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ABSTRACT 24 

Speleothems can offer insights into terrestrial life because their formation is 25 

critically dependent on soil-microbial ecosystems. Here we report the wide distribution 26 

of miniature paleo-speleothems from the ~635 Ma Doushantuo cap dolostone in South 27 

China in order to understand the recovery of terrestrial life after the terminal 28 

Cryogenian Marinoan snowball Earth glaciation. The cap dolostone was deposited 29 

during the initial transgression following deglaciation, but subsequently developed 30 

extensive karstic cavities or sheet-cracks when the cap dolostone was brought to the 31 

phreatic zone during post-glacial rebound. The sheet-cracks were filled with multiple 32 

generations of cements, including isopachous dolomite formed in the phreatic zone and 33 

speleothems formed in the vadose zone. The paleo-speleothems are millimeters-34 

centimeters in size and include stalactites, stalagmites, helictites, moonmilk, flat crusts, 35 

and botryoids. The speleothems were silicified by subsequent hydrothermal processes, 36 

which also precipitated the chalcedony and quartz in the sheet-cracks and occurred 37 

before a renewed transgression in which ~632 Ma shales overlying the cap dolostone 38 

were deposited. The wide distribution of paleo-speleothems indicates the presence of 39 

an active soil-microbial ecosystem in the earliest Ediacaran Period and in the aftermath 40 

of the Marinoan snowball Earth. 41 

INTRODUCTION 42 

The Cryogenian Marinoan snowball Earth glaciation (ca. 650–635 Ma) likely 43 

had a catastrophic impact on both the marine and terrestrial ecosystems (Hoffman et 44 

al., 2017). Post-glacial recovery of the marine ecosystem is evidenced by the presence 45 

of microbialites (Romero et al., 2020) and eukaryotic biomarkers (van Maldegem et al., 46 

2019) in cap dolostone immediately overlying Cryogenian glacial deposits. The 47 

recovery of non-marine ecosystems in lacustrine, fluvial, and terrestrial environments, 48 



 

 

on the other hand, has not been investigated, although geochemical (Kennedy et al., 49 

2006; Knauth and Kennedy, 2009; Kump, 2014) and paleontological data (Horodyski 50 

and Knauth, 1994; Strother et al., 2011; Wellman and Strother, 2015) suggest that these 51 

environments had been colonized prior to the Cryogenian Period. The recovery of 52 

terrestrial ecosystems is particularly important for the well-being of the entire 53 

biosphere, because they facilitate the liberation of bio-available nutrients from minerals 54 

(van der Heijden et al., 2008) and the supply of these nutrients to the marine realm 55 

(Thomazo et al., 2018). 56 

Karstic deposits, particularly speleothems, are terrestrial deposits that can 57 

archive remarkable paleoenvironment records (Verheyden et al., 2000; McDermott, 58 

2004; Fairchild et al., 2006). Studies of modern karstic caves suggest that speleothem 59 

deposition is mostly controlled by the evolution of CO2 contents in drip-waters, which 60 

originate from meteoric precipitation at equilibrium with atmospheric CO2 and then 61 

become CO2-supersaturated when interacting with soil-microbial systems where 62 

microbial respiration and organic decomposition led to CO2 enrichment, followed by 63 

CO2 degassing in caves (Dörr and Münnich, 1986; Baker et al., 1996; Frisia and 64 

Borsato, 2010). Thus, paleo-speleothems, such as dripstones (Amodio et al., 2018), 65 

micro-stalactites (Freytet and Verrecchia, 2002; Qing and Nimegeers, 2008), and 66 

stromatolitic coatings (Álvaro and Clausen, 2010), are important evidence for subaerial 67 

exposure and paleo-pedogenesis. 68 

The extensive karstic surface atop the 635 Ma cap dolostone in Africa, Canada, 69 

and South China (James et al., 2001; Shields et al., 2007; Zhou et al., 2010), offers a 70 

rare opportunity to explore paleo-speleothems in order to illuminate the terrestrial 71 

ecosystems in the aftermath of the Marinoan snowball Earth glaciation. In this paper, 72 

we report miniature paleo-speleothems (including stalagmites, stalactites, helictites, 73 



 

 

moonmilk, flat crusts, and botryoids) preserved in the karstic sheet-cracks in the 635 74 

Ma cap dolostone of the basal Ediacaran Doushantuo Formation in South China. These 75 

paleo-speleothems not only confirm the post-glacial isostatic rebound event as 76 

documented previously, but also indicate a rapid re-establishment of the terrestrial soil-77 

ecosystem following deglaciation. 78 

GEOLOGICAL SETTING 79 

The early Ediacaran Doushantuo Formation was deposited on a passive 80 

continental margin on the Yangtze Block of South China (Fig. DR 1). It overlies the 81 

terminal Cryogenian Nantuo Formation, which consists of glacial diamictite ranging 82 

from a few meters thick in shallow-water platform facies to >1000 m thick in basinal 83 

facies (Zhou et al., 2010). The Doushantuo Formation begins with a 3–5 m thick cap 84 

dolostone, which was deposited at ca. 635 Ma in a <106 yr interval during the initial 85 

transgress following deglaciation (Zhou et al., 2010; Zhou et al., 2019). The cap 86 

dolostone contains abundant sheet-cracks (Jiang et al., 2006) and is capped by an 87 

extensive karstification surface in South China (Zhou et al., 2010). The sheet-cracks are 88 

interpreted as karstic cavities that were formed through interaction with meteoric water 89 

in the phreatic zone when the cap dolostone was subaerially exposed due to post-glacial 90 

rebound (Zhou et al., 2010). 91 

METHODS 92 

Sheet-crack samples were collected from five sections across the Yangtze 93 

Platform (Fig. DR 1). Fifteen of these samples were subjected to petrographic analysis, 94 

including one (ZCP-1) from the Zhangcunping section (N31°17′34″, E111°12′30″) and 95 

three (14XFH-1, 14XFH-3, and 14XFH-5) from the Xiaofenghe section (N30°48′54″, 96 

E111°03′20″) in Hubei Province, three (14DPc1-1, 14DPc1-2 and 14DPc1-3) from the 97 

Daping section (N28°59′01″, E110°27′42″) in Hunan Province, and four (16WH-1, 98 



 

 

16WH-2, 16WH-3, and 16WH-4) from the Wenghui section (N27°49′55″, 99 

E109°01′32″) and four (18BDS-2, 18BDS-4, 18BDS-7, and 18BDS-9) from the 100 

Beidoushan section (N27°01′40″, E107°23′22″) in Guizhou Province. Petrographic thin 101 

sections (100 μm and 200 μm thick) and polished slabs were cut perpendicular or 102 

parallel to the bedding plane and were investigated using transmitted light microscopy 103 

(TLM), reflected light microscopy (RLM), epifluorescent light microscopy (ELM), and 104 

backscattered scanning electron microscopy (BSEM). 105 

PALEO-SPELEOTHEMS 106 

Sheet-cracks in the cap dolostone are filled with a consistent sequence of 107 

cements, which start with isopachous dolomite (ID; sometimes with barite), followed 108 

by siliceous minerals (chalcedony and quartz), and end with blocky calcite and barite 109 

(Zhou et al., 2017b). The ID fabric is regarded as early-stage cement precipitated in the 110 

phreatic zone where meteoric water and sea water mixed, because ID is distinguished 111 

by coarse euhedral dolospar (ca. 500 μm long) with straight crystal edge and Middle-112 

REE enrichment model with Fe/Mn decrease from early to late stage (Unpublished 113 

data). The blocky calcite phase, characterized with extremely negative δ13Ccarb values, 114 

are regarded as late-stage cement (Zhou et al., 2010). Paleo-speleothems described here 115 

occur in the intermediate phase and most of them are silicified with a chalcedony 116 

although some are partially silicified with residual calcareous fabrics (Fig. DR 2). 117 

Based on comparison with modern speleothems (Banks and Jones, 2012) and following 118 

terminology in modern speleology, the Doushantuo paleo-speleothems are regarded as  119 

microspeleothems and described under six morphological types, including stalactites, 120 

stalagmites, helictites, moonmilks, flat crusts, and botryoids (Figs. 1–4; Fig. DR 2B). 121 

Stalactites occur in sheet-cracks at Beidoushan and Wenghui (Figs. 1, 2A, 2D, 122 

2F). They hang downwards from the ceiling of sheet-cracks and occur either singularly 123 



 

 

or as coalesced multi-stalactites. Individual stalactites are 3–8 mm in diameter and 1–124 

30 mm in length. A stalactite typically consists of a “soda-straw” drip channel in the 125 

center (Figs. 1B–D, 2D), which is ~100 μm in diameter, lined with brown organic 126 

material, and filled with cryptocrystalline chalcedony. The drip channel is surrounded 127 

by a layer of fibrous chalcedony about 400–500 μm thick and then alternating organic-128 

rich and organic-poor chalcedony laminae each about 20 μm thick (Figs. 1B–D). Some 129 

of these laminae appear botryoidal in shape (best seen in longitudinal sections, e.g., Fig. 130 

1C), reflecting stable and slow feeding of ground water. The outermost laminae are 131 

typically thicker (100–200 μm thick; Fig. 1C). 132 

Stalagmites, which grow upwards from the floor of sheet-cracks, were found at 133 

Wenghui, Xiaofenghe, and Beidoushan (Figs. 2A–B, 2D–E, 3E). Different from 134 

stalactites, stalagmites do not have a “soda-straw” drip channel. They taper distally, 135 

with a diameter of ca. 5–13 mm in diameter and a length of ca. 10–35 mm, thus 136 

representing "minimum-diameter" stalagmites (Fairchild and Baker, 2012) formed in 137 

microkarst such as sheet-cracks where drip fall heights are short (Gams and Beck Barry, 138 

1981). A longitudinal section shows that the stalagmite starts with a stacked mamillary 139 

structure (Fig. 2B), which is typically observed at the bottom of modern stalagmites 140 

(Baker et al., 1993; Tan et al., 2006; Tan et al., 2013; Railsback et al., 2018) and 141 

represents turbulence of dripping water at the beginning of stalagmite deposition 142 

(Dreybrodt and Romanov, 2008). Later growth is characterized by more continuous, 143 

smooth, and alternating organic-rich and organic-poor laminae each 20–40 μm in 144 

thickness (total ~2 mm in thickness, Fig. 2C), similar to modern calcareous stalagmites 145 

(Baker et al., 1993; Tan et al., 2013; Railsback et al., 2018). In one example, a 146 

stalagmite meets a stalactite (Fig. 1A), forming a stalagnate (Gribovszki et al., 2017) 147 

that extends from the ceiling to the floor of a sheet-crack. Although most stalagmites 148 



 

 

are silicified with a chalcedony fabric, those from Xiaofenghe are partially silicified, 149 

with residual calcite core and laminae (Fig. 3E). 150 

Elongate helictites growing obliquely in random directions were observed at 151 

Beidoushan (Figs. 3A–B). They can be vermiform, filiform, ramiform, straight, curved, 152 

or twisted. They are typically ca. 1–2 mm long and 200–300 μm wide. A narrow central 153 

canal 10–20 μm in diameter occurs in the center of helictites (Fig. 3B, arrows). The 154 

helictites typically consist of an inner zone (100–200 μm wide) of homogenous cement 155 

and an outer zone (50–100 μm wide) of laminae enriched in clay and organic matter. 156 

Moonmilk at Beidoushan appears as a laterally continuous botryoidal crust on 157 

sheet-crack walls (Figs. 3C–D). Moonmilk typically consists of a microcrystalline core 158 

(a few μm thick) and an outer shell (~500 μm thick) with alternating organic-poor and 159 

organic-rich laminae, similar to Holocene moonmilk from the Grotta Cesare Battisti 160 

cave, North Italy (Borsato et al., 2007). Filamentous microfossils are preserved in the 161 

microcrystalline core (Figs. 3C–D, arrows), reminiscent of filamentous micro-162 

organisms in modern moonmilk (Cañaveras et al., 2006; Baskar et al., 2011). 163 

Flat crusts are common in sheet-cracks observed in this study (Figs. 1A, 2A–C, 164 

3A, 4A–C). Previously described as isopachous aggregates (Zhao et al., 2018), flat 165 

crusts are typically continuously flat or slightly wavy isopachous cements, ca. 0.1–10 166 

mm thick, on sheet-crack walls (Figs. 4A–C) and sometimes intergrading laterally to 167 

stalactite (Figs. 1A, 2A), stalagmites (Figs. 2A –B) and helictites (Fig. 3A). They 168 

consist of alternating organic-poor and organic-rich laminae each about 20–60 μm thick 169 

(Figs. 2C, 4C). 170 

Botryoids up to 5 mm in size are found coating on sheet-crack walls at 171 

Zhangchunping, Beidoushan, and Daping (Figs. 4D–H). Typically, botryoids start with 172 

aggregates of clotted material that are covered with alternating organic-rich and 173 



 

 

organic-poor laminae (Figs. 4E–F). Partially silicified botryoids show that the laminae 174 

were originally calcareous (Figs. 4F–G). 175 

DISCUSSION 176 

Modern siliceous speleothems can be either primary (Aubrecht et al., 2008) or 177 

secondary (Skotnicki and Knauth, 2007). Primary or protogenetic siliceous 178 

speleothems developed in caves or lava tunnels overlain by silicate rocks such as 179 

quartzites, sandstones, or igneous rocks (Aubrecht et al., 2008). Although the Member 180 

II black shale overlying the cap dolostone in the Doushantuo Formation (Cao et al., 181 

1989) could in principle be a silica source for the siliceous paleo-speleothems described 182 

in this paper, this scenario is inconsistent with the lack of karstic features in the black 183 

shale. Instead, we suggest that the Doushantuo paleo-speleothems are secondary. In 184 

other words, they were originally calcareous speleothems but later silicified by low-185 

temperature hydrothermal processes. This interpretation is consistent with partially 186 

silicified paleo-speleothems from Daping (Figs. 4F, 4G) and Xiaofenghe (Fig. 3E), 187 

where residual calcareous laminae are preserved. 188 

Although the Doushantuo paleo-speleothems are secondarily silicified, there is 189 

evidence suggesting that both speleothem precipitation and secondary silicification 190 

occurred sometime between 635 Ma and 632 Ma. Zhou et al. (2010) recognized three 191 

events associated with the Doushantuo cap dolostone : (1) postglacial transgression and 192 

cap dolostone deposition at ca. 635 Ma (Zhou et al., 2019); (2) isostatic rebound and 193 

cap dolostone karstification; and (3) renewed transgression and deposition of 194 

Doushantuo Member II black shale, which dates to 632 Ma (Condon et al., 2005). 195 

Because the Doushantuo Member II is not karstified, the second event (cap dolostone 196 

karstification and speleothem formation) is constrained between 635 Ma and 632 Ma. 197 

Further evidence suggests that karstification, speleothem formation, and 198 



 

 

secondary silicification all occurred around 635 Ma. First, the top of the cap dolostone 199 

represents a karstification surface and is covered by a volcanic ash dated at 635.2 Ma 200 

(Condon et al., 2005), placing a maximum age constraint on karstification. Second, the 201 

vertical length of the paleo-speleothems (10–35 mm) suggested an estimated duration 202 

of karstification around 3.5 ka. This estimated is based on a mean growth rate of 5.1 203 

μm/yr for stalagmites in the last glaciation in southern Brazil (Cruz et al., 2006), a 204 

growth rate of ~10 μm/yer for stalagmites since the last glaciation in South China (Lin 205 

et al., 2005), speleothem growth rates of 9–14 μm/yr and 7.4–11.2 μm/yr during the 206 

late Pleistocene deglaciation period in Brazilian subtropics (Cruz et al., 2006). Third, 207 

although the chalcedony fabric of the silicified paleo-speleothems and the silica phase 208 

filling the space in between are both regarded as low-temperature hydrothermal 209 

precipitates based on fluid-inclusion homogenization temperatures (Zhou et al., 2017b), 210 

trace element features such as low Ge/Si ratios, depleted LREE patterns, and positive 211 

Eu anomalies in the silica phase indicate a mixture of marine and hydrothermal silicon 212 

source (Cui et al., 2019), suggesting that speleothem silicification probably occurred 213 

during the early stage of the second transgression shortly after 635.2 Ma. 214 

Doushantuo paleo-speleothems described here have modern analogs, which 215 

include gravitational and non-gravitational speleothems (Banks and Jones, 2012). 216 

Gravitational speleothems such as stalactites and stalagmites are related to dripping 217 

water sourced from the epikarst. When the dripping water saturated with calcium 218 

carbonate flows out of fissures, it degasses and deposits a thin calcite film that 219 

contributes to the growth of stalactites and stalagmites (Baker et al., 1993; Tan et al., 220 

2013; Railsback et al., 2018), with the alternating laminae representing the alternation 221 

between affluent and poor feeding or between stable and unstable precipitations (Brook 222 

et al., 1999; Baker et al., 2002; Tan et al., 2006). Doushantuo non-gravitational 223 



 

 

speleothems include helictites, moonmilk, botryoids, and flat crusts. Helictites may be 224 

related to hydrostatic pressure feeding capillary flow (Huff, 1940; Onuk et al., 2014), 225 

which is too slow to form a hanging droplet. The formation of modern moonmilk is 226 

probably driven by microbial-mediated nucleation and mineralization in the crystalline 227 

core (Cañaveras et al., 2006; Baskar et al., 2011), followed by relatively slow 228 

precipitation of clay-rich or organic-rich laminae in the shell (Borsato et al., 2000; 229 

Lacelle et al., 2004); this model is consistent with the presence of filamentous micro-230 

organisms in the core of Doushantuo moonmilk (Figs. 3C–D). Modern botryoidal and 231 

flat crusts are mainly controlled by evaporation and condense processes rather than drip 232 

water, and this may also apply to the Doushantuo counterparts. 233 

Modern karst studies indicated that the soil-ecosystem, which provides organic 234 

matter and CO2 in the epikarst zone, is a prerequisite for the formation of speleothems 235 

(Kaufmann, 2003; Blyth et al., 2008). Elevated CO2 concentrations in the soil-236 

ecosystem are necessary for seeping groundwater to dissolve carbonate minerals and 237 

pick up alkalinity on its way to caves, and is also required for CO2 degassing to drive 238 

speleothem precipitation when it leaves fissures. Critically, CO2 concentration in the 239 

infiltrating water must be greater than CO2 partial pressure in the cave atmosphere in 240 

order for speleothems to precipitate (White, 2005), and a soil-microbial ecosystem is 241 

the most parsimonious source of this elevated CO2 concentration for the Doushantuo 242 

paleo-speleothems. Similarly, organic matter from the soil-microbial system provides 243 

a source of organic matter to account for the alternating organic-rich and organic-poor 244 

laminae in the Doushantuo paleo-speleothems. Therefore, the paleo-speleothems 245 

described here, together with the filamentous microfossils trapped in them (Figs. 3C–246 

D), offer strong evidence for a speedy recovery of the terrestrial ecosystem and 247 

particularly the soil-microbial system in the aftermath of the Marinoan snowball Earth 248 



 

 

glaciation. 249 

CONCLUSIONS 250 

We report the wide distribution of silicified miniature paleo-speleothems from 251 

karstic sheet-cracks in the cap dolostone of the basal Ediacaran Doushantuo Formation 252 

in South China, which was deposited at ca. 635 Ma immediately after the terminal 253 

Cryogenian Marinoan snowball Earth glaciation. These speleothems include stalactites, 254 

stalagmites, helictites, moonmilk, botryoids, and flat crusts. They are interpreted to 255 

have formed during the post-glacial isostatic rebound, which drove the karstification of 256 

the cap dolostone. The speleothems were precipitated and then fully or partially 257 

silicified sometime between 635 Ma and 632 Ma, and more likely around 635 Ma. 258 

Insofar as speleothem precipitation critically depends on elevated CO2 concentrations 259 

in the soil-ecosystem, the wide occurrence of speleothems in the Doushantuo cap 260 

dolostone, together with filamentous microfossils trapped in these speleothems, 261 

provides robust evidence for a rapid post-glacial recovery of the terrestrial ecosystem 262 

and invites the investigation of paleo-speleothems in equivalent cap dolostone in other 263 

continents. 264 
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FIGURE CAPTIONS 273 

Figure 1. Polished slab and thin section of silicified speleothems in sheet-cracks of 274 

Doushantuo cap dolostone at Beidoushan section. (A) Scanned image of polished slab, 275 

showing flat crusts, singular stalactites, coalesced stalactites, a stalagnate (where a 276 

stalactite meets a stalagmite), and quartz cement between speleothems. (B) Transmitted 277 

light microscopic (TLM) image of petrographic thin section, showing transverse and 278 

longitudinal sections of stalactites. (C–D) Epifluorescence light microscopic (ELM) 279 

images of areas marked in (B), showing bright organic-rich and dull organic-poor 280 

laminae. The following symbols and abbreviations apply to this and all other figures: 281 

white dot line, cap; white solid line, isopachous dolomite; black solid line, flat crust; 282 

black solid arrow, singular stalactite; black hollow arrow, coalesced stalactite; black 283 

dot line, stalagnate; red solid arrow, “soda straw” drip channel; white solid arrow, 284 

calcite laminae in incompletely silicified speleothem; cap, cap dolostone; ID, 285 

isopachous dolomite; QC, quartz cement; CR, flat crust. 286 

 287 

Figure 2. Polished slab and thin sections of silicified stalagmites, stalactites, and flat 288 

crusts in sheet-cracks of Doushantuo cap dolostone at Wenghui section. (A) Digital 289 

image of polished slab, showing stalagmites, stalactites, and flat crusts. Stratigraphic 290 

up direction on top (blue arrow). (B) RLM image of petrographic thin section prepared 291 

from area marked in (A), showing stalagmites (longitudinal section) with mamillary 292 

aggregates (blue hollow arrows) and flat crusts. (D) TLM image of petrographic thin 293 

section prepared from area marked in (A), showing stalagmites, stalactites, and QC 294 

between paleo-speleothems. (C, E, F) ELM images of marked areas in (B) and (D), 295 

showing alternating bright organic-rich and dull organic-poor laminae, as well as “soda 296 

straw” drip channel in (F). 297 



 

 

 298 

Figure 3. Petrographic thin sections of silicified helictites, moonmilks, flat crusts, and 299 

a partially silicified stalactite in sheet-cracks of Doushantuo cap dolostone at 300 

Beidoushan (A–D) and Xiaofenghe (E) sections. (A) ELM image showing flat crusts 301 

with vermiform-like helictites. (B) Backscattered scanning electron microscopic 302 

(BSEM) image of area marked in (A) showing central canals (red hollow arrows). (C) 303 

TLM image showing isopachous dolomite (ID) and moonmilk. (D) Enlargement of area 304 

marked in (C), showing filamentous microfossils (green arrows in C and D). (E) RLM 305 

image of partially silicified stalactite with residual calcite laminae (white solid arrows). 306 

 307 

Figure 4. Polished slab, hand sample, and thin sections of silicified and partially 308 

silicified flat crusts and botryoids in sheet-cracks of Doushantuo cap dolostone at 309 

Beidoushan (A, E), Xiaofenghe (B), Wenghui (C), Zhangcunping (D), and Daping (F–310 

H) sections. (A) Scanned image of polished slab showing flat crusts on sheet-crack 311 

walls, with a cap dolostone breccia in center. (B) TLM image showing cap dolostone, 312 

ID, and flat crusts. (C) TLM image showing flat crust laminae. (D) Hand sample 313 

showing botryoids (red double-headed arrow) and the mold of the botryoids (black 314 

double-headed arrow) in a sheet-crack filled by cements growing from upper right and 315 

lower right. A red dot line highlights the boundary between sheet-crack walls and 316 

botryoids. (E) TLM image showing botryoidal laminae overlying ID. (F) BSEM image 317 

showing partially silicified botryoids with calcitic laminae (white solid arrows) and 318 

siliceous replacement (white hollow arrows). (G) TLM image showing partially 319 

silicified organic-rich calcareous botryoidal laminae (white solid arrows) and silicified 320 

laminae (white hollow arrows). (H) ELM image of area marked in (G), showing bright 321 

organic-rich and dull organic-poor laminae. 322 



 

 

 323 

Figure DR 1. Geological and paleogeographic maps showing sample localities, and 324 

stratigraphic columns of Ediacaran successions at Zhangcunping (ZCP), Xiaofenghe 325 

(XFH), Beidoushan (BDS), Daping (DP), and Wenghui (WH) sections, South China. 326 

(A) Map showing major tectonic units and sample localities. (B) Paleogeographic 327 

reconstruction showing depositional environments of sample localities. (C) 328 

Stratigraphic columns of sample localities. ZCP section modified from Zhou et al. 329 

(2017a); XFH section modified from Xiao et al. (2012).; BDS section modified from 330 

Nie et al. (2006); Xiao et al. (2014); WH section modified from Wang et al. (2016). 331 

Data sources of radiometric ages: 599.3 ± 4.2 Ma—Barfod et al. (2002), 609 ± 5 Ma—332 

Zhou et al. (2017a), and 614.0 ± 7.6 Ma—Liu et al. (2009). 333 

 334 

Figure DR 2. A model of sheet-crack, isopachous dolomite, and speleothem formation. 335 

(A) Post-glacial isostatic rebound made the cap dolostone to be exposed above sea-336 

level. Dissolution, sheet-crack formation, and isopachous dolomite precipitation 337 

occurred in the phreatic zone. Speleothems were formed in sheet-cracks when the cap 338 

dolostone was elevated to the vadose zone. (B) A close-up of a sheet-crack in (A), 339 

showing six types of speleothems. 340 

341 
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