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9 Abstract Collapse is a common geomorphic process in

10 karst areas, especially on the Yunnan-Guizhou Plateau,

11 which has a tectonic background of integral uplift. The

12 frequent occurrence of collapse processes in karst under-

13 ground caves and canyons indicates that collapses play an

14 important role in the formation of canyons. Through an

15 analysis of the morphology of a semicircular cliff in the

16 Huajiang Grand Canyon and an investigation of sediments

17 at the bottom of the cliff, a large-scale collapse event was

18 found to have occurred. U-series dating of secondary cal-

19 cium carbonate cement in the collapse breccias indicates

20 that collapse processes occurred approximately 200 ka.

21 According to the geomorphological evolution of the Hua-

22 jiang Grand Canyon, the following geomorphic

23evolutionary process is proposed: underground river—cave

24hall—collapse of a tiankeng—tiankeng degradation—can-

25yon formation. These findings also show that the dating of

26collapsed breccia cement can be effectively used to

27determine the development times of karst canyons and the

28formation ages of tiankengs.

291 Introduction

30Canyons are peculiar landscape morphologies produced by

31multiple processes (Hill et al. 2008; Karlstrom et al. 2014;

32Wang et al. 2014). Canyons form in different lithologies,

33but they are often found in karst terrains (Ford 1973;

34Abbott et al. 2015; Telbiszet al. 2019). Because karst

35allows underground drainage, river banks are not signifi-

36cantly eroded, and steep slopes are preserved. Therefore,

37deep canyons are a common and remarkable feature of

38karstic landscapes (Sweeting 1995). In uplifting areas,

39rivers progressively cut across landforms (Nicod 1997);

40thus, the development of deep canyons is controlled by the

41base level (Fabre and Nicod 1978). Another key factor in

42the development of canyons is gradually deepening from

43the lower to upper reaches of valleys, which is driven by

44the migration of the knickpoint (Germanoski and Ritter

451988; Hu et al. 2016). However, in karst terrains, cave

46collapse also plays a significant role (Nicod 1997).

47The Yunnan–Guizhou Plateau (Southwest China) has

48been uplifted since the Cenozoic (Tapponnier 2001; Clark

49et al. 2006) due to the uplift of the Qinghai–Tibetan Pla-

50teau. The rapid uplift of this extensive Chinese karst region

51has favoured underground drainage and thus the formation

52of caves. The expansion of underground spaces (lateral

53and/or vertical expansion) eventually leads to the collapse
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54 of caves. On the Guizhou Plateau, the collapse of under-

55 ground river passages is very common (Zhang and Mo

56 1982; Sweeting 1995; Szczygiel et al. 2018), often causing

57 the opening of the chamber roof to the ground surface.

58 Several morphologies in this area (i.e., large depressions,

59 canyons, valleys, cones, and tower karst) are attributed to

60 cave collapse (Ambert and Nicod 1981; Alexander 2005),

61 including tiankengs. The latter are giant collapse dolines

62 with continuous precipitous walls (Alexander 2005; Zhu

63 and Chen 2005; Waltham 2015; Michelena 2020). In most

64 cases, the accumulation of colluvium can be observed at

65 the bottom of tiankengs. According to the evolution of

66 similar landforms, large underground rivers are prone to

67 collapse, thus forming tiankengs. The Xingwen Tiankeng

68 group in Sichuan (Waltham 2005), Wulong Tiankeng

69 group in Chongqing (Alexander 2005; Szczygiel et al.

70 2018), and Leye Tiankeng group in Guangxi (Zhu and

71 Waltham 2005) are other examples of tiankengs. Many

72 tiankengs are also distributed on the tributaries of large

73 rivers on the plateau. For example, the Dacaokou and

74 Xiaocaokou Tiankengs on the Yijie River, which is a

75 tributary of the Wujiang River, and the Jiudongtian Tian-

76 keng on the Liuchong River in the upper reaches of the

77 Wujiang River are narrow, long tiankengs formed by col-

78 lapsed cave passages (An et al. 2019). These tiankengs

79 represent the embryonic form in the evolution from tian-

80 keng to canyon.

81 The shape of tiankengs evolves because of the lateral

82 expansion of the walls and collapses. If these karst-related

83 features endure through time, the original morphology is

84 obliterated. Thus, understanding the evolution of a karst

85 area where tiankengs have reached a mature stage might be

86 difficult. As for all morphologies related to underground

87 voids (Sasowsky 1998), determining the age of tiankengs is

88 complicated (Shui et al. 2015). There have been several

89 attempts to determine the chronological evolution of these

90 landforms in China using different approaches. According

91 to geological observations, Zhu and Chen (2005) specu-

92 lated that most tiankengs in China formed since the Late

93 Pleistocene, while Wei et al. (2019) inferred that Fengjie

94 Tiankeng was formed in the late Middle Pleistocene. Meng

95 et al. (2017) also determined that the exposure age of

96 Dashiwei Tiankeng is at least 100–200 ka BP based on

97 bedrock cosmogenic 36Cl exposure dating. Therefore, more

98 exhaustive information about the age and evolution of

99 these morphologies is needed.

100 Cave deposits can be dated to infer the ages of caves

101 (Polyak et al. 2008; Granger and Fabel 2012; Anthony

102 2012; Columbu et al. 2021). Chemically precipitated car-

103 bonate (i.e., speleothems) is an ideal candidate because

104 U-series dating of calcite is very efficient (Cheng et al.

105 2016). Importantly, speleothems are deposited after cave

106 formation (Wang et al. 2004; Columbu et al. 2015) in either

107subaerial or submerged conditions (De Waele et al. 2018).

108Speleothems found at the surface indicate that the original

109hosting cave has been disrupted (Columbu et al. 2017).

110This paper investigates the evolution of the Huajiang

111Grand Canyon on the Guizhou Plateau in the middle

112reaches of the Beipan River. Geomorphological observa-

113tions suggest the presence of a relict tiankeng, and sec-

114ondary carbonate dating was applied to deposits previously

115formed in underground environments. Accordingly, this

116paper aims to reconstruct the genesis of the current canyon

117relative to the maturation of the relict tiankeng, placing this

118karst-related process into a congruent geochronological

119timeframe.

1202 Area of study

121The Beipan River originates from the eastern part of

122Yunnan Province and flows from northwest to southeast

123across the Yunnan–Guizhou Plateau (Fig. 1A–B). Reach-

124ing the slopes of Guangxi, this river is 449 km long with a

125drop of 1982 m, corresponding to an average drop of

1264.42%, and has a catchment area of 25,830 km2 (Fan et al.

1272018). Wide varieties of rocks are exposed in the basin,

128including a large number of soluble rocks, such as Devo-

129nian, Carboniferous, Permian, Triassic limestone, and

130dolomite, as well as nonsoluble rocks, such as siltstone and

131mudstone.

132Under the influence of lateral extrusion from the

133southeastern Qinghai–Tibetan Plateau, the Yunnan–Guiz-

134hou Plateau has undergone differential uplift alongside the

135uplift of the Qinghai–Tibetan Plateau. Low-relief and high-

136elevation surfaces are broadly distributed, elevation

137decreases gradually from the northwest to the southeast,

138and western plateau surfaces with altitudes of

1392100–2200 m and eastern plateau surfaces with altitudes of

1401300–1400 m are relatively intact (Clark et al. 2006). The

141valleys of the Beipan River and its tributaries are deep, and

142the plateau is divided by numerous rivers. The surface has

143experienced extensive erosion, resulting in a shortage of

144widespread, continuous Quaternary sediments (Liu et al.

1452013).

146The Huajiang Canyon is located in the middle reaches of

147the Beipan River, 5 km upstream from Huajiang village

148(Fig. 1). Covering a total length of 30 km (Fig. 1C), the

149canyon coincides with the Zhenfeng Fault. On the western

150side of the fault, a well-preserved karst plateau surface is

151maintained, with an average elevation of 1300–1400 m

152(Fig. 1D). On the eastern side of the fault, the terrain is

153relatively low with no intact plateau surface, forming a

154hilly country with an elevation of 500–1000 m. With the

155fault as the boundary, the lower reaches of the river are

156open, and the river becomes sluggish, while the upper

Acta Geochim

123
Journal : Large 11631 Dispatch : 17-11-2021 Pages : 11

Article No. : 510
h LE h TYPESET

MS Code : CJOG-D-21-00210R2 h CP h DISK4 4



U
N

C
O

R
R

E
C

T
E

D
PR

O
O

F

157 reaches exhibit deep canyons. In the section containing

158 Huajiang village, the vertical drop of the canyon is very

159 large, with a depth of approximately 800–1000 m. In this

160 section, the river cuts deeply into the dolomite strata of the

161 Triassic Yangliujing Formation. In the study area, the

162 canyons consist of an * 3-km-wide outer canyon and

163 an * 150-m-wide inner canyon with a depth of 200 m.

164 The two sides of Huajiang Canyon are surrounded by

165 plateau surfaces, with several 100–200 m-high fengcongs

166 present (Fig. 1D).

167 Within Huajiang Canyon, a distinct platform is identi-

168 fied (25�4105200N, 105�3502400E). The elevation of this

169 platform is higher than that of the modern river channel by

170 approximately 200 m (Fig. 2A). The altitude of the plat-

171 form is approximately 700 m, and the elevation of the bed

172 of the Beipan River is 500 m. A semicircular vertical cliff

173 is retained on the side of the canyon where the Huajiang

174 platform is located. Furthermore, some residual peaks

175 occur on the opposite bank of the canyon. A large amount

176 of karst breccia has been deposited on the platform of

177 Huajiang village, with a thickness of 5–10 m. The bedrock

178 beneath the breccias is an ancient cave floor. In addition,

179 many remains of ancient stalagmites were observed on the

180 Huajiang platform (Fig. 3).

1813 Materials

182The breccias on the Huajiang platform are composed of

183dolomites, have a mixed structure with no obvious bed-

184ding, and are densely cemented by secondary calcium

185carbonate (Fig. 3c–j). According to their sedimentary

186characteristics, they can be identified as colluvial breccias

187with a thickness of 5–10 m. Many remains of ancient sta-

188lagmites were observed on the Huajiang platform. Some

189stalagmites remain upright, with dolomite bedrock at the

190bottom (Fig. 3l). Some of the damaged stalagmites are

191buried in the soil (Fig. 3k). Although all of the stalagmites

192were eroded and weathered under the soil in the later stage,

193laminae and morphological characteristics can be identified

194in the fracture section.

195Four secondary calcium carbonate deposits on the

196Huajiang platform were investigated (Fig. 3), two of which

197were breccia samples (BHJT2 and BHJT4): BHJT2 located

198at the bottom of the tiankeng (695 m a.s.l.) and BHJT4

199located on the slope at the edge of the tiankeng (780 m

200a.s.l.). The remaining samples (BHJT3BS and BHJT3CS)

201were two ancient stalagmites on the Huajiang platform.

202Samples for dating were obtained from the top and bottom

203of each stalagmite. Fortunately, freshly exposed breccias

Fig. 1 Study area. A Location of the Yunnan–Guizhou Plateau. B Location of the Beipan River. C Digital elevation model of Huajiang Canyon

and surrounding areas, with the main fault system shown. D Digital elevation model of the Huajiang Canyon area. E Simplified geologic map of

Huajiang Canyon (section A–A’ is shown in Fig. 3a)
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204 could be observed in a slope section excavated during the

205 construction of a road leading to Huajiang village. The

206 breccias were well cemented and compact. Sample BHJT2

207 was collected beside the road (695 m a.s.l.) from a location

208 1.8 m below the top surface of the breccias. Sample BHJT4

209 was collected beside the road (780 m a.s.l.) from a location

210 3 m below the top of the profile. Sampling targeted loca-

211 tions potentially repaired after post-depositional weather-

212 ing. Samples were detached from the original surface using

213 a hammer and chisel. Thin sections of all breccia samples

214 were prepared for petrographic investigation (Fig. 3f, g–i,

215 j).

2164 Methods

217Petrographic thin sections were investigated using a Leica

218DM4500P polarizing microscope. Subsamples weighing

219approximately 50–100 mg were collected for U–Th dating

220by drilling along the growth layers using a dental hand

221drill. Dating was performed to attempt to establish the ages

222of the stalagmites and colluvium cementation to constrain

223the time(s) of the collapse event(s). When the bottom or top

224of a stalagmite was considered unsuitable for dating due to

225obvious clastic material in the laminae, samples of the

226closest clean and unaltered calcite were collected.

227The uranium-series dating method is an effective dating

228method for determining geological age based on the dise-

229quilibrium between radionuclide 238U and its decay

230daughters 234U and 230Th (Edwards et al. 1987). Using

Fig. 2 A 3D topographic map

of Huajiang Canyon. The

orange dotted line indicates the

shape of the original tiankeng.

B Photo of the degraded

Huajiang Tiankeng, looking

southeast. The yellow lines

point to the remaining cliffs

from the collapse
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231 multicollector–inductively coupled plasma–mass spec-

232 trometry (MC–ICP–MS), the U–Th dating method provides

233 a dating range from decades to 640 ka (Cheng, 2013). U–

234 Th dating was performed at the Uranium Series Chronol-

235 ogy Laboratory of the Institute of Geology and Geophysics

236 at the Chinese Academy of Sciences in Beijing. Chemical

237 treatment was performed following the Edwards method

238 (Edwards et al. 1987; Wang et al. 2017). The subsamples

239 were first dissolved in HNO3, followed by the addition of a

240few drops of HClO4. All samples were spiked with a

241229Th–233U–236U tracer (Chen et al. 1986; Shen et al. 2002;

242Cheng et al. 2013). The mixed solutions were placed on a

243150 �C hot plate for 5–10 h and evaporated to dryness.

244Then, the samples were dissolved in 2 M HCl and trans-

245ferred to clean centrifuge tubes. Approximately 10 mg of

246FeCl3 was added and mixed, followed by a few drops of

247NH3�H2O to adjust the pH to 7–8. In this step, a slightly

248reddish-brown Fe(OH)3 precipitate was formed, with

Fig. 3 a Huajiang Tiankeng profile. Its position is coincident with the dashed line (A–A’) in Fig. 1E. The yellow stars indicate sampling

locations. b Satellite image (from Google Earth) showing the degraded Huajiang Tiankeng. The yellow arrows indicate the sampling locations.

c Karst breccias (BHJT4) deposited in the slope area at the edge of the Huajiang Tiankeng. d Karst breccias (BHJT2), deposited at the bottom of

the Huajiang Tiankeng. e Hand specimen, BHJT4. f–g Microphotographs of BHJT4. h Hand specimen, BHJT2. i–j Microphotographs of BHJT2.

k Stalagmite buried under the soil and its longitudinal section. Crack formation due to dissolution under the soil is visible in the longitudinal

section of the stalagmite. l Stalagmites exposed on the Earth’s surface and their ages (the stalagmites are grown on the dolomite bedrock, and

samples for dating were collected from the bottom of the stalagmites). The locations of these residual stalagmites k–l are shown by yellow stars

in Fig. 2B (Dm represents dolomite, and Cal represents calcite)
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249 simultaneous coprecipitation of U and Th from the mixed

250 liquids. The precipitates were washed twice with ultrapure

251 water, dissolved in 0.5 mL 7 M HNO3, and dried again at

252 150 �C. Then, the samples were dissolved in 7 M HNO3

253 and loaded onto 7 M HNO3-conditioned anion-exchange

254 columns. Trace metal elements were eluted with 7 M

255 HNO3, Th was eluted with 8 M HCl, and U was eluted with

256 0.1% HNO3. The U and Th fractions were dried at 150 �C

257 and dissolved in 2% HNO3 ? 0.1% HF. The U and Th

258 recovery in this procedure was higher than 90%. The half-

259 lives of 234U and 230Th were determined based on data

260 proposed by Cheng et al. (2013). MC–ICP–MS was used to

261 determine the 230Th age of the eight samples. The details of

262 the instrumental parameters were described by Wang et al.

263 (2016).

264 5 Results

265 Petrographic investigations of two breccia hand specimens

266 facilitated the discrimination of textures and fabrics in each

267 sample (Fig. 3). All thin sections of breccia samples

268 showed no traces of dissolution or redeposition and were

269 thus considered suitable materials for U–Th dating.

270 The results of 230Th/U dating are presented in Table 1.

271 In general, the secondary calcium carbonate ages produced

272 realistic radiometric ages, with samples possessing high

273 238U contents and mostly high 230Th/232Th activity ratios.

274 Although the 232Th content in BHJT4 was high, which may

275 have been caused by detrital contamination, the

276 230Th/232Th ratio was still greater than 20. Accordingly, the

277 obtained ages have moderate to low uncertainties. For the

278 breccia samples, the BHJT2-1 age was 200,677 ± 1377 a,

279 the BHJT2-2 age was 19,577 ± 2580 a, and the BHJT4 age

280 was 205,486 ± 14,259 a (Fig. 3e–h). The age of the bot-

281 tom of the BHJT3BS stalagmite was 238,144 ± 3715 a,

282 while the ages at the top were 221,253 ± 5595 a

283 (BHJT3BS2) and 212,622 ± 5625 a (BHJT3BS3)

284 (Fig. 3l). The ages of stalagmite BHJT3CS ranged from

285 212,255 ± 3425 a (BHJT3CS1) to 203,253 ± 3471 a

286 (BHJT3CS2) (Fig. 3k).

287 6 Discussion

288 6.1 Age of the colluvium

289 When the underground river was at the elevation of the

290 platform of Huajiang village, the river eroded the tunnel

291 laterally, continuously expanding the underground cave

292 chamber, which provided storage space for large-scale and

293 possibly multiple collapses. Eventually, a large number of

294 colluvial deposits accumulated at the bottom of the original

295underground river channel. Due to the loose structure of

296breccia, cementation can occur if infiltrating water is

297supersaturated concerning carbonate (Piccini et al. 2003).

298Thick secondary calcium carbonate deposits were formed

299in some fractures, and these deposits have laminae similar

300to cave flowstones (Fig. 3d-h). According to the dates

301provided, cementation was probably completed within a

302very short time after the collapse (approximately 200 ka).

303Because of case hardening, the interblock porosity of the

304breccia was reduced, significantly lowering the possibility

305of later dissolution (Ford and Williams 2007). Therefore,

306the secondary calcium carbonate deposits in the breccia

307fractures were probably not redeposited. The lack of

308redissolution/redeposition effects promoted a closed sys-

309tem for uranium, facilitating reliable U-series dating. The

310cementation time of the breccia represents the time of the

311collapse event. Stalagmites are products of caves; there-

312fore, the ages of the stalagmites indicate when Huajiang

313Canyon was still in a cave environment. Karst areas in

314Southwest China generally lack sufficient surface sedi-

315ments (Liu et al. 2013). Consequently, the evolutionary

316history of the Guizhou Plateau is not clear, which greatly

317restricts our understanding of the formation and evolu-

318tionary processes of the Guizhou karst landforms. This

319study attempted to overcome this limitation by determining

320the cementation age of karst breccia cement.

3216.2 Causes of cave collapse in the Huajiang Grand

322Canyon

323Geomorphological observations and the presence of

324extensive breccia deposits suggest the occurrence of a

325large-scale collapse in Huajiang Canyon related to previous

326subterranean karst drainage. The stability of caves is lim-

327ited (Ford and Williams 2007), especially in areas char-

328acterized by rapid tectonic uplift. When the cavern in the

329study location was enlarged to a certain volume, it began to

330gradually collapse, exposing the underground features at

331the surface. Stalagmite BHJT3BS, which is currently at the

332surface, clearly supports this scenario. When the tiankeng

333first formed, it was likely ring-shaped. Its original mor-

334phology was eventually obliterated by additional collapses.

335At present, a residual vertical cliff remains on the western

336side of Huajiang gorge (Fig. 2).

337Cave collapse in the Huajiang Grand Canyon was pos-

338sibly triggered by a combination of the following tectonic

339and geological characteristics of the area:

340• Rapid uplift of the Yunnan–Guizhou Plateau since the

341Cenozoic is related to the tectonics of the Qinghai–

342Tibetan Plateau, which has been in an overall uplift

343tectonic environment. This has caused ongoing base

344level deepening, which promotes the formation of
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345 underground rivers (Sweeting 1995). The Huajiang

346 Grand Canyon is located west of the Zhenfeng thrust

347 fault. The western side is the hanging wall of the thrust

348 fault, and its tectonic uplift significantly increases the

349 river drop on both sides of the fault, resulting in

350 accelerated river downcutting.

351 • From a geological perspective, the Huajiang Grand

352 Canyon is carved into dolomite. In the past, the

353 dissolution rate of dolomite was believed to be lower

354 than that of limestone. However, a recent study on the

355 chemical denudation rate of dolomite in the Shibing

356 area of Guizhou Province showed that the dolomite

357 chemical denudation rate is similar to or even higher

358 than that of limestone under a similar climate (He et al.

359 2018). Importantly, dolomite is prone to collapse if a

360 static equilibrium is compromised (Luo et al. 2019).

361 Therefore, physical collapse is particularly important

362 for the formation of dolomite caves. The platform

363 around Huajiang village is characterized by abundant

364 collapse breccia deposits, which suggest the occurrence

365 of a large-scale collapse event. U-series dating analysis

366 of breccia cement samples from different parts and

367 altitudes in the tiankeng showed that the samples

368 experienced approximately synchronous cementation.

369 This implies that the collapse leading to the formation

370 of the tiankeng was completed in one main event or at

371 least within a short period. There are no younger large-

372 scale colluvial deposits above the breccia, except for

373 recent small-scale colluvial deposits found under the

374 cliff at the Huajiang Tiankeng. Minor collapse pro-

375 cesses may continue, but the collapse event that played

376 a decisive role in the landscape of Huajiang gorge

377 occurred * 200 ka. In addition, many ancient stalag-

378 mites were observed on the Huajiang platform (Fig. 3).

379 As stalagmites do not occur at the surface, the

380 development of the gorge can certainly be attributed

381 to cave collapse.

382 6.3 Evolutionary processes of Huajiang Canyon

383 According to field observations during the geomorpho-

384 logical survey and based on chronological data, the

385 development and evolutionary process of Huajiang Canyon

386 can be divided into four stages as follows:

387 • During the Early Pleistocene, surface rivers flowed

388 through wide valleys in the Huajiang gorge (Stage 1 in

389 Fig. 4), and the karst system had not yet formed.

390 Previous studies have also indicated the formation of

391 wide valleys in the upper reaches during the early

392 Pleistocene (Li 2001).

393 • Subsequently, due to the tectonic uplift of the western

394 side of the Zhenfeng Fault, the Beipan River base level

395dropped, promoting underground excavation. The

396underground river channel likely continued to erode

397laterally, continuously expanding the tunnel and form-

398ing large caverns, which favoured the occurrence of

399collapse and provided storage space for the accumula-

400tion of colluvium (Stage 2 in Fig. 4). At this stage,

401stalagmites formed at the bottom of the newly formed

402caves (Fig. 4). These stalagmites stopped growing

403approximately 203 ka.

404• The space in the underground cave continuously

405expanded, leading to one or more collapse events.

406According to the U-series dating of the cement, some

407collapses occurred * 200 ka BP. Subsequently, the

408underground rivers were exposed as surface rivers, and

409colluvium accumulated at the bottom of the tiankeng

410(Stage 3 in Fig. 4).

411• After colluvial deposition, with continuous tectonic

412uplift, the river underwent rapid incision. From the

413bottom of the colluvium, at altitudes of 685 to 500 m

414(current height of the river), the incision depth reached

415185 m, forming a deep canyon (Stage 4 in Fig. 4).

416Since 200 ka, the river incision rate has reached

4170.92 m/ka. This result is close to the research result

418of the incision rate of the Nizhu River canyon in the

419upper reaches of the Beipan River (Fan et al. 2021).

420Crustal uplift is a necessary condition for the formation

421of deep canyons (Hu et al. 2016). Rapid downcutting of

422the Huajiang gorge by the Beipan River was mainly

423controlled by the activity of the Zhenfeng Fault, which

424was attributable to the acceleration of tectonic uplift on

425the western side of the Zhenfeng Fault.

4267 Conclusion

427In this study, the formation and evolutionary processes of

428Huajiang Grand Canyon were explored. Field surveys were

429conducted, and analyses of samples collected from Hua-

430jiang Canyon in the middle reaches of the Beipan River

431were performed. The main findings can be summarized as

432follows:

433• A large number of collapsed breccias were preserved

434on the platform in the residual tiankeng of the Huajiang

435Grand Canyon on the Beipan River. U-series dating of

436two stalagmites found at the surface attested to the

437presence of an underground environment between 238

438and 203 ka. In contrast, the ages of breccia cements

439revealed that a large-scale collapse event occurred in

440Huajiang Grand Canyon at least * 200 ka.

441• Collapse is a very common geomorphic process in karst

442areas, especially under a tectonic background of

443integral uplift, such as that of the Yunnan–Guizhou
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444 Plateau. Collapses frequently occur in karst under-

445 ground caves and canyons. Many cave collapses lead to

446 the formation of skylights and tiankengs, and contin-

447 uous collapse leads to the formation of canyons.

448 Therefore, the collapse process is a common and very

449 important formation mechanism in the evolution of

450 karst gorges.

451 • Collapse phenomena and associated colluvium are very

452 common in karst areas, but their ages of occurrence are

453 difficult to determine. By U-series chronology testing

454 of collapse breccia cement, the time of collapse can be

455 accurately determined. This approach, combined with

456analyses of cave-specific deposits such as stalagmites,

457may provide an effective means for studying canyon

458development and determining the ages of tiankeng

459formations in karst areas.
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Fig. 4 Evolutionary model of Huajiang Canyon and the Beipan River
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