exception of site Yun52, where both MT and HT mean directions 

could be identified (Figure 6). The paleomagnetic directions from samples collected in the 

Triassic strata were evaluated by averaging MT components, because HT directions were 

scattered (Table 1). In the Chuandian domain, MT and ChRMs were averaged out, as the few 

and small intensity HT components were scattered and/or not sufficient in calculating a site-

mean direction. In the Lanping domain, two different behaviours characterize the sites 

located at domain edges (within a 13 km distance from the ARRSZ and Chongshan shear 

zones), and sites from domain centre (Figure 7). Sites at domain edges yield site-mean 

directions calculated by averaging ChRMs (Fig. 5f, 5g), while only at site Yun82-83 both MT 

and HT directions were isolated (Fig. 5h). Sites from Lanping domain centre yielded mean 

MT and HT directions at eight and seven sites, respectively (Figure 7 and Table 1). 
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Site-mean directions are usually well determined, with 95 values varying from 1.8° to 

20.5° (11.0° on average). All sites from the Simao and Chuandian domains (except the HT 

component of site Yun52) and all MT components from the Lanping domain yield a normal 

polarity, while both normal and reverse polarity magnetizations are resolved in the remaining 

sites. The reversal test could not be applied on the entire population of results, as directions 

are clearly not antipodal due to significant rotations of the individual sites (Figures 6 and 7). 

The fold test according to McFadden (1990) was applied separately on sites from each 

domain, and the results are provided in Table S2 (see online material). Directions from the 

Simao domain (excluding results from the three Triassic sites) support a positive fold test at 

the 99% significance level, while data from the three Triassic sites and sites from the 

Chuandian domain yield a negative fold test. Conversely, a rather complex behaviour is 

shown by data from sites in the Lanping domain (excluding the three scattered sites sampled 

close to the ARRSZ). Sites sampled close to the Chongshan shear zone (but site Yun79) yield 

indeterminate fold test results. Site Yun79 shows an in-situ direction that is nearly coincident 

with the local geocentric axial dipole field direction, and a tilt-corrected sub-horizontal 

direction of remanence (Figure 7), thus it was considered as recently remagnetized and 

excluded from further consideration. Conversely HT directions from the Lanping domain 

centre support a positive fold test, while the MT directions appear to have been acquired at 

about 30% unfolding (Figure 7). 

 

Magnetization origin and overprint age 

 

According to available geologic maps (Bureau of Geology and Mineral Resources of 

Yunnan Province, 1990), sites from the north Simao domain (excluding the three sites in 

Triassic rocks) involve rocks of Middle Jurassic-Early Cretaceous age, and the time period is 
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characterized by several normal- and reverse-polarity chrons (Gradstein et al., 2012). 

However, all sites (except the HT component of site Yun52) yield a normal polarity 

remanence, strongly suggesting a pre-folding magnetization overprint (that still results in a 

positive fold test). A similar normal-polarity, pre-tilting secondary magnetization has been 

documented in other studies of Jurassic-Oligocene red beds from north Indochina (Funahara 

et al., 1993; Sato et al., 1999; 2007; Gao et al., 2015; 2017; Li et al., 2017b). 

Given the evidence of syn- and post-tilting overprints from the Lanping and Chuandian 

domains (as well as from the three sites in Triassic rocks from the Lanping domain), our data 

show that: 1) the MT components always are pre-, syn-, and post-folding magnetization 

overprints; 2) ChRMs are overprinted in sites from the Simao (pre-folding) and Chuandian 

(post-folding) domains, but a primary magnetization may be preserved in sites from Lanping 

domain edges that yield dual polarities; and 3) HT components yield dual-polarity pre-folding 

directions, thus are similarly inferred to represent a primary remanence. 

Our data are consistent with results of previous studies of red beds, showing that detrital 

hematite (or specularite) has high unblocking temperature spectra, clustered in the 600-660°C 

to 680°C temperature range, while fluid circulation and precipitation of newly formed 

hematite gives a CRM with a much broader laboratory unblocking temperature spectrum, 

from 200 to 680°C (Liu et al., 2011; Jiang et al., 2015; 2017). We conclude that the MT 

components we find in demagnetization represent secondary CRMs, acquired both before and 

after folding, depending on the domain studied. In most cases, remagnetization completely 

erased any primary magnetization (ChRMs from the Simao and Chuandian domains), while 

in about 30% of the samples (mostly from the Lanping domain) the primary remanence is 

preserved and was unblocked over 640-680°C as the HT component. A similar dual polarity -

presumably primary-remanence unblocked in the 610-670°C to 690°C temperature range has 

been consistently reported from all domains of north Indochina (Huang & Opdyke, 1993; 
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Chen et al., 1995; Sato et al., 2001; Yoshioka et al., 2003; Tanaka et al., 2008; Kondo et al., 

2012; Tong et al., 2013; 2015; 2016; Wang et al., 2016b). Given this pattern, it is surprising 

that the ChRMs from Lanping domain edges seem to preserve a primary magnetization, 

implying that no CRM overprint occurred here. 

Jiang et al. (2015) suggested that detrital hematite can be distinguished from secondary 

hematite arising from CRM, relying on the shape of thermal decay curves obtained during 

NRM demagnetization. In fact, CRM with a distributed unblocking temperature spectrum 

from ~200 to ~650°C would yield concave-shape thermal decay plots, while the confined 

spectrum from ~600 to ~680°C of the depositional remanent magnetization would translate 

into convex demagnetization curves. Our data do not confirm this model (Figure 5), as nearly 

all thermal decay curves are convex in shape, regardless their dominant CRM, or the 

coexistence of a CRM and a depositional magnetization unblocked at 640-680°C. 

The question of the age of magnetization acquisition depends upon defining the age of 

folding, which is not well understood and is likely to have occurred over a long, late 

Oligocene to early Miocene (25-15 Ma), time span in our study area. Consequently, we are 

unable to assess whether a single CRM overprint event occurred in domains undergoing 

diachronous deformations, or that diachronous CRM acquisition episodes took place in each 

of the domains examined. It is clear that magnetization overprinting was more pervasive in 

the Simao and Chuandian domains than in the sites in the Lanping area. Here, lateral domain 

boundaries seem to have escaped complete remagnetization, implying differences in the 

hydrothermal circulation pattern-responsible for CRM overprint- at domain centre and in the 

vicinity of Chongshan and Ailao Shan-Red River shear zones. 

 

Rotation pattern and crustal block size 
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Tilt-corrected data from the Simao domain show a nearly continuous spread of 

declinations from 3° to 81° (Figure 6) that is clearly suggestive of local block-rotations. The 

pre-tilting remagnetization of those rocks implies that rotations should be evaluated 

considering Asian poles coeval to remagnetization age, instead of depositional ages. 

Considering the 25-15 Ma time span of folding, and the evidence that remagnetization 

occurred just prior to folding (e.g. Li et al., 2017b), we chose the 30 Ma Asia paleopole 

(Table 1) as a reference. Such choice is however not critical, as all post-130 Ma expected 

Asian declinations are ≤10° at north Indochina coordinates (Cogné et al., 2013), so that 

paleopole age errors would translate into ≤10° rotation errors. For site Yun52, rotations 

calculated from the (presumably primary) HT and MT components are statistically 

indistinguishable (57°±11° and 51°±12°, respectively). 

The data from sites in the north Simao domain strikingly delineate six 2-5 km wide blocks 

(each defined by at least two adjacent sites with consistent rotation values) undergoing 

variable rotations (Figure 3a). From W to E, we identify three blocks that experienced 

57°±9°, 48°±26, and 70°±1 CW rotations, separated by two unrotated blocks (sites Yun53-54 

and Yun58-59). Finally, the two easternmost sites (Yun62-63) reveal a 23°±13° CW rotation. 

Directions from the three sites in Triassic rocks from the Simao domain and sites from the 

Chuandian domain post-date tilting, so that rotations were calculated using the 20 Ma Asia 

pole and were based on in-situ paleomagnetic directions. Rotation values are small (Figure 

3), except for site Yun75 that is possibly an outlier (bedding orientation is completely 

different from that in nearby sites, Table 1). The post-tilting rotations identified in the three 

Triassic sites (4°±11°), the three sites located just east the ARRSZ (-15°±16°) and the five 

sites located farther east (15°±14°) are at best barely significant, implying an overall absence 

of rotation of the ARRSZ and the Chuandian domain after magnetization acquisition (in turn 
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post-dating 25-15 Ma folding). Thus our paleomagnetic data from the ARRSZ and the 

Chuandian domain are not relevant to understanding a rotation history, as we cannot exclude 

very recent age of remagnetization (i.e. within the last 0.78 Ma of the Brunhes polarity 

chron). 

In the Lanping domain, large-magnitude rotations are observed at sites close to both the 

ARRSZ and the Chongshan shear zone (Figures 4 and 7). Rotations of three sites located 

adjacent to the ARRSZ may be of both senses, between 126° and 143°, and - as they 

approach 180°- their predominant CW or CCW sense is obviously unclear. At the W Lanping 

domain margin, three sites located at 8-12 km distance from the Chongshan shear zone yield 

a 22°-140° CCW rotation (the MT and HT components from site Yun82 give a 106°±13° and 

140°±12° CCW rotation, respectively), and the adjacent Yun83 site gives a strikingly 

different 115° CW rotation. Conversely, HT components documented from Lanping domain 

centre yield variable 37°-95° CW rotations, apart for two sites just E of Yongping (Yun85-

86), where a 27°±6° CCW rotation is estimated. MT components from the same sites show 

that these rocks experienced a remagnetization at 28% unfolding, and a subsequent lack of 

rotation (Figure 7). The occurrence of an unrotated – or barely CCW rotated – block just E of 

Yongping is confirmed by pre-folding paleomagnetic directions reported by Funahara et al. 

(1993) and shown in Figure 4. 

 

Discussion: Crust fragmentation within the Simao and Lanping “blocks” 

 

The highly rotated sites from the Lanping domain edges suggest that strike-slip 

deformation along the ARRSZ and Chongshan shear zones (constrained mainly at 32-15 Ma) 

resulted in the rotation of small km-size blocks up to a distance of at least 12 km from the 

shear zone (Figure 4). Such strike-slip-related crustal block rotations have been widely 
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documented elsewhere (e.g. Beck, 1976; Ron et al., 1984; Piper et al., 1997; Kimura, 2004; 

2011; Randall et al., 2011; Hernandez-Moreno et al., 2014; 2016). Within north Indochina, 

Pellegrino et al. (2018) showed that crust east of the Gaoligong shear zone was broken in ≥1 

km wide crustal blocks that experienced CW rotations of about 180°, and that rotations ended 

at a ~20 km distance from the shear zone. They suggested that rotation pattern is consistent 

with a quasi-continuous kinematic model (e.g. Sonder et al., 1994), and proposed a 230-290 

km dextral offset for the Gaoligong shear zone based on rotation values and width of the 

block-rotation zone. 

Unfortunately, we cannot evaluate the block rotation pattern adjacent to shear zones, as 

only three sites are located adjacent (<5 km) to the ARRSZ. Therefore the available 

paleomagnetic data are not useful to discriminate among the different estimates of the Oligo-

Miocene ARRSZ offset (e.g. Leloup et al., 1995; Searle, 2006). We note – however – that the 

magnitude of the CCW rotation pattern indicated by sites located at 8-12 km distance from 

the Chongshan shear zone is consistent with the left-lateral shear reported by Zhang et al. 

(2010) in the vicinity of our sampling sites, if both quasi-continuous (Sonder et al., 1994) and 

ball-bearing (Beck, 1976) crust deformation models are considered. 

Paleomagnetic data from the internal part of the north Simao and Lanping “blocks” are 

interpreted to indicate internal “block” disruption into smaller semi-rigid sub-blocks (Figures 

3a and 4). In the north Simao domain, three 2-5 km wide blocks that have rotated in a CW 

sense up to 70° are separated by two unrotated blocks. In the Lanping domain, CW rotations 

of variable (37°-95°) magnitude are observed, although the data distribution is insufficient to 

define rotating block size. Moreover, data from two adjacent sites east of Yongping define an 

independent, 2-6 km wide block that suggests a 27°±6°CCW rotation. Similar evidence was 

consistently documented in the Lanping domain by both Funahara et al. (1993) - who studied 

several sites around Yongping (Figure 4) - and by Sato et al. (2001) - who reported results 
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from Yunlong, ~50 km north of the location of our CCW rotated sites (Figure 2). Here, two 

Eocene red bed sites yield a reverse polarity and a null rotation, while other sites in the 

vicinity yield 60°-100° CW rotations. Other areas from the Lanping domain that do not 

appear to have been rotated were also documented by Huang & Opdyke (1993) and Tanaka et 

al. (2008), although they are located adjacent to shear zones, thus possibly influenced by 

Chongshan and ARRSZ activity. 

The small scale block rotations identified in this study in the Lanping and Simao domains 

clearly indicate internal domain deformation that should be consistent with geologic 

evidence. Bedding orientations for the Lanping sampling sites show a considerable spread 

(Figure 8a), and are far from being predominantly NW in strike and sub-parallel to 

Chongshan and ARRSZ. Bedding orientation spreading is also apparent in the Simao domain 

(Figure 8b), although strikes trend mostly NW-SE – i.e. sub-parallel to the ARRSZ. Bedding 

orientations are more constant along the N20°W trend in the Chuandian domain (apart site 

Yun75, Figure 8c), while two sites closer to the ARRSZ have dispersed bedding attitudes. 

Bedding orientation spreading observed at the Lanping and Simao domains suggests the 

possibility of polyphase deformation and/or local block rotations that are in fact documented 

by our paleomagnetic data. This is further support of the hypothesis that “block” interiors are 

far from being rigid, and did not drift/rotate as a whole. Local rotations likely occurred along 

décollement at shallower depths than asthenosphere (where microplates are detached), and 

located in the lower ductile crust and/or along shallower thrust faults, as already proposed by 

Wang and Burchfiel (1997). Deformation is much more strong in the Lanping domain, where 

bedding orientations are nearly random (Figure 8a), suggesting a geological setting much 

more complex than that shown by available geological maps, which mainly document NW-

SE-oriented folds sub-parallel to the adjacent shear zones. 

Crustal rotations that have taken place in deformed orogens have been either related to 
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block rotation due to strike-slip shear (Hernandez-Moreno et al., 2014, and references 

therein) or to emplacement of rotational thrust sheets (e.g. Cifelli & Mattei, 2010; Shaanan et 

al., 2015; Weil et al., 2010; Speranza et al., 2018). Both kinematics are possible in the study 

area, as the Lanping and Simao domains are characterized by both strike-slip faults, and 

thrust structures (Bureau of Geology and Mineral Resources of Yunnan Province, 1990; 

Wang and Burchfiel, 1997). The small blocks delineated by our paleomagnetic results from 

the Simao domain are not always separated by faults according to maps of the Bureau of 

Geology and Mineral Resources of Yunnan Province, 1990 (Figure 3a), implying that other 

unrecognized structures are likely. 

Similarly, a fault grid of unclear kinematics occurs in the Lanping domain, although some 

NW-SE-trending thrust faults are apparent, mostly in the western domain zone (Figure 4). 

The two CCW rotated sites (Yun85-86) are not separated from the nearby CW rotated sites 

by any recognized structure. Thus we are unable to provide a coherent tectonic model relating 

block rotations with thrust or strike-slip fault kinematics. Although this is not unexpected in 

an area heavily eroded and covered by extensive vegetation, we stress that more detailed 

geologic mapping and structural data from the Lanping and Simao domains are needed, hence 

to make better sense of models derived from paleomagnetic data. However, the considerable 

rotation consistency of couples of sites within a 2-5 km distance bounded by very differently 

rotated sites – as apparent in the Simao domain - strongly suggest an array of small semi-rigid 

rotating blocks bounded by strike-slip faults. 

The internal deformation of the north Indochina “blocks” has been proposed in several 

papers, besides the seminal work by Wang and Burchfiel, 1997 (Wang et al., 2008; Tanaka et 

al., 2008; Otofuji et al., 2012; Tsuchiyama et al., 2016). Other studies considered rotation 

variability to represent simply data scatter compared to mega-block rigid rotations (Funahara 
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et al., 1993; Huang & Opdyke, 1993; 2015; Otofuji et al., 2010; Tong et al., 2016; Li et al., 

2017a; 2018). Yoshioka et al. (2003), Kondo et al. (2012), and Gao et al. (2015) proposed 

that local rotations are due to oroclinal bending of already formed thrust-fold structures, a 

pattern that is not substantiated by our data. 

It is not possible to assess by our data (or other data from the Lanping, Simao, and 

Baoshan domains) whether an uniform large-scale rotation is superimposed on the 2-5 km 

wide blocks that have independently rotated. The review by Li et al. (2017a) and data 

compiled in Figure 2 show that the whole Indochina (south of the Dien Bien Phu fault) and 

the Chuandian domain underwent a rather homogeneous Oligo-Miocene CW rotation of 

~20°, whose tectonic cause is however beyond the scopes of this work. 

 

Rotation timing 

 

Most of our sites are in Jurassic to Cretaceous age rocks and the data can be barely used to 

constrain the timing of rotation. However, assuming a 25-15 Ma magnetization overprint, a 

pulse of rotations from the north Simao and Lanping domain post-dates and pre-dates 

remagnetization, respectively (Figure 6 and 7).  

Considering the evidence in the literature, Jurassic-Oligocene rocks from both the Simao 

and the Chuandian domain often show significant CW rotations, and remnants of Neogene 

sediments unconformably covering the older strata are essentially not-rotated (Table S1 and 

Figure 2). Li et al. (2017b) reported data from Oligocene and mid Miocene sedimentary rocks 

from the Jinggu area, about 100 km SW of our Simao study area (Figure 2). The Oligocene 

red beds were found to be remagnetized before tilting, then variably CW rotated in the 20°-

90° range, while gently dipping mid Miocene (ca. 15 Ma) sediments that may carry a primary 
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magnetization were found to be non-rotated. Similar evidence was found in the same locality 

by Gao et al. (2015), who documented a CW rotation of ~70° in Cretaceous red beds, and 

only 10° of rotation in lower Miocene sandstones lying on older strata. Therefore, the whole 

process, including magnetization overprinting, rotation, and folding must be bracketed 

between ~25 Ma (late Oligocene age of the youngest rotated sediments) and ~15 Ma. Data 

from the Chuandian domain suggest a similar timing of these events, although CW rotations 

in Cretaceous-Oligocene red beds are rather constant around 20° (Figure 2), while upper 

Miocene (10-13 Ma) strata are not rotated (Li et al., 2015). Therefore the CW rotation of the 

Chuandian domain is bracketed between about 25 and 13 Ma. 

The synchronicity in time of remagnetization, rotation, and folding events within the 25-

15 Ma age frame strongly suggests that such phenomena are genetically related. As suggested 

by Li et al. (2017b), it is likely that tectonism caused both fluid migration within fractured 

rock (thus chemical growth of pigmentary hematite) and rotations. Such an age window also 

overlaps with main age of strike-slip deformation documented along the major shear zones of 

Indochina (i.e. the Gaoligong, Chongshan, and ARRSZ, although onset of strike-slip shear is 

mostly set at a slightly older 32 Ma age; Leloup et al., 1993; 1995; 2001; Searle et al., 2010; 

Zhang et al., 2010; 2012a; 2012b; 2017). 

It is noteworthy that block rotations in the Lanping domain (Figure 4) pre-dated syn-

folding remagnetization, after which no further rotation occurred (Figure 7). This timing 

suggests a scenario where pristine rotating blocks bounded by secondary strike-slip faults 

within the Lanping domain caused subsequent tectonic deformation and folding of block 

margins, as well as related remanence overprinting due to fluid migration. 

 

North Indochina rotation pattern due to oblique collision with Greater India NE 

corner 
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Most authors explain the predominantly CW rotation pattern of north Indochina as related 

to the eastward extrusion of “microplates” during India-Eurasia collision (Funahara et al., 

1993; Huang & Opdyke, 1993; 2015; Otofuji et al., 2010; Tong et al., 2016; Li et al., 2017a; 

2018). Our paleomagnetic data document upper crust fragmentation and independent 

deformation, including rotation, of 2-5 km wide blocks, instead of drifting/rotation of 

internally rigid lithospheric scale mega-blocks. Furthermore, paleomagnetic rotation timing 

(25-15 Ma) predates the ca. 15 Ma onset of SE-ward Tibet crust drift, clearly imaged at 

present by GPS data (Royden et al., 1997; 2008; Figure 1). Consequently, we suggest that 

tectonism of the “high-rotation corner”, including the Baoshan, Lanping, and north Simao 

domains, was the consequence of oblique oceanic (both Neo-Tethys and Proto-Indian Ocean) 

subduction under Indochina, and eventual collision with the Greater India continental block 

(Figure 9). 

According to paleogeographic reconstructions, subduction of the Neo-Tethys below 

Indochina dates back to at least mid Jurassic times (ca. 160 Ma, e.g. Hall, 2012). Considering 

that the paleo-margin trend was similar to the present-day one, and that CW rotation of the 

whole Indochina does not exceed 20°, Li et al., 2017a, we hypothesize that a highly oblique 

subduction (~60°) occurred below Indochina for all of the Cenozoic. Subduction obliquity 

(defined as angle between normal to trench and convergence direction) can be approximated 

considering the trend of the India-Australia Transform fault - a requirement that follows from 

the India-Australia plate motions (e.g. Royer & Sandwell, 1989). This forms a small (30°) 

angle with the Indochina trench in early Cenozoic times. If a 20° CW rotation of the entirety 

of Indochina is considered, the pre-rotation subduction obliquity angle is reduced to ~40°. 

Oblique strain in modern subduction zones is partitioned along pure dip-slip mega thrust 

faults, and strike-slip faults that usually bound fore-arc slivers drifting parallel to the trench 
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(e.g. Beck, 1988; Dewey & Lamb, 1992). Present-day oblique subduction along the NE India 

margin is partitioned along pure dip-slip frontal thrust faults and dextral shear occurring 

along the Sagaing fault (Socquet & Pubellier, 2005; Searle et al., 2006; Figure 1). 

We propose that after early-mid Cenozoic Neo-Tethys oblique subduction, the final 

docking of Greater India at the trench during the 32-15 Ma time span was partitioned by 

dextral shear along the Gaoligong fault (Figure 9) that was likely closer to the trench due to 

subsequent orogenic wedge enlargement and crustal slice accretion. Upper plate widening 

was enhanced farther south in Indonesia, as in this area subducting Indian Ocean plate roll-

back is documented after 20-15 Ma (Hall & Morley, 2004). Slab roll-back has been shown to 

frequently induce drift and rotation of the upper plate (Speranza et al., 2002; Shaanan et al., 

2015), thus potentially explaining the ~20° Oligo-Miocene CW rotation of the entire 

Indochina lithosphere documented by previous paleomagnetic data (e.g. Li et al., 2017a). 

Thermo-mechanical modelling data (Sternai et al., 2014) also confirm that slab roll-back and 

the associated mantle return flow can modulate surface strain and drag the upper plate from 

below. 

Considering an average 5 cm/yr India-Indochina convergence (Molnar & Tapponnier, 

1975), and an oblique 40° subduction/collision from 32 to 15 Ma (thus assuming to have 

occurred mostly before the 20° CW Indochina rotation) translates into a ~550 km plate-

parallel dextral shear. This estimate is higher than the 230-290 km dextral displacement 

calculated by Pellegrino et al. (2018) for the Gaoligong fault on the basis of paleomagnetic 

data, implying that dextral shear parallel to the trench also occurred along other sub-parallel 

fault(s). After ~15 Ma, onset of southward crustal drift from Tibet changed the geodynamics 

of north Indochina, and dextral strain partitioning jumped farther west, along the Sagaing 

fault.  



 
©2019 American Geophysical Union. All rights reserved. 

 

We suggest that at about 25-15 Ma the back-arc corner located between the Gaoligong and 

the ARRSZ was characterized by E-W shortening and that it fragmented into second-order 

strike-slip faults and 2-5 km-size blocks, mostly rotating CW although also CCW rotation 

occurred (Figure 9). According to Zhang et al. (2010; 2012a; 2017), paleo-shortening 

directions along shear zones was ~E-W during the early to mid Cenozoic (60-15 Ma), or 

ENE-WSW if a 20° CW rotation of the whole Indochina is considered. A shortening 

direction orthogonal to the trench is expected for a back-arc independently from subduction 

obliquity, as presently observed east of the trench-parallel Liquiñe-Ofqui strike-slip fault of 

southern Chile (Orts et al., 2015). 

A mid-Cenozoic E-W shortening direction implies that the paleo-Wanding, Nantinghe, 

and Dien Bien Phu faults (Figure 2) were possibly dextral in sense, and such kinematics – 

assuming quasi-continuous crust deformation models (e.g., Sonder et al., 1994) - could be the 

source for the widespread and large CW rotations observed in the Baoshan, Lanping, and 

Simao domains (Figure 9). Conversely, NW-SE faults would have been reactivated as 

sinistral faults, yielding CCW rotations, as the Chongshan shear zone segment located west 

of our CCW rotated sites from the Lanping domain (Figure 4, Zhang et al., 2010). We 

similarly suggest, following Wang and Burchfiel (1997) interpretation, that the ARRSZ was 

an inherited NW-SE crustal discontinuity that was reactivated with sinistral kinematics due to 

its favourable orientation with respect to E-W shortening. Thus our data and model imply that 

the ARRSZ did not bound any major translating plate, and thus was not a transform fault – as 

suggested by the extrusion block model of Tapponnier et al. (1990). 

As E-W shortening in the Indochina dates back to 60-55 Ma (Zhang et al., 2010; 2012a; 

2017), the geodynamic change at 32 Ma that led to strike-slip activity along all shear zones 

was presumably due to docking of the Greater India NE corner at the Indochina trench. The 

timing of collision of Greater India with Asia is a highly debated issue, with recent syntheses 
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placing it around 34 Ma (e.g. Aitchison et al., 2007). This age estimate is surprisingly similar 

to the onset of strike-slip deformation along major Indochina shear zones. The original shape 

of Greater India is unknown, and it is possible that its NE corner collided with Indochina 

around 32 Ma. Initially, major shear zones in Indochina bounded semi-rigid crustal blocks, 

but prolonged shear fragmented the blocks after 25 Ma, causing the formation of second-

order strike-slip faults, resulting in small block rotations, remagnetization, and intense 

tectonic deformation. 

The 25-15 Ma style of deformation has completely changed today (Figure 9). The SE-

ward drift of Tibet crust at a rate of ~2 cm/yr (Liang et al., 2013; Figure 1) resulted in a N-S 

shortening that is clearly shown by focal mechanisms of predominant strike-slip earthquakes 

of magnitudes up to M of 7.0-7.5 (Ekstrom et al., 2012). N-S shortening is supposedly caused 

by the flow of ductile lower crust expanding from Tibet (Gan et al., 2007; Royden et al., 

2008). The new stress regime has inverted the kinematics of strike-slip faults: the ARRSZ is 

currently dextral, the southern branch of the Gaoligong fault (called Longling fault) is 

sinistral, and yielded a M-7.4 strike-slip earthquake (Ekström et al., 2012). The Wanding, 

Nantinghe, and Dien Bien Phu faults are also sinistral at present, while the N-S branch of the 

Gaoligong fault, subparallel to the shortening direction, is consistently presently inactive. 

 

Conclusions 

 

New paleomagnetic data from north Indochina are interpreted to indicate that the northern 

Simao and Lanping “rigid drifting/rotating blocks” do not exist, but comprise a mosaic of 

sub-blocks in the 2-5 km size order that experienced independent rotations. At both domain 

interiors, CW rotations of up to 95° dominate, but unrotated and slightly CCW rotated blocks 

also are defined by the data. Available geologic maps show, in both the Simao and Lanping 
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domains, predominant NW-SE faults (mostly with reverse-slip kinematics), but do not reveal 

any tectonic features between many of the differently rotated blocks. Thus, a coherent model 

relating rotations and tectonics cannot be formulated at present. Further high-resolution 

geologic and structural investigations are required. However, the abrupt change of in 

rotations magnitudes in adjacent sites is strongly suggestive of a small block rotation pattern 

driven by strike-slip faulting. 

A complex process including hydrothermal fluid circulation and widespread 

remagnetization of Jurassic-Oligocene red beds, tectonic deformation (mainly strike-slip 

tectonics), and local block rotations occurred during the late Oligocene to mid Miocene, in 

the ~25-15 Ma time window. It is very likely that such processes – along with the 32-15 Ma 

phase of strike-slip ductile deformation in the major shear zones of north Indochina 

(Gaoligong, Chongshan, ARRSZ) – were all genetically related. The small scale rotation of 

blocks is superimposed over a roughly synchronous large-scale ~20° CW rotation of the 

entire Indochina and Chuandian domain, that is well supported by all existing data (e.g. Li et 

al., 2017a), and is possibly related to the post-20 Ma roll-back of the Indian Ocean slab below 

Indonesia (Hall and Morley, 2004). 

The paleomagnetic documentation of small scale rotation of blocks, coupled with the 

proposed lower magnitude left-lateral displacement recently re-evaluated for the ARRSZ 

(well below the originally proposed ~1,000 km, e.g. Searle, 2006; 2007), suggests that the 

tectonics of SE Asia was not characterized in Oligo-Miocene times by the eastward escape of 

semi-rigid microplates bounded by transform faults. Rather, it was a zone of diffuse crustal 

deformation, where 2-5 km size crustal blocks were rotated and detached above mid-lower 

crustal discontinuities, similarly to the crust kinematic model proposed by Wang and 

Burchfiel (1997). 
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The predominant CW rotation pattern of Indochina has been routinely related to lateral 

escape of Tibet crust, turning around the rigid buttress of NE Himalaya syntaxis. Yet, 

southward drift of crust from Tibet occurred in Indochina only after 15 Ma, when the 

paleomagnetic rotations were virtually over. Therefore we suggest that block rotations 

occurred within a crust corner bounded by the Gaoligong and ARRSZ and subjected to 

intense E-W to ENE-WSW shortening, in the back-arc of oblique collision of Greater India 

NE corner with Indochina. Data from the shear zones document an E-W shortening as old as 

60-55 Ma, demonstrating the long-lasting influence of Neo-Tethys subduction within 

Indochina tectonics. We suggest that the change at 32-15 Ma characterized by tectonic 

deformation climax and strike-slip tectonics (and related paleomagnetic rotation) 

development was related to the arrival at trench of Greater India NE corner. 

Strain partitioning of highly oblique Indochina-Greater India collision occurred at 32-15 

Ma along the Gaoligong fault that –according to paleomagnetic data gathered at its vicinity- 

underwent a >200 km dextral shear. After 15 Ma, the locus of strain partitioning jumped west 

– accompanied by widening of the upper plate orogenic wedge - and occurs at present along 

the dextral Sagaing fault. We infer conversely that the sinistral shear along the ARRSZ was 

due to its NW orientation as a pre-existing crustal discontinuity with respect to the Oligo-

Miocene E-W shortening, consistently with Wang and Burchfield (1997) who considered the 

ARRSZ an upper crustal transfer fault. 
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Table 1. Paleomagnetic directions from red beds from the northern Simao, Chuandian, and Lanping Domains (Northern 

Indochina). 
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Figure 1. Schematic map of SE Asia showing active tectonics, generated by GIS (DEM 

source: Esri, User Community, geographic information system, Coordinate System & 

Projection: world geodetic system 1984-Web Mercator Auxiliary Sphere). The grey rectangle 

represents the study area (see Figure 2). Red thin arrows show present-day global positioning 

system velocities relative to stable Eurasia (e.g. Liang et al., 2013). EHS, East Himalayan 

Syntaxis; SZ shear zone. 
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Figure 2. Map of north Indochina and surrounding regions, main tectonic features, and 

synthesis of previous paleomagnetic data. Base map source: GIS (Esri), World Geodetic 

System 1984-Web Mercator Auxiliary Sphere. Colored arrows (see legend) represent 

paleomagnetic rotations with respect to Eurasia, recalculated from previous paleomagnetic 

directions (See Table S1, online material), according to Demarest (1983) and using Eurasia 

(from 170 to 140 Ma) and East Asia (from 130 to 10 Ma) poles by Torsvik et al. (2012) and 

Cogné et al. (2013), respectively. The white boxes indicate the areas of paleomagnetic 

investigation (see Figure 3 and 4). 
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Figure 3. Paleomagnetic rotations with respect to Asia from the northern Simao (a) and 

Chuandian (b) domains (geological base map modified after Bureau of Geology and Mineral 

Resources of Yunnan Province, 1990). Solid contour arrows show the rotation values with 

respect to tilt-corrected characteristic/medium temperature (ChRM/MT) paleomagnetic 

directions and pre-tilting normal-polarity remagnetization (30 Ma Asia paleo-pole, see text). 

The rotation of reverse-polarity high temperature (HT) component from site Yun52 was also 

calculated with respect to 150 Ma paleomagnetic pole, coeval to sediment age. Dashed 

arrows are rotation values relative to in-situ paleomagnetic directions (post-tilting secondary 

magnetizations). 
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Figure 4. Estimated paleomagnetic rotations with respect to Asia from the Lanping domain 

(geologic map modified after Bureau of Geology and Mineral Resources of Yunnan Province, 

1990). White and green arrows show the rotations evaluated based on high temperature (HT) 

and characteristic (ChRM) magnetization components, respectively. The medium temperature 

(MT) components, shown to have undergone an overprint at 28% unfolding and no further 

rotation (see text), are omitted. Equal-angle projections of the tilt-corrected paleomagnetic 

directions from the corresponding sites are also shown. Averages of three and five pre-

folding site-mean directions reported by Funahara et al. (1993) just W and E of Yongping 

(respectively) are also shown. 



 
©2019 American Geophysical Union. All rights reserved. 

 

 
Figure 5. Orthogonal vector diagrams of typical thermal demagnetization data (in situ 

coordinates) showing response to demagnetization by representative samples carrying 

characteristic (ChRM), medium temperature (MT) or high temperature (HT) components. 

Solid (open) symbols represent projections onto the horizontal (vertical) plane. 

Demagnetization step values are in degrees Celsius. 
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Figure 6. Equal-angle projections of estimated paleomagnetic directions obtained from 

Triassic-Cretaceous red beds exposed in the Simao and Chuandian domains. The three 

Triassic sites (Yun64-66) from the Simao domain are omitted. The yellow stars are the 

normal polarity geocentric axial dipole field direction (D=0°; I=42°) for the study area. 
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Figure 7. Equal-angle projections of the paleomagnetic directions obtained from Jurassic-

Cretaceous red beds exposed in the Lanping domain. See text for explanation. The yellow 

stars are the normal polarity geocentric axial dipole field direction (D=0°; I=44°) for the 

study area. 
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Figure 8. Equal-angle projections of bedding planes and normals to bedding at sampling sites 

from the a) Lanping, b) north Simao, and c) Chuandian domain. 
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Figure 9. Paleogeographic reconstruction of Indochina and surrounding regions at 25 Ma 

(upper Oligocene), compared to the current setting. Yellow indicates parts of Indochina 

whose tectonism is the consequence of oblique sudduction of Proto-Indian Ocean and 

collision with Greater India. Green indicates Indochina sectors whose tectonics is influenced 

by southward flow of ductile lower crust from Tibet. Small circular arrows indicate small (1-

5 km) block rotations that have taken place adjacent to strike-slip shear zones and within the 

Lanping and Simao domains at 25-15 Ma. All of Indochina experienced a ~20° semi-rigid 

CW rotation over the same time span (e.g. Li et al., 2017a) that is superimposed on the small 

block local rotations. Present-day shortening and extension directions (red arrows) are 

derived from GPS (Gan et al., 2007; Liang et al., 2013) and seismologic (Ekström et al., 

2012) data. 

 


