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20Abstract

21The southeastern Tibetan Plateau is deeply incised by three parallel rivers, the Salween, the
22Mekong and the Yangtze. The river incision and surface uplift histories of this landscape are
23hotly debated. This study presents bedrock apatite (U-Th-Sm)/He data from a ~1800m
24vertical profile, located near the first bend of the Yangtze River. Ages range from 20 to 30
25Ma, indicating an Oligocene - early Miocene phase of moderate river incision at a rate of
26~0.10-0.18 mm/yr. This is considerably older than elsewhere in the region, but consistent
27with a previously proposed phase of Eocene surface uplift inferred from stable isotope
28geochemistry. We consider the implications of the new data under two different tectonic
29models. If the surface uplift and river incision resulted from lower crustal flow, the new
3oresults require such flow to have commenced at Oligocene - Early Miocene time rather than
31during the previously proposed Late Miocene. Alternatively, Oligocene to Early Miocene
32plateau growth might have resulted from transpressional deformation in the southeastern
33Tibetan Plateau.

34
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421. Introduction

43 It has been proposed that the formation of the Tibetan Plateau, which includes >80% of
44the world’s land with elevation >4 km above sea level (e.g., Fielding et al., 1994), resulted
45from a series of continental accretions and collisions during Mesozoic and Cenozoic time
46(e.g., Powell and Conaghan, 1973; Patriat and Achache, 1984; Chang et al., 1986; Yin and
47Harrison, 2000). Development of the Tibetan Plateau is thought to have strongly influenced
48regional and even global geodynamics, as well as climate systems (e.g., Molnar and
49Tapponnier, 1975; An et al., 2001; Tapponnier et al., 2001). One of the most remarkable
50physiographic features of the Tibetan Plateau, revealed by high-resolution digital topographic
51data, is the presence of highly-incised river gorges in the plateau surrounding margins (Liu-
52Zeng et al., 2008). This is especially phenomenal in the three-rivers region in the southeastern
53part of the Plateau, where three parallel rivers, the Yangtze, Mekong and Salween, carve
54gorges up to 3 km deep (Fig. 1).

55  Various geodynamic models have been proposed to explain the formation of these river
56gorges. One school of thought is that the surface uplift of the region, as well as other plateau
57margins was formed by vertical thickening and lateral flow of the lower crust (e.g., Clark et
58al., 2005a; Schoenbohm et al., 2006). However, other models have highlighted the
59importance of crustal thickening, lateral extrusion, and rotation (e.g., Tapponnier et al., 2001),
60or crustal detachment fault (Tian et al. 2013, 2015). A recent computational study reproduced
61the topography of the southeast Tibetan Plateau under conditions of widespread crustal
62shortening and river network reorganization (Yang et al., 2015).

63  Debate continues as to the initiation time of the high-relief and high-elevation landscapes
64in the southeast Tibetan Plateau. Using river incision history, constrained by
65thermochronological data, as an index for relief-formation, it has been suggested that the
66southeastern Tibetan Plateau was formed during the late Miocene (9-12 Ma) (e.g. Clark et al.,
672005b; Ouimet et al., 2010), the mid Miocene (15-22 Ma) (Tian et al., 2014), or even earlier
68at the southern Longmen Shan (Wang et al., 2012). A recent study by Yang et al. (2016)
69reconstructed the post 10Ma erosional pattern in the southeastern Tibetan Plateau. Worth
70noting is that this study reported several Oligocene thermochronological data from the sites
71along the Yangtze River. Further, a recent river incision study using cosmogenic dating of
72cave sediments at the first bend of the Yangtze River, where water-flow direction changes
73abruptly from southeast-ward to northeast-ward within a distance of 1 km, suggests a
74scenario in which ~1 km incision occurred between 18 and 9 Ma and ceased thereafter

75(McPhillips et al., 2016). Finally, palaco-altimetry studies using stable isotopes suggest that



76the southeastern Tibetan Plateau might have gained a high elevation of ~3 km at Eocene time
77(Hoke et al., 2014; Li et al., 2015).
78  The river incision and surface uplift histories of the area near the first bend of the
79Yangtze River have been addressed by several recent studies using multiple methods,
8oincluding cosmogenic nuclides of cave sediments (McPhillips et al., 2016), palaeo-altimetry
81(Hoke et al., 2014; Li et al., 2015), and morphometric indices (Liu-Zeng et al., 2008), as
82introduced above. This makes the area an ideal place for testing the consistency of different
83methods. However, thermochronometric data, which are sensitive to near-surface
84deformational and erosional processes (e.g., Gleadow et al., 2002; Farley, 2002), remain
85unavailable in the area. The present study applies apatite (U-Th)/He (AHe) dating to a group
860f bedrock samples from the Laojunshan felsic intrusions, ~25 km southwest of the first bend
87(Figs. 1, 2). Results suggest a significant phase of river incision at 30-20 Ma. In the context
88of previous river incision studies, our results indicate that crustal thickening, surface uplift
89and river incision in the field area may have initiated in pre-Miocene time, rather than during
9othe late Miocene, as was suggested by previous thermochronometric studies elsewhere in the
91region.
922. Topographic and geological background
93 The study area is located near the first bend of the Yangtze River in the southeast
94Tibetan Plateau (Fig. 1, 2). Peak elevations of the area exceed 4200 m, whereas river valleys
95have incised down to elevations of <2000 m, forming a regional topographic relief of more
96than 2200 m (Fig. 2).
97 From a tectonic perspective, the study area lies on the western margin of the South
98China Block, with the Lhasa and Qiangtang Blocks to the west, the Songpan-Ganze Block to
99the north, and Indochina block to the south (Fig. 1a). These blocks were separated by large-
100scale strike-slip faults such as the Jinsha-Red River fault, which play an important role in the
101accommodation of crustal deformation during plateau formation (Tapponnier et al., 2001;
102Shen et al., 2005).
103 Surface outcrops in the area mainly consist of Paleozoic to Mesozoic sandstone,
104limestone, metamorphic and volcanic rocks, and Cenozoic high-K volcanics, volcanic
105breccia, and terrestrial deposits, including conglomerate, sandstone, siltstone, and mudstone
106(YBGMR, 1984). Eocene felsic intrusions, which are collectively referred as the "Laojunshan
107intrusion', mainly consist of syenite or orthophyre, granite, and quartz monzonite (Fig. 2) (Lu
108et al., 2012). Zircon U-Pb dating of these intrusive rocks suggests that they were formed at
109~35-36 Ma (Schirer et al., 1994; Lu et al., 2012; Wan et al., 2006). It has been proposed that



110these intrusive rocks were associated with late Eocene continental subduction or delamination
1110f overthickened lithospheric mantle following the collision between India and Asian (Wang
112¢t al., 2001; Chung et al., 2005; Lu et al., 2015).

113 All the samples analysed in this study were collected from the Laojunshan intrusion
114(Fig. 2), which intrudes a succession of Cenozoic sediments in the Jianchuan basin comprised
1150f the following formations. The Yunlong formation unconformably overlies Mesozoic strata
116consists of purple-red, fine-grained siltstones and mudstones with several gypsum horizons
117(YBGMR, 1974). The formation is overlain by a volcanic horizon, whose 36-35 Ma age has
118been constrained by zircon U/Pb dating (Yang et al., 2014). Overlying the Eocene strata, are
119several poorly dated formations consisting of siltstone, sandstone, conglomerate and coal
120layers. On the basis of fossil plants data, Zhao et al. (1965) suggested those rocks are of
121Miocene-Quaternary time, and that Oligocene strata are regionally missing in the basin.
122However, a recent study of Gourbet et al. (2015) suggested nearly no post 34 Ma
123sedimentation.

1243. Methodology and results

1253.1. Sampling strategy

126 Low temperature thermochronological (notably apatite fission track [AFT] and apatite
127(U-Th-Sm)/He [AHe]) data from vertical profiles can provide constraints on the erosional
128history of tectonically active terranes (e.g., Fitzgerald et al., 1986), as discrete phases of rapid
129river incision result in positive age-elevation relationships. In this study, seven intrusive rock
130samples were collected from several Eocene felsic intrusions around the Laojunshan
131Mountains. Samples’ elevations range from the peak of the Laojunshan (4247 m) to the
132deeply incised valley of a tributary of the Yangtze River (2162 m), forming a vertical profile
133spanning ~ 1800 m relief over a lateral extent of ~ 20 km (Fig. 3). It is worth noting that the
134intrusion, from which the samples were collected, is an undeformed Eocene pluton, in which
135n0 faulting has been observed during field investigations.

1363.2. Experimental methodology

137 Apatite  concentrates were produced wusing standard crushing, sieving,
138electromagnetic, and heavy liquid mineral separation techniques. Inspection of polished and
139etched mineral separates revealed the common occurrence of crystal dislocations (see
140appendix A1) which impede the confident identification and counting of fission tracks. Thus
1410nly AHe data are presented in this study.

142 To this end, apatite grains were picked and examined at x250 magnification to detect

143possible mineral inclusions. Only clear and euhedral grains were selected for AHe analysis.



144Protocols for AHe analysis followed an established laboratory routine for laser He extraction
145(House et al., 2000). Samples were loaded into platinum capsules and outgassed under
146vacuum at ~900 °C for 5 minutes using a fibre-optically coupled diode laser with a 808 nm
147wavelength, then spiked with *He and gas volumes determined using a Pfeiffer plasma
148quadrupole mass analyser. Molar abundances of U and Th were determined by isotope
149dilution using a mixed *°U-*"Th spike. The Sm abundance was determined by comparison
150with a standard solution of known U/Sm ratio. U-Th-Sm analyses were carried out by ICP-
151MS, using an Agilent 7700x quadrupole mass spectrometer. Apparent AHe ages were
152calculated and corrected for a-emission following the approach of Ketcham et al. (2011).
153Reported uncertainties of the AHe data are ~5% (1c), which includes a 5 um uncertainty in
154grain size measurements for the o -ejection correction. Durango apatite was run as an external
155standard with each batch of samples as an additional check of the analytical accuracy.

156

1573.2. Results and interpretation

158 Four single-grain AHe age analyses were performed for each of the seven Laojunshan
159samples. The samples yield mostly consistent AHe ages, although anomalously old grains are
160not uncommon, as described next. The lowest elevation sample SG1402 (2162 m), yielded
161three concordant single-grain AHe ages of 21-25 Ma and one 40.1 £+ 2.0 Ma age, which is
1620lder than the crystallization age of Laojunshan intrusion (35-36 Ma, Lu et al., 2012) (Fig. 3).
163Moving up the vertical section, samples SG1407 (2326 m) and LJS1401 (2942 m) yield
164single-grain AHe ages ranging from 12.7 + 0.6 Ma to 21.9 = 1.1 Ma, and from 19.9 £ 1.0 Ma
165to 30.7 = 1.5 Ma, respectively. These ages do not show clear relationships with the effective
166Uranium ([eU] = [U] + 0.235 x [Th]) contents (Fig. 4a), nor with the grain size (Fig. 4b).
167Three of the four single-grain ages of sample LJS1403 (3300 m) fall in a range of 40-50 Ma,
168which again is older than the crystallization age of Laojunshan intrusion, with the remaining
169grains being slightly younger at 31.4 + 1.6 Ma. These grains have relatively low [eU]
170contents (9-12 ppm), and relatively large grain sizes (110-210 um). Sample LJS1404 (3611
171m) yielded four single-grain ages between 17-33 Ma. Sample LIS1410 (3849 m) has four
172reproducible ages between 25 = 1.3 Ma and 27.3 £ 1.4 Ma. The four single-grain ages of
173sample LIJS1414 (3984 m) include two young ages of 27.2 + 1.4 Ma and 29.2 + 1.5 Ma, and
174two abnormally old ages of 45.3 + 2.3 Ma and 57.9 + 2.9 Ma, which are older than the
175intrusion age.

176 In summary, the AHe results include six grains that yield age that are older than the 35-

17736 Ma intrusion age, and are difficult to explain even though the grains exhibit a range of



178[eU] contents (10-100 ppm) and grain sizes (50-200 pum) (Fig. 4 and Table 2). Although a
179progress has been made in explaining overdispersed and anomalously old (U-Th)/He ages
180(Fitzgerald et al., 2006; Flowers et al., 2009), no universal mechanism has been found to
181explain why some samples yield consistent (U-Th)/He data and others do not. For example,
182U-zoning in the core leads to overestimate of the alpha-ejection correction, but cannot explain
183the abnormally old ages in our study, because even the uncorrected ages of five of the six
184grains are older than the intrusion age (~35-36 Ma). Additional sources of *He other than the
185analysed apatite, such as U-rich mineral inclusions in apatite, U-rich neighbouring minerals
186(Spiegel et al., 2009) may be possible explanations for those outliners.

187 Excluding the six abnormally old ages, the remaining 22 ages show a positive
188relationship with the elevations (Fig. 5b). Most of these ages cluster between 20-30 Ma (Fig.
1895), even though they cover an 1800 m elevation range. These results have two important
190implications. (1) The age-elevation relationship suggests that the study area has experienced a
191phase of Oligocene — early Miocene moderate river incision at a rate of ~0.10-0.18 mm/yr,
192resulting from headward propagation of river incision from the trunk stream of the Yangtze
193River. (2) Post ~20 Ma, the samples remained at sub-80 °C temperatures. Assuming a
194geothermal gradient of 30-35 °C/km, this implies that post-mid Miocene exhumation was
195limited to less than ~2.5 km.

196

1974. Discussion

1984.1. River incision and surface uplift

199 Both the timing and magnitude of river incision in the study area differ from those in
200other sectors of the southern Tibetan Plateau. Besides the Laojunshan area, Oligocene to
201Early Miocene phase of river incision has only been identified in the Longmen Shan (Wang et
202al., 2012; Guenthner et al., 2014). In other adjacent areas, previous low-temperature
203thermochronological studies suggest that river incision occurred later in the Miocene (Kirby
204et al., 2002; Clark et al., 2005b; Enkelmann et al., 2006; Godard et al., 2009; Ouimet et al.,
2052010; Tian et al., 2013, 2015). Further, the amount of post ~20 Ma cooling (< 80 °C) and
206erosion (< 2.5 km) in the study area is significantly lower than in other areas, where those
207previous studies suggested an average post ~12 Ma erosion rate of 0.3-1.0 mm/yr. The lateral
208variation in erosion observed in this work is also supported by the Oligocene AHe ages from
209the downstream sites, as reported in Yang et al. (2016).

210 Assuming that surface uplift is coupled with river incision, the history of river incision

211and associated crustal cooling, as constrained by the means of low-temperature



212thermochronology, can be used to estimate the history of surface uplift (e.g., England and
213Molnar, 1990). Based on this assumption, our results indicate that the onset of the surface
214uplift at the Laojunshan site near the First Bend occurred before or during the Oligocene to
215Early Miocene (~30-20 Ma). This interpretation is consistent with palaeo-elevation estimates
216based on the stable isotope composition of carbonates from nearby sedimentary basins, which
217indicates that the southeastern Tibetan Plateau has been near its present elevation since the
218late Eocene (Hoke et al., 2014; Li et al., 2015). However, it is also possible that a
219considerable lag between surface uplift and incision might exist in the study area. We cannot
220test this hypothesis, because our data can only provide a minimum constraint on the onset
221time of river incision.

222 Previous studies suggest that the late Miocene phase of river incision and surface uplift
223is uniform across wide areas of the southeastern Tibetan Plateau (Clark et al., 2005b; Ouimet
224et al., 2010; Tian et al., 2015). The Oligocene to Early Miocene erosion and surface uplift in
225the Laojunshan area is clearly inconsistent with those previous results. This has the
226following two alternative implications. Either (1) the Oligocene - Early Miocene erosion
227resulted from local glaciations, magma cooling, or local faulting, or (2) in other regions, late
228Miocene cooling and erosion may have reset and removed evidence for the earlier event,
229which may have affected the entire region. These two scenarios are further discussed below.
2304.2. Local glaciations, magma cooling, or faulting?

231 Glaciation in the southeastern Tibetan Plateau dates back to the Pleistocene (e.g., Yang
232et al., 2006; Owen, 2010; Fu et al., 2013). Any effects of Oligocene and Miocene glacial
233erosion would have been considerably weaker than today, because global mean temperature
234was considerably warmer back then (e.g. Zachos et al., 2008). Further, the present geometry
2350f the gorge valleys near the First Bend is V-shaped, rather than U-shaped as is typical for
236glacial valleys.

237 The modeling of magma cooling suggests that the thermal anomaly associated with an
238igneous intrusion of ~10-km-radius would disappear in a short period (<1 Ma) (e.g., Ehlers,
2392005). The observed cooling event at 30-20 Ma is more than 6 Ma later than the emplacement
240time of the intrusion (~35-36 Ma), and thus cannot be explained by simple post-emplacement
241cooling.

242 As for the faulting, the intrusions in the Laojunshan area are intact, and the sample
243locations are far away from nearby major faults (Fig. 2). The Weixi-Qiaohou and Longpan-
244Qiaohou faults which bound the study area have been identified as strike-slip faults since the

245Paleocene, as a westward extension of the Red River fault (e.g. Liu et al., 2004). No major



24é6differential rock uplift has been observed across these faults.

247

2484.3. Oligocene to Early Miocene tectonics

249 Several lines of evidence suggest that the southeastern Tibetan Plateau may have
250experienced an Oligocene to Early Miocene (~30-20 Ma) phase of tectonic uplift. First, the
2510ligocene to Early Miocene erosion of the area is consistent with the Oligocene depositional
252hiatus in Jianchuan Basin surrounding the study area (Zhao et al., 1965; Gourbet et al., 2015).
253Second, the stable isotope data suggest that the elevation of the region around the First Bend
254has reached its present position at ~35 Ma (Hoke et al., 2014; Li et al., 2015), which is
255consistent with our results. Third, at the Daocheng River (an upstream tributary of the Yangze
256River), ~350 km inland, rapid river incision initiated at the Early Miocene (~22-15 Ma) (Fig.
2571) (Tian et al., 2014). Combining the latter study with our new results implies that river
258erosion took 5-10 Myr to propagate headward from the study area to the Daocheng site.
259Fourth, in the central Longmen Shan, recent studies by Wang et al. (2012) and Guenthner et
260al. (2014) suggest a phase of rapid cooling during 30—20 Ma. Finally, the Oligocene to Early
261Miocene onset of river incision is also consistent with the sedimentation record in the South
262China Sea, whose sediments were fed by erosion of the southeastern Tibetan Plateau with the
263sedimentation rate peaking in the latest Oligocene to mid-Miocene (24-11 Ma) (Clift, 20006),
264suggesting that surface uplift in the southeastern Tibetan Plateau started during the
2650ligocene. Therefore, it is very likely that the Oligocene to Early Miocene river incision was
266a regional event, and a response to the eastward growth of the Tibetan Plateau.

267 Below we provide two possible tectonic models to explain the Oligocene — early
268Miocene growth of the southeastern Tibetan Plateau. First, we consider the implications of
269our data for the lower crustal thickening and flow model of Clark et al., (2005a) and
270Schoenbohm et al.(2006). Under this model, the Oligocene - Early Miocene phase of plateau
271growth observed in the present study would require such thickening and flow to have
272commenced at Oligocene - Early Miocene time rather than Late Miocene time (Clark et al.,
2732005b). According to the thermal-mechanical model of Beaumont et al. (2004), thickened
274crust may produce ductile flows that propagate into adjacent crust after a ~10-20 Myr period
2750f lower crustal thermal weakening. This implies that the Tibetan hinterland may have
276acquired a thickened crust by ~50-40 Ma to produce the required Oligocene — early Miocene
277flow in the study area. Recent palaeoaltimetry results from the Linzizong Group in southern
278Tibet imply that the central Lhasa Block have achieved high elevations (~4.5 km), indicative
2790of a thickened crust, at least by ~53 Ma (e.g., Ding et al., 2014). It is therefore possible to



280have a thickened and weak lower crust in the central Tibetan Plateau during the Oligocene,
281part of which flowed eastward to initiate the uplift of the southeastern Tibetan Plateau in
2820ligocene - Early Miocene time.

283 Alternatively, the Oligocene to Early Miocene onset of plateau uplift might indicate a
284different geodynamic process instead of lower crustal thickening and flow. In the crustal
285shortening and extrusion model (e.g., Tapponnier et al., 2001; Wang et al., 2001; Tian et al.
2862014), the study area experienced a transpressional regime during Oligocene to Early
287Miocene time, characterised by north-south compression in the west and northwest-southeast
288left-lateral shearing in the east. This transpressional deformation would have resulted in
289regional surface uplift and extensive exhumation focused on the southeastern Tibetan Plateau
290(Tian et al., 2014).

291 This model is consistent with several geological records of the transpressional
292deformation in the southeastern Tibetan Plateau, as summarized next. (1) Cooling ages from
293the shear zones indicate that shearing along the Gaoligongshan-Chongshan and Ailaoshan
294shear zones occurred at 34-32 Ma (Wang et al., 2006; Akciz et al., 2008) and ~35 Ma (Leloup
295et al., 2001), respectively. (2) A belt of transpressional and transtensional basins formed
296during the Eocene to Neogene (SBGMR, 1991; Spurlin et al., 2005). These basins were
297rearranged by extrusion of the Indochina Block (Wang and Burchfiel, 1998), as evidenced by
298palacomagnetic studies indicating that NW Yunnan has undergone ~90-45° of clockwise
299rotation (relative to the South China Block) since the Oligocene (Sato et al., 2007). (3) Recent
3oostudies reported several late Oligocene - early Miocene transpressional structures in the
301southeastern Tibetan Plateau (Tapponnier et al., 2001; Wang et al., 2012). (4) An Eocene to
3020ligocene (~40-30 Ma) potassic magmatic suite, whose geochemical signatures suggest
303coeval northeastward continental subduction or delamination of overthickened continental
304lithospheric mantle following the India-Asian collision, extends over 2000 km along a belt
305running from the central Tibetan Plateau to the southeastern Asia, via the study area (Wang et
306al., 2001; Chung et al., 2005; Spurlin et al., 2005; Lu et al., 2012). (5) To the west of the
307study area, early Miocene and earlier crustal compression occurred, as documented in the
308Hoh Xil and Yushu-Nanggian basins. In the Hoh Xil basin, studies of the strata, deformation,
309igneous activity, and exhumation of the basin have identified a phase of north-south
310shortening, which finished by ~30-22 Ma (Liu et al., 2001; Wang et al., 2008). (6) Detrital
311geochronology indicates that the present Yangtze River system was established after latest
3120ligocene drainage adjustment (Clift et al., 2006), which is considered to be synchronous

313with the start of strike-slip tectonism and surface uplift in southeastern Tibetan Plateau

10



314(Zheng et al., 2013).

315

3165. Conclusion

317 This work reports new AHe ages from the Laojunshan intrusion, near the first bend of
318the Yangtze River in the southeastern Tibetan Plateau. The ages cluster at 20-30 Ma, and
319show a positive relationship with elevation, suggesting a phase of Oligocene — early Miocene
320phase of moderate river incision at a rate of ~0.10-0.18 mm/yr.

321 These results are consistent with recent palacoelevation reconstructions using the stable
322isotope composition of carbonates from the nearby sedimentary basins, which indicate that
323the southeastern Tibetan Plateau has been near its present elevation in late Eocene time. The
324newly identified Oligocene — early Miocene phase of river incision and surface uplift has the
325following two major implications. (1) It would require that lower crustal thickening and flow
326underneath the southeastern Tibetan Plateau to have commenced at Oligocene - Early
327Miocene time rather than the Late Miocene time suggested by previous studies. (2)
328Alternatively, Oligocene to Early Miocene plateau growth might have resulted from
329transpressional deformation in the southeastern Tibetan Plateau.
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535Figure Captions:
536Figure 1. Tectonics and regional topography of the eastern Tibetan Plateau. Inserted panel:

537neotectonic framework of the Tibetan Plateau, showing location of the study area (shaded
538rectangle). Abbreviations: ATF = Altyn Tagh Fault; GXF = Ganze-Xianshuihe Fault; HF =
539Haiyuan Fault; JF = Jiali Fault; KLF = Kunlun Fault; RRF = Red River Fault; SB = Sichuan
540Basin; SF = Sagaing fault; TB = Tarim Basin; TP = Tibetan Plateau. Also shown are previous
541determinations for the age of onset of river incision at sites marked by grey stars. Reference
542codes are: 1 = Clark et al., (2005b); 2 = Ouimet et al., (2010); 3 = Wang et al., (2012); 4 =
543Kirby et al., (2002) and Wang et al., (2012); 5 = Tian et al., (2013), Cook et al., (2013), and
544Guenthner et al., (2014); 6 = Tian et al. (2014); 7 = Tian et al. (2015); 8 = Hoke et al. (2014);
5459 = Li et al. (2015); 10 = McPhillips et al. (2016). The star filled in white shows the locality
5460f this study.

547

548Figure 2. Topographic map (SRTM) of the study area, showing the samples locations, river
549network and Cenozoic faults. The samples were collected from a tributary nearby the first
550bend of the Yangtze River.

551
552
553Figure 3. Generalized geological map of the study area, modified after YBGMR, (1984). Also

554compiled are sample localities and previously reported SHRIMP U-Pb results by Lu et al.
555(2012).

556

557

558Figure 4. Plots of AHe ages versus effective uranium concentration [eU] (a), and equivalent
559radius (Rs), the radius of a sphere with an equivalent surface area-to-volume ratio as the
560cylindrical crystals (b).

561

562

563Figure 5. Plot of AHe age versus elevation. Excluding the six abnormally old ages plotted in
564grey, the age-elevation relationship yields an erosion rate of ~0.10-0.18 m/yr. The cyan

565regions marks the range of zircon U/Pb ages.
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566Tables:
567
568Table 1. Information of samples reported in this study

569
570Table 2. Results of single-grain apatite (U-Th-Sm)/He dating

571
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572Appendix Al

573For AFT analysis, grains were mounted in epoxy resin on glass slides, ground and polished to
574an optical finish to expose internal grain surfaces. Mounts were etched in SM HNOj; for 20
575seconds at 21°C to reveal the fossil tracks and possible dislocations in the crystal structure.
576Apatite grains of all samples from the Laojunshan intrusion are found to be rich in
577dislocations, which are often curved and parallel after being etched. Apatite of this kind is not
578suitable for fission-track dating, because some dislocations may be too similar to fission-
579tracks to be identified.

580

581

582Figure Al: (a) A representative photo of etched apatite fission-track mount from the
583Laojunshan intrusion (SG1407), showing the presence of numerous crystal dislocations,
584which are often curved and parallel after being etched. (b-c) Close-up views of curved and

585parallel dislocations in panel (a).

18



586Figures and captions:
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588Figure 1. Tectonics and regional topography of the eastern Tibetan Plateau. Inserted panel:
589neotectonic framework of the Tibetan Plateau, showing location of the study area (shaded
590rectangle). Abbreviations: ATF = Altyn Tagh Fault; GXF = Ganze-Xianshuihe Fault; HF =
591Haiyuan Fault; JF = Jiali Fault; KLF = Kunlun Fault; RRF = Red River Fault; SB = Sichuan
592Basin; SF = Sagaing fault; TB = Tarim Basin; TP = Tibetan Plateau. Also shown are previous
593determinations for the age of onset of river incision at sites marked by grey stars. Reference
594codes are: 1 = Clark et al., (2005b); 2 = Ouimet et al., (2010); 3 = Wang et al., (2012); 4 =
595Kirby et al., (2002) and Wang et al., (2012); 5 = Tian et al., (2013), Cook et al., (2013), and
596Guenthner et al., (2014); 6 = Tian et al. (2014); 7 = Tian et al. (2015); 8 = Hoke et al. (2014);
5979 = Li et al. (2015); 10 = McPhillips et al. (2016). The star filled in white shows the locality
5980f this study.
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601Figure 2. Topographic map (SRTM) of the study area, showing the samples locations, river

602network and Cenozoic faults. The samples were collected from a tributary nearby the first
603bend of the Yangtze River.
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607Figure 3. Generalized geological map of the study area, modified after YBGMR, (1984). Also
608compiled are sample localities and previously reported SHRIMP U-Pb results by Lu et al.
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613Figure 4. Plots of AHe ages versus effective uranium concentration [eU] (a), and equivalent
614radius (Rs), the radius of a sphere with an equivalent surface area-to-volume ratio as the

615cylindrical crystals (b).
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620Figure 5. Plot of AHe age versus elevation. Excluding the six abnormally old ages plotted in

621grey, the age-elevation relationship yields an erosion rate of ~0.10-0.18 m/yr. The cyan

622regions marks the range of zircon U/Pb ages.
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625Figure Al: (a) A representative photo of etched apatite fission-track mount from the

626Laojunshan intrusion (SG1407), showing the presence of numerous crystal dislocations,
627which are often curved and parallel after being etched. (b-c) Close-up views of curved and
628parallel dislocations in panel (a).
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