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Glacial diamictites of the Cryogenian Nantuo Formation of the Yangtze Craton of South China record major
environmental transitions during the Marinoan glaciation. Although the provenance of the siliciclastic materials
in the Nantuo Formation have been constrained via detrital zircon analysis, the source areas for the abundant
carbonate clasts within the formation have yet to be determined. Given that the Mesoproterozoic Shennongjia
Group is the only major extant pre-Cryogenian sedimentary carbonate succession in South China, it has been
proposed as a source of the Nantuo dolostone clasts in the northern Yangtze Craton and may have been a major
supplier of Cryogenian carbonate clasts across the entire Yangtze Craton, but this speculative provenance has not
been tested or formally investigated. To test this hypothesis, §1°C and 580 values of 18 clasts collected near
Yichang, Hubei Province were analyzed along with petrographic examination to determine lithology, diagenetic
alteration, and relationship to the Shennongjia Group carbonates. Our data show that the §'%0 and §'3C values of
these clasts are distinct from and thus unlikely sourced from the Shennongjia Group. Therefore, the Shennongjia
Group cannot be the sole source of Nantuo carbonate clasts. Instead, we propose the Nantuo carbonate clasts in
the study area were derived from either (1) pre-Marinoan carbonate successions in South China that were lost
due to erosion or (2) another craton (e.g., the Indian Craton) adjacent to the Yangtze Craton during the Cry-
ogenian. Given that paleogeographic and detrital zircon provenance analysis suggest separation between the
Yangtze Craton and the Indian Craton in the Cryogenian Period, we favor the former origin, and that the
Shennongjia Group is not the exclusive source of carbonate clasts from the Nantuo Formation.

1. Introduction 1985; Lu and Qu, 1985; Zhao et al., 2018). Given that the Shennongjia

Group is the only major extant pre-Cryogenian carbonate-bearing suc-

The terminal Cryogenian Nantuo Formation, a succession of glacial
diamictite and siliciclastic rocks, archives important sedimentological,
geochemical and paleontological data regarding environmental condi-
tions and biological evolution during the Marinoan glaciation (Fig. 1A-
B) (Chen et al., 2021; Hu et al., 2020; Lang et al., 2018). For example,
sedimentary cycles in the Nantuo Formation indicate dynamic envi-
ronmental changes including episodes of glacial advances and retreats
(Chen et al., 2021; Hu et al., 2012a, 2020; Shen et al., 2021). During
these advances and retreats, abundant sediment clasts were eroded and
entrained into glacial diamictites. These clasts were mostly derived from
igneous and metamorphic rocks, but carbonate clasts are common (Luo,
2015; Sha et al., 1963). Carbonate rocks of the Mesoproterozoic Shen-
nongjia Group in the Shennongjia area are frequently suggested as the
potential source of the carbonate clasts in the Nantuo Formation, at least
in the northern Yangtze Craton near the Shennongjia area (Lu et al.,
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cession in South China, it is plausible to hypothesize that the Shen-
nongjia Group may have supplied the carbonate clasts in the Nantuo
Formation across the entire Yangtze Craton. However, this hypothesized
provenance has not been formally investigated. Elucidating the prove-
nance of these clasts can be useful in determining the extent and in-
tensity of the local glacial advances and retreats, for example the
evaluation of glacial transport distance. In this study, we present new
petrographic and 5'3C and 5'®0 data to determine whether the Nantuo
carbonate clasts are consistent with an origin from the Shennongjia
Group. The rationale of this study is simple: if the carbonate clasts were
derived from the Shennongjia Group, their petrographic features and
isotopic signatures should be similar to those of the source rock, unless
they experienced post-reworking diagenetic alteration, which can be
assessed by examining the geochemical transects across the clasts
because clast exterior is expected to be more susceptible to interaction
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Fig. 1. Geographic and geologic context. (A) Terminal Cryogenian (~635 Ma) paleogeographic reconstruction: IN-India, TA-Tarim, NC-North China, and SC-South
China (Yangtze and Cathaysia blocks). Adapted from Bao et al. (2018). (B) Major cratons in China, with study area marked by black dot; adapted from Liu et al.
(2014). KDFB - Kunlun-Dabie Fold Belt, SCSI - South China Sea Islands. (C) Map of Yangtze and Cathaysia blocks, with rectangle marking Huangling anticline and
Shennongjia area. (D) Geological map of the Huangling anticline and Shennongjia area. Black squares in (C-D) denote localities mentioned in text and in Fig. 7. Black
squares labeled “3” in (D), Shennongjia Group sections in Shennongjia area (Zou et al.,
Shennongjia area (Tian et al., 2018). Study localities are marked in (D) with red stars: 1, Jiulongwan (30° 48 15.648” N, 111° 03’ 18.998” E, 704 m elevation); 2,
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Huajipo (30° 46’ 55.692” N 111° 02’ 01.747” E, 549 m elevation). (C-D) are adapted from Ye et al. (2019).
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with diagenetic fluids than clast interior.

2. Geological setting

The depositional age of the Nantuo Formation is constrained by
zircon U-Pb dates from tuffaceous layers below, within, and above the
formation. Its minimum age is constrained by a 634.57 + 0.88 Ma
tuffaceous layer in the topmost part of the formation at the E’shan
section (see Fig. 1C for locality) in Yunnan Province (Zhou et al., 2019),
and a 635.2 + 0.6 Ma tuffaceous layer from the overlying cap dolostone
of the Doushantuo Formation cap dolostone at the Wuhe-Gaojiaxi sec-
tion (see Fig. 1D for locality) in the Yangtze Gorges (Condon et al.,
2005). A tuffaceous layer from the Datangpo Formation immediately
below the Nantuo Formation (see Fig. 2A for the spatial distribution of
the Datangpo Formation in the Yangtze Craton) yielded an age of 654.5
+ 3.8 Ma at Maopingdong (see Fig. 1C for locality) in Hunan Province,
where another tuffaceous bed near the base of the Nantuo Formation
yielded a 636 + 4.9 Ma age (Zhang et al., 2008). These dates constrain
deposition of the Nantuo Formation to the late Cryogenian, during the
Marinoan Snowball Earth glaciation (Hoffman et al., 2017). Trace
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element data suggest that at some locations the Nantuo Formation was
deposited under an anoxic and possibly ferruginous water column (Gu
et al., 2019). Additionally, thin black shale intervals from the Nantuo
Formation in the Shennongjia area contain macroalgal fossils (Bykova
etal., 2020; Ye et al., 2015), suggesting the presence of open waters with
an active biosphere when these sediments were deposited.

The Nantuo Formation thickens basinward to the southeast in
Guangxi Province, reaching a maximum thickness of ~ 2000 m, whereas
updip on the paleoshelf areas (e.g., Huangling Anticline, see Fig. 1D for
locality), it measures less than 100 m and is absent in some areas (see
Fig. 2A for a general stratigraphic profile of the Yangtze Platform) (Jiang
etal., 2011; Zhang et al., 2011). In the study area of the Yangtze Gorges
(red stars in Fig. 1D, red text “YGA” Fig. 2A), the Nantuo Formation is ~
80 m thick (Hu et al., 2012a; Lang et al., 2018).

In the Yangtze Gorges area (see Fig. 1D for locality), the Nantuo
Formation unconformably overlies quartz arenites of the Tonian Liantuo
Formation, the Tonian Huangling granite, or Archean gneisses (Zhao
et al., 2013a; Zhao et al., 2013b). Earlier Cryogenian strata are missing
in this region, but they become progressively more complete to the south
(e.g., the Datangpo/Xiangmeng Formation at Changyang, see Fig. 1D for
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Fig. 2. Simplified Tonian-Ediacaran stratigraphic architecture in South China (A) and field photographs of representative faceted carbonate clasts in the Nantuo
Formation at the Huajipo section in the Yangtze Gorges area (B-C). (A) Generalized stratigraphic profile of the Yangtze Platfrom from shallow facies (central-left) to
deeper basinal facies (far left and right). Adapted from Xiao et al. (2014). (B-C) Faceted clasts in Nantuo diamictite. Clast shown in (C) above the scale bar is clast 7

(sample 18NT-C7) analyzed in this study. Scale bar in centimeters.
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locality and Fig. 2A for a generalized regional stratigraphic profile) (Lu
et al., 1985; Zhang et al., 2011) and in the Shennongjia area to the
northwest (Chen et al., 2021; Kuang et al., 2022). Across the Yangtze
Craton, the Nantuo Formation is overlain by the basal Ediacaran cap
dolostone of the Doushantuo Formation (Jiang et al., 2011; Liu et al.,
2014).

Previous studies of the sedimentary provenance of the Nantuo For-
mation have focused on detrital zircon analysis. Cui et al. (2014) pre-
sented detrital zircon populations dating to 635 + 8 Ma, 631 + 9 Ma,
2192 £ 22 Ma, 2458 4+ 14 Ma, and 2496 + 18 Ma, whereas Zhao et al.
(2018) reported detrital zircon age populations dating to 800-820 Ma,
1940-1960 Ma, 2560-2600 Ma, and 2900-3000 Ma. Ye et al. (2019)
suggested that detrital zircon age populations of 875 + 14 Ma, 1880 +
30 Ma, and 2883 + 140 Ma were derived from Tonian Huangling
granite, Paleoproterozoic metamorphic rocks, and Archean gneisses in
the Yangtze Craton, respectively.
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3. Materials and methods

We collected 18 carbonate clasts (identified by effervescence with
diluted HCI acid) from the Nantuo Formation at two roadcuts in the
Yangtze Gorges area in 2018 (Fig. 1D, 2B-C): 12 clasts from the Huajipo
section (30° 46’ 55.692" N, 111° 02’ 01.747” E; sample numbers 18NT-
C1 to 18NT-C12), and six clasts (sample numbers 18NT-C12.5 to 18NT-
C17) as well as a sample of Nantuo diamictite matrix (sample number
JLW-NT-M1) from the Jiulongwan section (30° 48’ 15.648" N, 111° 03
18.998" E) respectively. Nantuo diamictites in the Yangtze Gorges area
are interpreted as deposits in a glacial littoral environment (Lang et al.,
2018).

We prepared polished slabs and petrographic thin sections of the
clasts (Figs. 3-6), which were examined and photographed under re-
flected and transmitted light microscopes. Limestone or dolostone
composition was determined using alizarin red staining. We sampled
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-28,-148 1cm
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Fig. 3. Reflected light photographs of polished slabs of Nantuo carbonate clasts from the Huajipo section. 5'°C values in yellow and §'0 values in white. (A) Clast 1,
lime wackestone. (B) Clast 2, dolomitic wackestone. (C) Clast 3, angular calcareous quartz arenite. (D) Clast 4, laminated micrite clast. (E) Clast 5, laminated micrite.
(F) Clast 6, clast of laminated micrite with a rim of iron oxide (possibly derived from recent oxidation of pyrite) on the left side (arrow), which was oriented
downwards within the diamictite matrix. (G) Clast 7, laminated micrite clast. (H) Clast 8, laminated micrite. (I) Clast 9, rounded clast of laminated silty lime
wackestone with fine-grained layers (white arrow) and coarse-grained layers (yellow arrow). (J) Clast 10, laminated micrite with calcite veins. (K) Clast 11, rounded
and faceted clast of micrite. (L) Clast 12, rounded clast of lime wackestone. Rectangles or frames in (A), (H), and (J) mark general areas from which corresponding

thin section images shown in Fig. 4A, 4G, and 4 J-K were taken.
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Fig. 4. Plane-polarized transmitted light photomicrographs of petrographic thin sections showing microtextures of Nantuo carbonate clasts from the Huajipo section.
(A) Lime wackestone with quartz and lithic grains, from area marked by yellow rectangle in Fig. 3A. (B) Clast 3, lathe-shaped grains and chloritized matrix. (C) Clast
3, calcareous quartz arenite with poorly sorted grains. (D) Clast 4, poorly sorted, angular grains in a carbonate matrix. (E) Clast 5, locally sparry texture in a
dominantly micritic clast. (F) Clast 6, finely laminated micrite with veins in multiple orientations. (G) Clast 8, irregular laminations. (H) Clast 8, laminated micrite,
from area marked by yellow frame in Fig. 3H. These laminae are accentuated by pressure solution during burial. (I) Clast 9, silty lime wackestone with coarser grains
(maroon bracket), fine laminae (green arrow), and finer grains (blue arrow). (J) Clast 10, laminated micrite with locally homogenous matrix and calcite veins, from
area marked by maroon rectangle in Fig. 3J. (K) Clast 10, vein-infilling botryoidal calcite cement, from area marked by maroon frame in Fig. 3J. (L) Clast 12, with

diffuse grain boundaries.

powders from the polished slabs for §!°C and §!%0 analysis, using a
Dremel tool with a 1.5 mm drill bit or a Servo 7150 microdrill press with
a 0.6 mm drill bit. Most clasts were microsampled using the Dremel tool,
but six clasts (i.e., clast 1, 8-10, 13, 17 illustrated in Fig. 3A, 3H-J, 5B,
5F, respectively) were drilled using the microdrill press to achieve
greater spatial resolution in order to (1) target specific fabrics or (2)
acquire transects across clasts to test whether there are interior-exterior
gradients related to post-reworking alteration (Table 1).

We measured 5'80 and §'3C values on an Isoprime 100 Isotope Ratio
Mass Spectrometer (IRMS) coupled to a MultiFlowGEO headspace
analyzer. For each analysis, we weighed 0.4-0.8 mg of powder into a
septum-sealed glass vial. We used the headspace analyzer to evacuate
the vial with helium before reacting overnight with glacial phosphoric
acid at 70 °C to fully dissolve the carbonate. The evolved CO, gas was
then analyzed on the IRMS. We normalized the §'°C and 5'%0 values to

the Vienna PeeDee Belemnite (VPDB) scale using IAEA-CO-1 (613C =
2.492 %o + 0.030 %o, 580 = -2.4 %o + 0.1 %o) and NIST NBS-18 (53C =
~5.014 %o & 0.035 %o, 8'80 = —23.2 %o = 0.1 %o) standards analyzed in
runs with our samples via two-point linear normalization. We calculated
uncertainty (16) to be + 0.3 %o for 513C and + 0.2 % for 5'%0 following
Szpak et al. (2017).

To determine if the Nantuo carbonate clasts presented here have
statistically different isotopic values from each other, we conducted one-
way ANOVA analyses of isotopic data from clasts with replicate analyses
(i.e., the six clasts analyzed for interior-exterior transects). If statistical
difference was found, we further analyzed the data using a Tukey’s
Honestly Significant Difference post-hoc test for each pair-wise com-
parison. Similarly, we conducted a one-way ANOVA analysis to deter-
mine whether the 17 Nantuo clasts analyzed in this study have
statistically different isotopic values from the Shennongjia Group
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Fig. 5. Reflected light photographs of polished slabs of Nantuo carbonate clasts from the Jiulongwan section with stable isotope values. 5'>C values in yellow and
5'%0 values in white. (A) Clast 12.5, faceted dolomitic wackestone clast. (B) Clast 13, laminated micrite with laminations of coarse calcareous grains and fine
dolomitic grains. (C) Clast 14, silty calcareous wakestone clast. (D) Clast 15, dolomitic packstone clast. (E) Clast 16, angular clast of pink laminated micrite. (F) Clast
17, an irregularly shaped clast of laminated micrite. Rectangle and frame in (B) mark general areas from which corresponding thin section images shown in Fig. 6A

and 6B were taken.

Fig. 6. Transmitted light photomicrographs of thin sections showing microtextures of Nantuo carbonate clasts from the Jiulongwan section. (A) Lamina of coarse
calcareous grains, from area marked by blue rectangle in Fig. 5 B. (B) Thin laminae of fine dolomitic grains from area marked by blue bracket frame in Fig. 5B. (C)
Clast 15, crystalline dolomite with large, lathe-like crystals. (D) Clast 17, laminated micrite with locally homogenous microtexture.

carbonates; for this analysis, the 8'3C and 5'%0 data were tested sepa-
rately, with pooled Nantuo clast data (n = 53) compared with pooled
Shennongjia Group data from the literature (n = 911 from Tian et al.,
2018, n = 126 from Zou et al., 2019). Additionally, we carried out a
bootstrap analysis to test whether the Nantuo carbonate clasts and
Shennongjia Group carbonates have similar §'°C and 5180 values; in this
analysis, 5'C and 8'®0 pairs were resampled with replacement to
reproduce the original Nantuo and Shennongjia sample sizes, the mean

was calculated for each resampled population, and this was repeated
5000 times to generate the 95% and 99% confidence intervals.

4. Results
4.1. Petrology/lithology

The clasts are limestone (n = 15) or dolomitic mudstones/
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wackestones (n = 3) in lithological composition. Detrital components in
wackestone clasts are dominated by quartz and lithic grains. Grain sizes
range from very coarse (Fig. 4C and 4D) to silt sized (Fig. 3E). Pyrite
(Fig. 4A) and chlorite (Fig. 4B) occur in some clasts. Some clasts contain
post-depositional fabrics, including calcite veins (Fig. 4F, 4 J) and cracks
filled with blocky and botryoidal cements (Fig. 4K). Others exhibit

homogenous textures (Fig. 4E and 6D). Sedimentary laminae, when
present, tend to be wavy and uneven, likely accentuated by pressure
solution during burial (e.g., Fig. 4G, 4H. and 6B). Two clasts contain
interbedded coarse and finer grains (Fig. 31, 41, 5B, 6A, and 6B).
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Table 1

8!3C and 5'%0 data from carbonate clasts and diamictite matrix of the Cryogenian Nantuo Formation. Samples 18NT-C1 to 18NT-C12 are from the Huajipo section.
Samples 18NT-C12.5 to 18NT-C17 and sample JLW-NT-M1 are from the Jiulongwan section.

Sample # lithology Sampling 5% Within-clast 5'%0 Within-clast
method (%o statistics (%o statistics
VPDB) VPDB)
Measurements of clasts
18NT-C1 Lime wackestone Dremel tool -2.9 range: -3.1 to 2.4 -15.9 range: -15.9 to
Press drill -2.7 mean: -2.7 -14.8 -14.8
-3.1 s.d.: 0.2 -15.0 mean: -15.2
-2.8 -15.3 s.d.: 0.3
-2.4 -15.3
-2.5 -15.1
-2.6 -15.1
18NT-C2 Dolomitic wackestone Dremel tool -12.0 -15.6
18NT-C3 Calcareous quartz arenite Dremel tool -10.2 -15.7
18NT-C4 Laminated micrite Dremel tool -2.9 -16.1
18NT-C5 Laminated micrite Dremel tool 1.0 -16.5
18NT-C6 Laminated micrite Dremel tool -4.6 -15.9
18NT-C7 Micrite Dremel tool -5.6 -15.9
18NT-C8 Laminated micrite Dremel tool 3.1 range: 2.0 to 3.1 -15.8 range: -15.8 to
Press drill 2.2 mean: 2.5 -14.9 -14.4
2.3 s.d.: 0.4 -14.6 mean: -14.9
2.5 -14.7 s.d.: 0.5
2.8 -14.7
2.0 -14.4
18NT-C9 Laminated silty lime wackestone Dremel tool -6.7 range: —6.9 to —-2.8 -15.3 range: -17.2 to
-4.5 mean: -5.0 -15.9 -14.7
Press drill -2.8 s.d.: 1.3 -14.8 mean: -15.3
-4.5 -14.7 s.d.: 0.9
-4.8 -14.7
-6.9 -17.2
-5.5 -15.2
-4.7 -14.7
18NT-C10 Laminated micrite Dremel tool -8.3 range: -8.3 to -5.6 -16.5 range: -16.5 to
Press drill -6.8 mean: -7.1 -15.7 -14.4
-7.3 5.d.: 0.8 -15.8 mean: -15.6
-7.4 -15.8 s.d.: 0.6
-7.3 -15.5
-7.0 -15.7
-5.6 -14.4
18NT-C11 Micrite Dremel tool -15.2 -16.4
18NT-C12 Lime wackestone Dremel tool -11.3 -14.1
18NT-C12.5 Dolomitic wackestone Dremel tool -7.7 -23.1
18NT-C13 Laminated micrite with calcareous coarse grains and dolomitic Dremel tool -6.3 range: —6.7 to —4.6 -15.1 range: -15.2 to
finer grains -6.7 mean: -5.3 -15.2 -14.7
Press drill -5.0 s.d.; 0.9 -14.9 mean: -15.0
-4.8 -15.1 s.d.: 0.2
-4.9 -15.2
-4.6 -14.7
-4.7 -14.9
18NT-C14 Silty calcareous wackestone Dremel tool -7.0 -15.3
18NT-C15 Dolomitic packstone Dremel tool -12.0 -15.5
18NT-C16 Laminated micrite Dremel tool -4.2 -15.7
18NT-C17 Laminated micrite Dremel tool -0.2 range: -0.2 to 0.6 -15.4 range: -15.7 to
Press drill 0.0 mean: 0.1 -15.7 -15.4
-0.2 s.d.: 0.3 -15.6 mean: -15.6
0.3 -15.6 s.d.: 0.1
0.6 -15.6
0.2 -15.5
All-clast range: -15.2 to 3.1; mean: -4.2; s. range: —23.1 to —14.1; mean:
statistics d:4.1 -15.5;
s.d.: 1.2
Other Measurements
18NT-C10 Calcitic vein Dremel tool -8.4 -13.7
Press drill -5.1 -11.1
18NT-C15 Calcitic vein Dremel tool -5.5 -7.6
JLW-NT-M1 Diamictite matrix Dremel tool -8.5 -15.9

4.2. Isotopic compositions 10 (-11.1 %, Fig. 3J), and a vein-filling carbonate sample on an exterior

surface of clast 15 (~7.6 %o, Fig. 6D). The §13C values for all clasts range

We analyzed the isotopic compositions of clasts and fine-scale
textural features within clasts (Table 1). The 5180 values range from
—23.1 %o to —13.5 %o with the majority of the values between —17.3 %o to
—13.5 %o. Only a handful of samples fall outside this range: a sample from
clast 12.5 (-23.1 %o, Fig. 5A), a vein-filling carbonate sample from clast

from -15.2 %o to + 3.1 %o. For a subset of clasts with multiple mea-
surements (n = 6), we performed a one-way ANOVA test to evaluate
whether clasts had statistically different isotopic values from one
another (Supplemental Table S1). We found significant differences
among 5'3C values of the clasts, but not among the 5'80 values. We then
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evaluated the 5'3C values of the clasts in all possible pairwise compar-
isons via a Tukey’s Honestly Significant Difference post-hoc test. This
showed that the §!3C values were significantly different in all pairwise
comparisons, except between clasts 9 and 13 (Supplemental Table S2).

Within-clast ranges of isotopic values are + 0.7 %o to + 4.1 %o (mean
= 1.9 %o) for §'C and 0.3 %o to 2.5 %o (mean = 1.3 %o) for §'80 (Table 1).
The exterior-interior transects of six clasts do not show significant mm-
scale spatial variation in the isotope values. The sample of diamictite
matrix yielded a 8!3C value of —8.5 %o and a 5'20 value of ~15.9 %e.

We compared the 5'3C and 5'%0 values between the Nantuo car-
bonate clasts (n = 53 measurements) and carbonate materials of the
Shennongjia Group (n = 911 from Tian et al., 2018; n = 126 from Zou
et al., 2019) via one-way ANOVA analysis, which showed that the
Nantuo clasts have statistically different §'3C and 5'80 values from the
Shennongjia group material (Supplemental Table S3). Bootstrap analysis
also showed that the Nantuo carbonate clasts and Shennongjia Group
carbonates are distinct in the §'°C-5'80 space (Fig. 8).
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5. Discussion

5.1. Post-reworking alteration and comparison with previously published
data from the Nantuo Formation

5'3C and 5'®0 values of carbonate materials have been used to
evaluate the provenance of transported sedimentary material (Trower
and Grotzinger, 2010). When using 5'3C and 5'0 values of carbonate
clasts to constrain provenance, it is important to assess whether the
isotopic signatures of the sediments (e.g., the Nantuo carbonate clasts)
were altered after reworking. For example, post-reworking alteration
could have occurred due to chemical weathering of the clasts during
transportation or due to diagenetic alteration after the clasts were
redeposited. Such alteration can be tested by examining the interior-
exterior transects of Nantuo carbonate clasts, because alteration would
affect the exterior more than the interior of clasts, as can be seen in the
weathering rinds of weathered clasts. However, the Nantuo clasts show
no exterior-interior gradients in 513C or 8180 (Table 1; Fig. 7A). Thus,
the 5'3C and 5'80 values of the Nantuo clasts do not seem to have suf-
fered significant post-reworking alteration.
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Fig. 8. Result of bootstrap analysis 5'3C-8'80 values of Nantuo carbonate clasts (this study) and Shennongjia Group carbonates (Tian et al., 2018; Zou et al., 2019).
The §'3C-5'80 data pairs were randomly resampled with replacement to reproduce the original sample sizes. A total of 5000 iterations were performed and the mean
813C ans 5'%0 values of each iteration was recorded to produce the histograms and cross-plots. The green and red dashed ellipses represent the 95% and 99%
confidence intervals for the resampled data. The histogram bar plots are binned in 0.25 %o segments.
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The very low 5180 values (ca. —15 %o) of the Nantuo carbonate clasts
could be taken as evidence for diagenetic alteration, but we argue such
alteration likely occurred before reworking. Kaufman et al. (2007)
regarded Precambrian carbonate §'80 values lower than —10 %o and
Veizer et al. (1999) suggested Phanerozoic carbonate 5180 values lower
than -8 %0 may have been diagenetically altered. However, as discussed
above, the lack of an exterior-interior gradient in 580 values (and in
513C values) argues against post-reworking alteration, and it is likely
that alteration occurred before clast reworking, in which case the §'%0
and 8'3C values can still be used to track provenance. Also, considering
that pre-Cryogenian seawaters likely had lower 8'80 (Galili et al., 2019)
and higher temperatures (Robert and Chaussidon, 2006) relative to
modern seawaters, it is possible that the 5'80 values of the Nantuo
carbonate clasts may reflect the primary depositional signatures.
Furthermore, considering that §'0 is more susceptible to alteration
than 6!3C during interaction with diagenetic, hydrothermal, or meteoric
fluids (Banner and Hanson, 1990; Corsetti and Kaufman, 2003; Jacobsen
and Kaufman, 1999), alteration tends to lead to more variable 5180
values and less variable 8'3C values, unless the system is completely
fluid buffered with regard to 620 but not so with regard to 5'3C. Yet the
Nantuo clasts have remarkably consistent 5180 values (Fig. 7A), whereas
their 5!C values are variable. Thus, the Nantuo clasts likely preserve the
513C and 5'®0 values of their provenance, although at this point, we
cannot rule out the possibility that the §!80 values of the Nantuo clasts
may have been completely reset to uniform values around -15 %o due to
post-reworking interaction with glacial melt water in a fluid-buffered
regime, whereas their 5!°C values were minimally or partially reset
and thus remain more variable.

Post-reworking alteration of §'3C and 8'%0 values of the Nantuo
carbonate clasts can be further evaluated by a comparison with the
isotopic values of other carbonate components in the Nantuo Formation
of South China (Fig. 7B). Published geochemical data of Nantuo car-
bonate material from other sections show 8'>C overlapping with and
5'80 more variable than the clast data reported here (Fig. 7B). Li (2020)
reported isotopic values of calcareous matrix in Nantuo Formation
diamictite at the Datang section in the Weng’an area (see Fig. 1C for
locality). This matrix has !3C values that overlap with the range of data
reported here, and '80 values that are more negative (average: —20.9
%o) and vary over a broader range (-27.2 to —7.1 %o). Long (2016) and
Shen et al. (2020) reported on a 1.5 m-thick dolomicrite bed that occurs
locally in the Nantuo Formation at two drill cores in the Songtao area of
Guizhou Province (see Fig. 1C for locality). Again, their 5'3C values
(-9.7 to —8.4 %o) overlap with the data reported here but have a nar-
rower range, and their 5'%0 values (—17.0 to —8.4 %o) are wider ranging
than the clasts in this study. Kuang et al. (2022) report 513C and 5'%0
values from Nantuo Formation glacial mudstones, diamictites, and a
calcareous mudstone from four localities in the Shennongjia area. This
Nantuo Formation material analyzed by Kuang et al. (2022) is isotopi-
cally more enriched in 80 than carbonate clasts reported here, but the
8'3C values are within the range reported here. Finally, Yang et al.
(2020) reported isotopic values of Nantuo diamictites and argillaceous
dolostones in the Shennongjia area (see Fig. 1D for locality). Their s13¢
values range from -5.3 to + 0.4 %o, which is within the range of §'°C
data in this study, but their 5'80 values range from —13.3 to -7.3 %o,
higher than the values reported in this study.

Several factors may have contributed to the differences among iso-
topic data reported in this and earlier studies. First, the previously
published data came from localities outside the Yangtze Gorges area,
and there may have been regional variation in 5'%0 and §'3C. Second,
some of these previous studies analyzed bedded dolomicrite and argil-
laceous dolostone in the Nantuo Formation, (e.g., Long, 2016; Shen
et al., 2020; Yang et al., 2020), which are not detrital in origin and thus
may not have the same isotopic compositions as the Nantuo clasts.
Finally, Nantuo diamictite matrix from previous studies may contain
carbonate cement and detrital rock flour. Carbonate cement would be
distinct from Nantuo carbonate clasts in isotopic signatures, whereas
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carbonate rock flour is expected to be similar to Nantuo carbonate clasts
in isotopic signatures, although it is more susceptible to post-reworking
diagenetic alteration because of its finer grain size. Indeed, Li (2020)
and Yang et al. (2020) argued that variable §'%0 values from the dia-
mictite, bedded dolomicrite, and argillaceous dolostone of the Nantuo
Formation were likely overprinted by diagenesis. The Nantuo carbonate
clasts, however, have more consistent 5!0 values, indicating that they
suffered a lesser degree of post-reworking alteration than the diamictite
matrix.

5.2. Provenance of Nantuo carbonate clasts

Considering the Nantuo clasts analyzed in this study likely preserve
their pre-reworking isotopic signatures, we can use the 5'3C and 5§80
data to test the hypothesis that Nantuo carbonate clasts were derived
exclusively from Mesoproterozoic carbonate rocks of the Shennongjia
Group, the only major extant pre-Marinoan carbonates in South China
(Zou et al., 2019). The 8'3C-5'80 values of Nantuo carbonate clasts do
not overlap with those reported from the Shennongjia Group (Fig. 7B),
which have §!3C values ranging from 9.4 to + 6.27 %o and 5'0 values
from -10.0 to + 1.2 %o (Zou et al., 2019; Tian et al., 2018). This
assessment is further confirmed by ANOVA and bootstrap analyses,
showing that the Shennongjia Group and Nantuo carbonate clasts are
distinct in 5'3C and 5120 values (Supplemental Table S3, Fig. 8). It is also
consistent with largely different 5'3C and 8'%0 values between the
Shennongjia Group and all calcareous components in the Nantuo For-
mation (Fig. 7B). Finally, this assessment is supported by the lithological
differences between the Shennongjia Group and Nantuo carbonate
clasts: Shennongjia Group carbonates are dominated by dolostones
(Tian et al., 2018; Zou et al., 2019)— though Tian et al., (2018) did
report some limestone units within the Shennongjia Group, whereas the
Nantuo carbonate clasts analyzed in this study are primarily limey in
composition. We thus falsify the hypothesis that carbonate clasts in the
Nantuo Formation in the Three Gorges area were sourced from the
Shennongjia Group and the hypothesis that the Shennongjia Group was
the only source of carbonate clasts in the Nantuo Formation across the
Yangtze Craton.

If the Nantuo carbonate clasts in the Yangtze Gorges area were not
sourced from the Shennongjia Group, we hypothesize they came from
other pre-Marinoan carbonate successions in South China that have
since been eroded. Notably, the Tonian Wujiatai Formation (Kuang
et al., 2019), which has rather limited outcrops in the Zhangcunping
area of the Huangling anticline (see Fig. 1D for locality) (Hu et al.,
2012b) may represent remnants of source strata that supplied carbonate
clasts to the Nantuo Formation during the Marinoan glaciation. This can
be tested by future investigation of the Wujiatai Formation.

Alternatively, Nantuo carbonate clasts could have been transported
from the Indian Craton, which hosts pre-Marinoan carbonates and may
have been paleogeographically close to South China during the late
Neoproterozoic (Bao et al., 2018). Qi et al. (2018) used detrital zircon
data to infer that the South China Craton abutted the Indian Craton
during the Ediacaran, with the Cathaysia Block sitting between the In-
dian Craton and the Yangtze Craton. Jiang et al. (2003), on the other
hand, compared the Ediacaran stratigraphic sequences of the Yangtze
Craton and the Indian Craton and concluded that they were deposited in
a contiguous sedimentary basin. The major pre-Cryogenian carbonate
unit in cratonic India is the Proterozoic Vindhyan Supergroup. Intrigu-
ingly, the §'2C and 5'%0 values of the Vindhyan Supergroup, particularly
those of the Paleoproterozoic Kajrahat Formation in the Son Valley
(Gilleaudeau et al., 2018; Kumar et al., 2002), overlap with those of the
Nantuo carbonate clasts reported in this paper. However, a Vindhyan
source means that the Nantuo clasts would have travelled thousands of
kilometers in either paleogeographic reconstruction and would have
traversed the Cathaysia Block and the Jiangnan Orogen between India
and the Yangtze Craton in the paleogeographic configuration of Qi et al.
(2018). Additionally, some detrital zircon analyses (e.g., Wang et al.,
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2021) suggest that the Indian Craton and Yangtze Craton may have
rifted away from each other by the time when the Nantuo Formation was
deposited. Thus, we tentatively favor an intracratonic origin (e.g., a
Woujiatai Formation source) for the Nantuo carbonate clasts in the
Yangtze Gorges area given that (1) the abundance of the carbonate clasts
in the Nantuo Formation increases from the Yangtze Gorges area to-
wards the northern Huangling anticline and the Shennongjia area (Lu
and Qu, 1985; Sha et al., 1963; Zhao et al., 2018), (2) other detrital
material in the Nantuo Formation was derived from Yangtze Craton
material (Hu et al., 2020; Ye et al., 2019), and (3) the carbonate clasts
would not have been particularly resistant, and thus are unlikely to
survive long-distance transport. Whether Nantuo carbonate clasts in the
Shennongjia area and the northern Huangling anticlines were derived
from the Shennongjia Group (Lu and Qu, 1985; Sha et al., 1963; Zhao
et al., 2018) remains to be tested, but it is safe to conclude that the
Shennongjia Group was not the sole source of Nantuo carbonate clasts in
South China.

6. Conclusions

Carbonate clasts in the terminal Cryogenian Nantuo Formation in the
Yangtze Gorges area of South China exhibit §'3C and 6!%0 values
different from carbonates in the Mesoproterozoic Shennongjia Group,
the only major pre-Cryogenian carbonate succession that is extant in
South China. Based on the isotopic data, we falsify the hypothesis that
Nantuo carbonate clasts in the Yangtze Gorges area were derived from
the Shennongjia Group. Instead, we suggest these Nantuo carbonate
clasts were derived from pre-Cryogenian carbonate rocks in the Yangtze
Craton that have since been mostly or completely eroded; this hypoth-
esis implies that pre-Cryogenian carbonates may have been paleogeo-
graphically and/or stratigraphically more extensive than extant today,
and that Marinoan glaciers were a powerful erosional agent. Alterna-
tively, but less likely, they may have derived from pre-Cryogenian car-
bonates in the Indian Craton via long-distance transportation by
Marinoan glaciers. Regardless, carbonate clasts in the Nantuo Formation
of South China were not exclusively derived from the Shennongjia
Group, attesting the extensive denudation of diverse source material and
the remarkable influence of the Marinoan glaciation.
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