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Abstract The Tibetan Plateau accommodated major upper crustal shortening during Indian 14 

Plate oceanic and continental lithosphere subduction. Deciphering whether shortening was 15 

continuous or episodic, and how it correlates to major geodynamic changes, is challenging. 16 

Here we apply anisotropy of magnetic susceptibility (AMS), a sensitive syn-sedimentary 17 

strain indicator, to a ~3 km thick magnetostratigraphically dated sedimentary section (69–18 

41.5) in eastern Tibet. AMS shows weak oblate fabrics from 69-52 Ma, followed by a sudden 19 

change to prolate fabrics with increasing anisotropy degree at ~52 Ma, dating a sudden 20 

increased syn-sedimentary shortening strain. This change coincides with enhanced 21 

sedimentation rates and syn-sedimentary vertical-axis rotations of the Gonjo Basin, and 22 

suggests a causal link to a marked India-Asia convergence rate deceleration. We show that 23 

AMS analysis provides a strong tool to distinguish between climatic and tectonic causes of 24 

sedimentological change, and is an asset in identifying discrete tectonic pulses in intensely 25 

deformed terrane. 26 

 27 

Plain Language Summary How the Tibetan Plateau evolved during India-Asia convergence 28 

and collision is notoriously challenging to decipher. Use of sedimentary records to date 29 

periods of tectonic activity is a popular approach, yet deconvolving tectonic versus climate 30 

signals can be challenging. The anisotropy of magnetic susceptibility (AMS) is an effective 31 

and sensitive technique that reveals tectonic stress fields during sedimentation, and changes 32 

therein, even in weakly deformed clastic sedimentary rocks. We report a detailed record of 33 

AMS data from a ~3 km thick section of redbeds from the Gonjo Basin of eastern Tibet. 34 

Previous magnetostratigraphy dated deposition from 69 to 41.5 Ma, during which time 35 

marked sedimentation rate increases and simultaneous vertical-axis rotations were interpreted 36 

to reflect shortening pulses. Our new data indicate an increased shortening strain at ~52 Ma, 37 

demonstrating that the sedimentation rate changes are tectonic rather than climatic in origin, 38 
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showing that a pulse in crustal shortening of Tibetan occurred simultaneous with a marked 39 

~52 Ma onset of deceleration of India-Asia convergence. We show that applying a suite of 40 

paleomagnetic and rock magnetic techniques, including magnetostratigraphy and 41 

sedimentation rate calculation, vertical axis rotation, and AMS analysis provides a strong tool 42 

to differentiate tectonic versus climatic influence on a sediment archive, allowing to sharply 43 

date discrete deformation phases in intensely deformed regions that evolved over long 44 

periods of time. 45 

 46 

Key Points:  47 

1. The AMS of the Gonjo Basin records sedimentary fabrics overprinted by weak shortening; 48 

2. The AMS of the Gonjo Basin indicates an increased strain related to shortening at ~52 Ma; 49 

3. AMS with precise age constraint provides a strong tool to date deformation phases, 50 

allowing to discriminate between tectonic vs climatic influences on sediments 51 

  52 
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1. Introduction 53 

The Tibetan Plateau has undergone a long history of shortening at least since the Cretaceous 54 

(e.g., Kapp and DeCelles, 2019). Identifying its deformation history is of importance for 55 

analysis of geodynamics as well as paleoclimate. During the Plateau’s long deformation 56 

history, several sharp geodynamic and climatic events occurred that are thought to be 57 

reflected in, or even caused by Tibetan shortening. For instance, the India-Asia convergence 58 

rate has undergone major changes around e.g., 70, 52, and 20 Ma (Molnar & Stock, 2009; 59 

van Hinsbergen et al., 2011) and the reflection of these events in the deformation of the upper 60 

crustal in Tibet may provide novel constraints on the underlying dynamic drivers (e.g. Li et 61 

al., 2020). Meanwhile, there are marked changes in regional climate, such as aridification, 62 

that may at least in part relate to deformation and/or uplift events of Tibet (e.g., Guo et al. 63 

2002). Establishing whether shortening in Tibet was gradual or pulsed, and if the latter, what 64 

the timing and distribution of such pulses may have been, will thus be helpful in advancing 65 

our understanding of the causes and consequences of Tibetan Plateau formation. Yet this is 66 

challenging; geological archives that hold clues to the Plateau’s long-term deformation 67 

history are provided by sedimentary basins across the Tibetan Plateau, but variations in 68 

sedimentary infill may in principle be caused by climatic (e.g. Molnar, 2004) as well as 69 

tectonic influences, making such changes difficult to interpret. 70 

Recently, a high-resolution magnetostratigraphic study (Li et al., 2020) on a ~3 km thick 71 

stratigraphy of the Gonjo Basin, located in east-central Tibet (Fig. 1a), revealed a 69–41.5 72 

Ma age range for the basin. The age model suggested that the Gonjo Basin experienced two 73 

short periods of rapid sedimentation (~20 cm/yr) at 69–64 Ma and 52–48 Ma, within longer-74 

term periods of low sedimentation (7–8 cm/yr) at 64–52 Ma and 48–41 Ma (Fig. 2h). 75 

Because paleomagnetic declinations showed that the Gonjo Basin experienced vertical axis 76 

rotations during these high sedimentation rate intervals but not during the low sedimentation 77 
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rate intervals, the high sedimentation rate intervals were interpreted to reflect periods of 78 

enhanced tectonic deformation, which was further interpreted as crustal shortening pulses 79 

given the contractional setting in eastern Tibet (Li et al., 2020). This is interesting because 80 

the first pulse of deformation since 69 Ma is roughly synchronous with a rapid acceleration of 81 

India-Asia convergence rate, while the second pulse of deformation since 52 Ma is 82 

synchronous with a major deceleration of India-Asia convergence rate. These interpretations 83 

predict that the periods of high sedimentation rate coincide with enhanced shortening strain, 84 

which should then be recorded in the sedimentary record. 85 

In this paper, we study the Gonjo section in detail using anisotropy of magnetic susceptibility 86 

(AMS). This is a petrofabric tool able to determine the preferred orientation of particles under 87 

an external field (e.g., gravity, wind, magnetic field, flow and strain) during deposition and 88 

diagenesis of rocks and is locked in after sediment consolidation. The AMS method has been 89 

widely employed as an easy, fast, economic, and sensitive rock strain indicator, and has been 90 

widely successfully applied ( Gilder et al., 2001; Gong et al., 2009; Li et al., 2014; Maffione 91 

et al., 2015; Parés et al., 1999; Soto et al., 2009; Tang et al., 2012; van Hinsbergen et al., 92 

2005). We here apply the AMS as an independent method to constrain the timing of crustal 93 

shortening pulses, and to test whether the high sedimentation rate intervals coincide with 94 

enhanced AMS fabrics. 95 

 96 

2. Geological setting and methods 97 

The Gonjo Basin (30.85°N, 98.3°E) is located in the eastern part of the Qiangtang terrane, 98 

northeast of the Eastern Himalayan Syntaxis (Fig. 1a). The subsidence and structure of the 99 

Gonjo Basin was controlled by the Yangla thrust fault to the east, which carried Triassic 100 

rocks over the basin margin in the northeast (Studnicki-Gizbert et al., 2008; Tang et al., 2017; 101 

Fig. 1b). The basin sediments are now exposed in an asymmetric syncline (Fig. 1c), where 102 
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the thickness of strata in the western limb is significantly thicker and shallower than that in 103 

the eastern limb. This, together with the presence of growth strata in the eastern part of the 104 

basin, has led to the interpretation that the Gonjo Basin was a syn-contractional basin 105 

(Studnicki-Gizbert et al., 2008). Basin structures, sedimentation facies, and varied 106 

paleocurrent directions suggested that the Gonjo Basin was fed by proximal source 107 

(Studnicki-Gizbert et al., 2008; Tang et al., 2017). The strata in the Gonjo Basin are 108 

dominated by red-colored mudstones, sandstones, and rare conglomerates with a thickness 109 

of >3000 m (Xizang BGMR, 1982).  110 

A total of 542 samples along the 3325 m magnetostratigraphic section were measured for 111 

AMS, using a KLY-3 Kappa bridge (AGICO) with an automated sample handling system 112 

and an applied field of 300 A/m at a frequency of 875 Hz. Each sample was rotated through 113 

three orthogonal planes. The AMS parameters, including K1/2/3 114 

(maximum/intermediate/minimum of the principle axes), Km (mean susceptibility), PJ 115 

(corrected degree of anisotropy), and T (shape factor) were calculated following the 116 

definitions in Tarling and Hrouda (1993). Generally, Km reflects the concentration of 117 

magnetic minerals, PJ quantifies the degree of anisotropy, and T reflects the shape of the 118 

susceptibility ellipsoid. 0<T≤1 indicates oblate shapes, whereas −1≤T<0 indicates prolate 119 

shapes, and T = 0 corresponds to neutral shapes (Jelinek, 1981). 120 

Previous rock magnetic studies (Li et al., 2020; Tong et al, 2017; Zhang et al., 2018) have 121 

confirmed that hematite is the dominant magnetic mineral in the sedimentary rocks of the 122 

Gonjo Basin, with minor contribution of magnetite in some samples. To further identify the 123 

relative content of magnetite and hematite in the sediments, the high field isothermal 124 

remanent magnetization (IRM) acquisition curves were analyzed based on cumulative log 125 

Gaussian analysis (Kruiver et al., 2001).  126 

 127 



 7 

3. Results 128 

Figure 1d shows stereonet projections of the three principle axes for all the samples before 129 

and after bedding correction. In tilt-corrected coordinates, the K1 directions are generally 130 

subhorizontal and well grouped in NNW-SSE direction, and generally parallel to the fold axis 131 

that deformed the basin fill; the K3 axes are near bedding perpendicular and show a slight 132 

girdle distribution toward SW. Such distributions of the principal anisotropy axes are 133 

inconsistent with the varied paleocurrent directions of the Gonjo Basin, but instead are 134 

commonly found in folded sediments in foreland basin (Charreau et al., 2009; Gilder et al., 135 

2001; Huang et al., 2005; Kodama, 1997; Li et al., 2014; Tang et al., 2012), indicating that 136 

the original sedimentary fabric was overprinted by weak tectonic-induced strain. Interestingly, 137 

the AMS fabrics and parameters show significant changes with stratigraphic position in the 138 

section (Figs. 2 and 3), and are subdivided into three intervals:  139 

Interval I (0-765 m, 69-65.4 Ma) is characterized by the largest values of PJ (ranging from 140 

1.01-1.44, average: 1.13) and the mean magnetic susceptibility Km (ranging from 18-488 x 141 

10
-6

 SI, average:188 x 10
-6

 SI) except the lowest 80 m (Figs. 2b-2c). The K1 axes are 142 

distributed in NNW-SSE directions and K3 inclinations are almost perpendicular to the 143 

bedding plane (average: 87.6º, see Supplementary Table S1 for the statistical mean direction 144 

of principle axes and AMS parameters) (Fig. 3a). The AMS ellipsoid shapes defined by K1, 145 

K2, and K3 are dominantly oblate with T typically >0.5 (average value: 0.6) (Fig. 2d).  146 

Interval II (765-2154.5 m, 65.4-52 Ma) is marked by a sharp decrease of PJ (from 1.005-1.1, 147 

average: 1.03) and Km (from 32-287 x 10
-6

 SI, average: 115 x 10
-6

 SI), which subsequently 148 

show a gradual increase upward (Figs. 2b-2c). The K1 axes are distributed subhorizontally in 149 

~N-S orientation and K3 axes are mostly perpendicular to the bedding plane (average: 80.5º) 150 

(Fig. 3b). However, at the lower part of this interval, the K3 orientations are shallowed and 151 

the AMS axes are scattered (Figs. 2e-2f and 3b). We suspect that this is due to the low 152 
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susceptibility in these intervals, which prohibits a precise AMS direction to be measured. 153 

Despite change of magnetic susceptibility, the shape parameter T oscillates uniformly around 154 

T = 0 (the threshold value of prolate to oblate) with an average value of 0.1 in this interval 155 

(Fig. 2d), suggesting a dominance of neutral shapes in interval II.  156 

Like interval II, PJ and Km in interval III (2154.5-3325 m, 52-41.5 Ma) also increase upward 157 

in the strata (Figs. 2b-2c). PJ ranges from 1.007-1.09 with an average value of 1.04, and Km 158 

varies from 69-297 x 10
-6

 SI with an average value of 173 x 10
-6

 SI. The most prominent 159 

feature in interval III is the change of T to negative values (mean value: -0.24) (Fig. 2d), 160 

which indicates prolate shapes of the AMS ellipsoid in this interval. This is consistent with 161 

the distribution of K3 orientations (average: 59.5º) describing a SW–NE girdle distribution 162 

(Fig. 3c), suggesting that K3 and K2 are almost equal, or, in other words, the minimum axis 163 

parallel to the shortening direction becomes near-equal to the compaction-induced, vertical 164 

shortening (Fig. 2c). Notably, the grouping of K1 axes in interval III is significantly tighter 165 

than in intervals I and II (Fig. 3c).  166 

The IRM component analyses identified two components in all the samples (Fig. 4): a minor 167 

low-coercivity component and a pronounced high-coercivity component. For the low-168 

coercivity component, most samples have B1/2 (the field at which half of the saturation IRM 169 

is reached) larger than 100 mT, which could be maghemite or fine-grained hematite. The two 170 

samples from interval I have B1/2 less than 50 mT, which is a reasonable value for magnetite. 171 

The high-coercivity component of all samples has B1/2 between ~350–900 mT, which is 172 

consistent with the magnetic properties of hematite. 173 

 174 

4. Discussion 175 

4.1 Source of the magnetic susceptibility 176 
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Magnetic susceptibility of rocks contains contributions of diamagnetic, paramagnetic matrix 177 

minerals, ferrimagnetic and antiferromagnetic minerals. AMS residing in magnetite reflects a 178 

preferred grain shape orientation, whereas AMS due to hematite or paramagnetic minerals 179 

reflects preferred crystallographic orientation (Borradaile and Henry, 1997; Parés et al., 180 

1999), which is controlled by tectonic strain. Therefore, it is essential to identify which 181 

mineral(s) dominate(s) the AMS when applying AMS data to tectonics. As the volume 182 

susceptibility of magnetite (~1 SI, Tauxe, 2010) is ~1000 times greater than most minerals 183 

(Gilder et al., 2001; Parés et al., 2004), magnetite will dominate the magnetic behavior of 184 

sediments if magnetite content exceeds 0.5% of the iron oxide. The mean magnetic 185 

susceptibility (Km) of Gonjo sediments, however, varies from 18-488 x 10
-6 

SI with a mean 186 

value of 155 x 10
-6

 SI. The overall very weak values of bulk susceptibility argue against a 187 

significant contribution from magnetite and suggest that the susceptibility, and hence the 188 

AMS are dominated by antiferromagnetic (e.g., hematite) and paramagnetic minerals. This is 189 

consistent with our IRM component analysis results which suggests that hematite is the 190 

dominant magnetic mineral in the sedimentary sequence of the Gonjo Basin, with minor 191 

contribution from magnetite only at the bottom of the section (Fig. 4).  192 

As shown in Fig. 1d, PJ exhibits a very weak correlation to the Km, suggesting that magnetic 193 

minerals concentration may partly control PJ. However, our results show that T is 194 

independent of Km, and both Pj and T are independent of lithology. Therefore, the AMS of 195 

the Gonjo Basin recorded a crystallographic preferred orientation of hematite and 196 

paramagnetic minerals aligned by tectonic strain. The clustering of K3 inclinations to near 197 

vertical after bedding correction indicates that the magnetic fabrics were acquired before the 198 

tilting of the sedimentary sequences, i.e. during or shortly after deposition during incipient 199 

deformation and diagenesis and mainly related to layer-parallel shortening (Larrasoaña et al., 200 

2004; Parés et al., 1999; 2004; Soto et al., 2009). This is further supported by the coincident 201 
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change between AMS K1 orientations and paleomagnetic declinations: both indicate a slight 202 

counterclockwise rotation at 69–67 Ma, no significant rotation from 67–52 Ma, a clockwise 203 

rotation at 52–48 Ma, followed by no significant rotation between 48–41.5 Ma (Figs. 2f-2g). 204 

This interesting result, as also observed in the Subei Basin of northeast Tibet (Gilder et al., 205 

2001), suggests that the AMS results of the Gonjo Basin are robust recorders of tectonic 206 

strain and changes therein during the sedimentary deposition. 207 

 208 

4.2 Relationship between AMS and strain 209 

AMS can be geometrically described by an ellipsoid, which is qualitatively related to the 210 

finite strain state. Ramsay and Huber (1983) developed the classical relationship between 211 

strain magnitude and cleavage intensity in sediments, where the latter can be described by the 212 

magnetic fabric. Six main stages of fabric development have been distinguished with 213 

increasing strain: undeformed condition, earliest deformation, pencil structure, weak cleavage, 214 

strong cleavage, and stretching lineation (Parés et al., 2004). We will briefly describe the first 215 

four stages before obvious cleavage can be observed at outcrop scale. 216 

An ‘undeformed condition’ of a sedimentary fabric is characterized by parallelism of the 217 

magnetic foliation and the bedding plane, with a relatively low degree of anisotropy and an 218 

oblate shape of the AMS ellipsoid. The K1 and K2 axes are disorderly scattered within a plane 219 

parallel to bedding, whereas the K3 axes are vertical to the bedding plane. In case the 220 

sediments are transported by wind or water, a weak magnetic lineation may have formed by 221 

alignment of minerals which can be reflected by K1 (e.g., Zhu et al., 2004), either parallel or 222 

normal to the wind/paleocurrent direction, depending on the hydrodynamic condition (Tauxe, 223 

2010). After minor layer-parallel shortening, an ‘earliest deformation’ stage is formed, which 224 

is characterized by grouping of K1 to develop magnetic lineation that is perpendicular to the 225 

shortening direction and parallel to the tensile direction. The magnetic foliation is still 226 
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parallel to bedding plane and K3 axes are normal to the magnetic foliation. As shortening 227 

increases, the clustering of K1 and K2 continues to increase, while K3 will form a girdle with 228 

K2 that is parallel to the principal strain axis, and the AMS ellipsoid changes from oblate to 229 

prolate to produce a ‘pencil structure’ fabric (e.g., Maffione et al., 2015; Parés et al., 1999). 230 

Further increasing strain leads to the production of a weak or incipient cleavage that crosscuts 231 

bedding, corresponding to a ‘weak cleavage’ fabric. The K3 distribution gradually changes 232 

from girdle to cluster parallel to the bedding plane and the shortening direction, whereas the 233 

magnetic ellipsoid remains prolate. 234 

 235 

4.3 A shortening pulse of Tibet at ~52 Ma  236 

Our AMS results between 69 and 65.4 Ma display an oblate ellipsoid with K3 normal to 237 

bedding plane, and K1 subhorizontal and gathered around a NNW–SSE direction. This 238 

distribution is consistent with an original sedimentary fabric overprinted by a subtle NE–SW 239 

shortening, representing the earliest deformation stage. The AMS changes from oblate to 240 

neutral shape since 65.4 Ma associated with a significant decrease of PJ and Km. This is 241 

consistent with the synopsis PJ-T path of the development of magnetic anisotropy with 242 

increasing deformation intensity (Fig. 3). We interpret that the AMS between 65.4 and 52 Ma 243 

represents a transition between the earliest deformation and the pencil structure that appears 244 

in 52 Ma and younger sediments, where the AMS is characterized by prolate magnetic 245 

ellipsoids, and the K1 are tightly clustered in a NNW–SSE, fold axis-parallel orientation, and 246 

the K3 are distributed along a moderate girdle with K2. This is consistent with the pencil 247 

structure stage, implying a significant increase in syn-sedimentary shortening strain, and 248 

therefore tectonic deformation during this interval. Moreover, our results suggest that PJ is 249 

more sensitive to magnetic content, whereas T is more related to strain change, and therefore 250 

T is a more reliable parameter to provide information regarding tectonic deformation. 251 



 12 

The magnetostratigraphic age model for the Gonjo Basin (Fig. 2i, Li et al., 2020) showed that 252 

the sedimentation rate in the Gonjo Basin increased from ~8 cm/kyr to ~20 cm/kyr at ~52 Ma 253 

(Fig. 2h). Our AMS results positively test the prediction of Li et al. (2020) that the 254 

sedimentation rate increase coincides with a sudden increase in tectonic shortening strain at 255 

52 Ma, and therefore reflects a tectonic origin. 256 

Tectonic deformation of the Tibetan Plateau at ~52 Ma has been identified in previous 257 

studies. In north and northeast Tibet, a series of Cenozoic sedimentary basins were developed 258 

as a result of this deformation, e.g., Qaidam, Xining, and Lanzhou basins (Fig. 1a). The 259 

Cenozoic strata unconformably overlie pre-Cenozoic strata, and are dominated by 260 

conglomerates and coarse sandstones at the base. The initial age of these basins has been 261 

magnetostratigraphically constrained at ~52-54 Ma (Dai et al., 2006; Fang et al., 2019; Ji et 262 

al., 2017; Yue et al., 2001). In the central part of Tibet, a magnetostratigraphic study of Hoh 263 

Xil Basin indicates a rapid increase of sedimentation rate at ~54 Ma (Jin et al., 2018). Low-264 

temperature thermochronology studies indicate that the Altyn Tagh and the southern Qilian 265 

Shan-Nan Shan faults initiated at ~50 Ma (Cheng et al., 2015; Jolivet et al., 2001; Yin et al., 266 

2002;), the West Qinling fault began thrusting at ~50 Ma (Clark et al., 2010), and southern 267 

and central Tibet experienced rapid exhumation around ~55-48 Ma (Hetzel et al., 2011; Jian 268 

et al., 2018; Staisch et al., 2014). Furthermore, paleomagnetic results indicate that northeast 269 

(Dupont-Nivet et al., 2004), east (Li et al., 2020) and southeast (Li et al., 2017) Tibet 270 

underwent clockwise rotation starting at ~50 Ma. These estimates rely on different types of 271 

datasets, each with their own uncertainty. The integrated high-resolution magnetostratigraphy 272 

of the Gonjo Basin providing detailed age control (Li et al. (2020) and now coupled with the 273 

extensive AMS analysis provided in this paper  firmly confirms that much of these features 274 

result from a sudden increase in shortening strain starting at ~52 Ma. 275 

 276 
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4.4 Application of AMS to decipher long-term shortening history 277 

The onset of India-Asia collision, although highly controversial, has been constrained at 278 

59±1 Ma, when the first Asian sediments arrived in the Tethys Himalayan stratigraphy that 279 

marks the northernmost continental crust on the Indian plate (Hu et al., 2015). The AMS 280 

ellipsoid shape and parameters from the Gonjo Basin, however, do not reveal a significant 281 

change at this inferred time of collision (Figs. 2b-f), which is in line with the absence of a 282 

regional change in sedimentation rate and paleomagnetic declinations from the Gonjo Basin 283 

(Fig. 2; Li et al., 2020). Instead, significant upper crustal shortening of eastern Tibet at ~52 284 

Ma as observed by our AMS coincide with the increase of sedimentation rates and clockwise 285 

rotation of the Gonjo Basin (Li et al., 2020), and the sudden drop of India-Asia convergence 286 

rate from ~160 mm/yr to ~80 mm/yr starting around 52 Ma (Copley et al., 2010; van 287 

Hinsbergen et al., 2011). All these lines of evidence suggest that, although the India-Asia 288 

initial collision began at 59±1 Ma, significant tectonic deformation in Tibet and slow-down 289 

of India did not occur until 52 Ma, a few million years later than the initial collision. 290 

Given its setting, shortening of the Tibetan Plateau has long been interpreted as a direct result 291 

of collision of India with Asia (e.g., Patriat and Achache, 1984), and the mismatch between 292 

onset of collision and upper crustal shortening increase may be surprising. This may suggest 293 

that the sedimentary record in the Himalaya reflected either collision of a far-traveled Asia-294 

derived arc remnant with the northern Indian margin, rather than with Asia (e.g., Kapp and 295 

DeCelles, 2019), or collision of an extended continental from India with Asia (van 296 

Hinsbergen et al., 2012). On the other hand, comparison with other modern orogens shows 297 

that there is no systematic relationship between upper crustal shortening and collision. For 298 

instance, the Andean orogen formed due to upper crustal shortening during oceanic 299 

subduction (e.g. Oncken et al., 2006), whereas long-lived continental subduction in the 300 

Mediterranean region has for 100 Myr or more been associated with widespread upper crustal 301 
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extension instead of shortening (van Hinsbergen et al., 2020). It has long been shown that 302 

significant ‘Andean-style’ orogenesis occurred in Tibet well before initial collision with India 303 

(e.g., Kapp and DeCelles, 2019, and references therein). Our results may suggest that also the 304 

Cenozoic shortening, and by inference uplift of the Tibetan Plateau may not be directly tied 305 

to the nature of the lithosphere consumed at the south Tibetan plate boundary.  306 

The slow-down of India at ~52Ma may reflect deeper-seated processes related to the 307 

interaction of the subducting Indian lithosphere with the mantle (van Hinsbergen et al., 2019; 308 

Zhu et al., 2015). However, regardless of the geodynamic causes underpinning the India-Asia 309 

plate motion changes or the 52 Ma shortening pulse in Tibet, the analysis of geodynamic 310 

causes of upper crustal deformation requires tight age constraints between collisional, plate 311 

kinematic, and climatic processes. Our analysis shows that integrated paleomagnetic and rock 312 

magnetic datasets can provide such tight age constraints that may lie at the basis for further 313 

analysis of the geodynamic and climatic processes that shape the Earth’s crust and surface. 314 

 315 

5. Conclusions 316 

In this study, we present AMS results from the Gonjo Basin of 69-41.5 Ma, which provide 317 

information about the strain change and tectonic deformation of eastern Tibet during the 318 

India-Asia collision. The AMS results suggest that the Gonjo Basin was under ~NNE-SSW 319 

direction shortening persistently from 69-41.5 Ma, consistent with the previously interpreted 320 

syn-contractional nature of the basin. Our AMS results provide independent evidence that the 321 

increase of sedimentation rates of Gonjo Basin at 52 Ma as indicated by previous 322 

magnetostratigraphic analysis reflects a tectonic pulse and that there was no such pulse upon 323 

initial continental collision recorded in the Tibetan Himalaya at 59±1 Ma. From this we infer 324 

that upper crustal shortening may not directly reflect the change in nature of the subducting 325 

lithosphere, and can thus not be used to date collision. Our results illustrate that the 326 
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deciphering of geodynamic, or climatic, influence on plateau formation and plateau rise and 327 

vice versa require independent, high-resolution dating of upper crustal shortening, and that 328 

integrated paleomagnetic research may provide such dating. 329 
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 518 

Figure Captions 519 

Figure 1. (a) Simplified tectonic map of the Tibetan Plateau showing the distribution of main 520 

sutures (red dashed lines), sedimentary basins (orange) and related strike-slip and thrust faults 521 

(black solid lines). The blue polygon denotes the location of the Gonjo Basin in Fig. 1b. Main 522 

abbreviations: HXB: Hoh Xil Basin; NYB: Nangqian-Yushu Basin; GJB: Gonjo Basin; XNB: 523 

Xining Basin; LZB: Lanzhou Basin; YLF: Yangla thrust fault; EHS: Eastern Himalaya 524 

Syntaxis. (b) Geological map of the Gonjo Basin and surrounding area. (c) cross-section 525 

showing the asymmetric syncline of the Gonjo Basin along the Gonjo city A-A´, modified 526 

from Studnicki-Gizbert et al. (2008). (d) The overall AMS results from the Gonjo Basin, 527 

incuding the equal-area projections of AMS principal axes in geographic and stratigraphic 528 

coordinate, PJ-Km, and PJ-T diagrams.  529 

 530 

Figure 2. (a) Lithology, (b) mean susceptibility (Km), (c) corrected degree of anisotropy (PJ) 531 

(note the different scale before and after 765 m), (d) shape parameter (T), (e) inclinations of 532 

minimum principle axes (K3_Inc), (f) declinations of maximum principle axes (K1_Dec), (g) 533 

paleomagnetic declinations, and (h) sedimentation rate from the Gonjo Basin against 534 

https://doi.org/10.1007/BF03187220
https://doi.org/10.1016/S0012-821X(04)00103-7
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thickness. (i, j) magnetostratigraphic result of the Gonjo Basin (Li et al., 2020). CW: 535 

clockwise, CCW: counter-clockwise. The red lines in b-e are seven points average smooth. 536 

The orange lines in f-g show the synchronous rotation patterns between paleomagnetic 537 

declinations and AMS K1 declinations. The AMS parameter can be subdivided into three 538 

intervals as shown by the grey lines (see text for detail). The dashed line represents the onset 539 

of India-Asia collision at 59±1 Ma. Note that both AMS parameters, sedimentation rate, and 540 

paleomagnetic declinations do not show any change at the time of India-Asia initial collision. 541 

 542 

Figure 3. Equal-area projections of the three principle axes, PJ-Km, and PJ–T of the three 543 

intervals as shown in Fig. 2. (a) Interval I (0-765 m, 69-65.4 Ma), (b) Interval II (765-2154.5 544 

m, 65.4-52 Ma), and (c) Interval III (2154.5-3325 m, 52-41.5 Ma). The grey line with arrow 545 

represents the synopsis PJ-T path with increasing deformation intensity (Parés et al., 2004). 546 

 547 

Figure 4. The isothermal remanent magnetization (IRM) acquisition curves (left) and their 548 

corresponding component analyses (right) on representative samples from the Gonjo Basin. 1 549 

and 2 represent the low- and high-coercivity component, respectively, with B1/2 and relative 550 

contributions to saturation IRM afterward. 551 
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