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Abstract Sedimentary strata of the terminal Ediacaran (635-542 Ma) to early Cambrian (542-488 Ma)
Laobao-Liuchapo bedded cherts in the South China Block include the Ediacaran Oxidation Event and the
Cambrian explosion. Understanding the origin and depositional environment of the bedded cherts may
provide insight into how the Earth’s surface environment changed between the Proterozoic and Phanero-
zoic. We measured major and trace element compositions and Ge/Si ratios of the Laobao cherts from north-
ern Guangxi province. The Laobao cherts were deposited in the deep basinal environment of the South
China Block. We show that the composition of the Laobao cherts is determined by a mixture of four compo-
nents: quartz, clay, carbonate, and pyrite/iron-oxide. The quartz component is the dominant component of
the Laobao cherts. The maximum estimated Ge/Si of the quartz component is between 0.4 and 0.5 umol/
mol, which is close to the Ge/Si of modern seawater and biogenic silica but 1 order of magnitude lower
than that of hydrothermal fluids. These Ge/Si systematics suggest that normal seawater rather than mid-
ocean ridge hydrothermal fluids is the primary Si source for the Laobao cherts. The Ge/Si of the clay compo-
nent varies between 1 and 10 umol/mol, which is comparable to the Ge/Si of typical marine clays, but 10-
100 times lower than that of chert nodules from early Ediacaran beds (the Doushantuo Formation) predat-
ing the terminal Ediacaran Laobao cherts studied here. Our observations indicate that the clay component
Ge/Si ratio decreased from the early Ediacaran to the late Ediacaran. We speculate that high Ge/Si ratios in
clays reflect the preferential chelation of Ge by dissolved organic compounds adsorbed onto clays. If so, this
suggests that the decrease in Ge/Si ratio of the clay component in the Ediacaran signifies a decrease in the
total dissolved organic carbon content of seawater toward the Ediacaran-Cambrian transition, consistent
with oxidation of the oceans during the late Ediacaran. Finally, the seawater origin of the Laobao cherts also
suggests that replacement of carbonate may not be the primary cause for bedded chert formation. Instead,
direct precipitation from seawater or early diagenetic silicification of calcareous sediments, perhaps due to
the emergence of Si-accumulation bacteria, may have been responsible for the bedded Laobao-Liuchapo
chert formation in South China Block.

1. Introduction

The Ediacaran (635-542 Ma)-Cambrian (542-488 Ma) transition is a critical interval in Earth’s history. During
this transition, Earth experienced dramatic changes in its atmosphere, hydrosphere, and biosphere. A pre-
requisite for the evolution of animal life is a substantially oxygenated ocean [Knoll, 1996]. Recent studies
indicate that atmospheric oxygen remained low (probably <0.1% of present atmospheric level) during the
mid-Proterozoic (1.8-0.75 Ga) and that oxygenation might have begun as early as ~750 Ma [Lyons et al.,
2014; Planavsky et al., 2014; Reinhard et al., 2013]. However, deep ocean oxidation might not occur until the
Ediacaran Period, collectively termed the Ediacaran Oxidation Event or Neoproterozoic Oxidation Event
[Fike et al., 2006; Kaufman et al., 2007; McFadden et al., 2008; Shields-Zhou and Och, 2011]. The evidence cited
for the oxidation of Ediacaran oceans comes from a global negative carbon isotope excursion (the Shuram
excursion), interpreted to result from remineralization of dissolved organic carbon (DOC) stored in anoxic
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deep oceans [Fike et al., 2006; Kaufman et al., 2007; McFadden et al., 2008; Rothman et al., 2003]. Of interest
is the possibility that the initiation and the full extent of the Cambrian explosion of diversity postdated the
Ediacaran Oxidation Event by more than 10 and 30 million years. For example, Ediacaran-Cambrian sedi-
ments in the South China Block (SCB) show that the negative carbon isotope excursion in the Doushantuo
Formation (EN3) occurred before 551 Ma [Condon et al., 2005; McFadden et al., 2008; Zhu et al., 2013], but
the Cambrian explosion began at ~541 Ma and was not complete until 521 Ma [Shu, 2008].

In order to understand how the oxidation of Ediacaran oceans and Cambrian explosion relate to each other,
it is important to study continuous sedimentary sections that have conformable contacts with both the
underlying Ediacaran and the overlying early Cambrian strata. Compared with the fossiliferous but strati-
graphically incomplete carbonate/shale sequences in the platform of the SCB, formations deposited in
deep water settings, like the bedded Laobao-Liuchapo cherts, continuously and conformably span these
two events [Chen et al., 2015]. This stratigraphically complete bedded chert may provide a unique window
into understanding the Ediacaran-Cambrian transition.

Two goals are pursued in this study. First, we aim to constrain the origin of Si making up the bedded cherts.
Based on various major and trace element systematics as well as Si isotopes, the Si is thought to originate
from normal seawater (continental weathering fluxes is the dominant Si input) or abrupt eruption of mid-
ocean ridge hydrothermal fluids [Chang et al., 2008, 2010; Fan et al., 2013; Peng et al., 1999; Wang et al.,
2012b; Yang et al., 2011; Zhao, 1999]. To gain further insight into the origin of the chert, we examined the
germanium (Ge) and Si systematics of the Laobao cherts from northern Guangxi province, South China. Ge
and Si belong to the same group in the Periodic Table and have similar chemical properties. In silicate min-
erals, Ge can replace Si in the crystal lattice, but the degree of substitution is mineral dependent, as exem-
plified by the variation of Ge/Si ratios in silicate materials (0.5-6 umol/mol) [Bernstein, 1985; Kurtz et al.,
2002]. Ge/Si is fractionated during low-temperature weathering or hydrothermal processes. Weathering of
continental rocks yields riverine fluxes with lower Ge/Si ratios of ~0.4-1 pmol/mol than the bulk upper con-
tinent crust (~1.8 pmol/mol) [Froelich et al., 1985; Mortlock and Froelich, 1987; Rudnick and Gao, 2003], leav-
ing weathering residues (e.g., soil) enriched in Ge [Kurtz et al., 2002]. In contrast, hydrothermal fluids have
much higher Ge/Si ratios (~11 pmol/mol) than oceanic basalts (~2.5 pmol/mol) [De Argollo and Schilling,
1978; Mortlock and Froelich, 1986; Mortlock et al., 1993].

Because biogenic silica does not fractionate Ge from Si [Froelich et al., 1989; Murnane and Stallard, 1988, sea-
water Ge/Si ratios reflect varying proportions of hydrothermal and continental weathering fluxes. In the mod-
ern ocean, a seawater Ge/Si of ~0.72 implies that continental weathering may be the dominant Si influx
(~80-90%) into the oceans [Froelich et al., 1989]. This estimate is broadly consistent with the predominant Si
influx from continental weathering (~80%) [Tréguer et al.,, 1995]. Although it is unclear whether Ge/Si is pre-
served during diagenesis, linear correlation between seawater strontium isotopes and Ge/Si of Mesozoic and
Cenozoic deep sea cherts suggest that Ge/Si in cherts are robust proxies [Kolodny and Halicz, 1988]. The sec-
ond goal of this study is to use the bedded cherts as potential proxies for understanding seawater chemistry.
There is geochemical evidence indicating that the Laobao-Liuchapo bedded cherts were deposited in reduc-
ing conditions. For example, enrichment in redox sensitive trace elements (U, V, Mo) with low Th/U, high V/Sc
and V/(V+Ni) argues that the deposition of the Laobao chert occurred under an anoxic conditions [Chang

et al,, 2012]. Similar conclusions have been drawn from Fe speciation and sulfur isotope studies of the equiva-
lent Liuchapo cherts deposited on the slope of the SCB [Wang et al., 2012al, although it is still unclear whether
Fe speciation can be applied to cherts. These observations suggest that the terminal Ediacaran seawater in
the deep water settings of the SCB might have remained anoxic after the hypothesized oxidation of Ediacaran
ocean [Chang et al., 2012; Wang et al., 2012a]. What is unclear is whether the DOC content continued to
remain high. Ge/Si systematics may provide some insight because chelation of Ge with organic compounds
followed by absorption onto clay mineral surfaces can lead to clay components with high Ge/Si ratios and
thus may be diagnostic of seawater with high DOC content [Pokrovski and Schott, 1998; Pokrovski et al., 2000;
Shen et al,, 2011al. In a previous study, we examined the Ge/Si systematics of cherts from the Doushantuo for-
mation, which formed in the early Ediacaran, predating the oxidation of Ediacaran ocean (the Shuram excur-
sion). We showed that Ge/Si systematics were consistent with high DOC in seawater prior to the oxidation of
Ediacaran ocean [Shen et al., 2011a]. Here we build on the use of Ge/Si systematics as a diagnostic of DOC lev-
els in seawater by examining the Ge/Si systematics of the younger Laobao cherts to help evaluate whether
high DOC oceans extended into the Ediacaran-Cambrian transition.
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Figure 1. Paleogeographic map for SCB during the Ediacaran-Cambrian transition (modified from Wang et al. [2012]). Note widespread deposition of the Laobao-Liuchapo cherts in the
slope and basin environment of SCB. The sampling locality is shown in red star.

2. Geological Background

Terminal Ediacaran to early Cambrian bedded chert formations are variably called the Laobao cherts in
northern Guangxi province, the Liuchapo cherts in Guizhou and Hunan provinces, and the Piyuancun cherts
in Anhui and Zhejiang provinces. In this paper, chert samples were collected from the Laobao Formation in
the Silikou section in the Sanjiang county, northern Guangxi province (Figure 1). Paleodepositional environ-
ment reconstructions indicate that the Sanjiang area was located in deep basinal environments of the SCB
[Jiang et al., 2011; Wang and Li, 2003; Wang et al., 2012b]. In the Sanjiang area, the Cryogenian (750-
635Ma)-Ediacaran succession consists of, in ascending order, the Chang’an, Fulu, Lijiapo, Doushantuo, and
Laobao Formations (Figure 2). The Laobao Formation conformably overlies the siltstone and mudstone of
the Doushantuo Formation, and consists of black, organic-rich, thin to medium-bedded cherts (Figures 2,
33, and 3b). Many chert layers are finely laminated (Figure 3d). The upper boundary of the Laobao Forma-
tion is marked by the presence of black shale of the early (?) Cambrian Qingxi Formation. The contact
between the Laobao chert and Cambrian black shale is conformable.

The Laobao chert has traditionally been compared with the Liuchapo Formation deposited in the slope environ-
ments of SCB [Wang et al., 1980]; both have been regarded as equivalent to the Dengying carbonates in the
Yangtze carbonate platform [Wang et al., 1984a, 1984b]. However, recent studies indicate that the upper bounda-
ries of the Dengying Formation and the Laobao-Liuchapo cherts are not synchronous [Amthor et al., 2003; Chen
et al, 2015; Wang et al., 2012c]. The contact between the Dengying Formation and the overlying black chert-
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phosphorite of the Yanjiahe Formation is estimated to be
~538 Ma, close to the Ediacaran-Cambrian boundary
[Amthor et al., 2003]. However, the Laobao-Liuchapo Forma-
tion might have extended into Cambrian, and upper bound-
ary of the Laobao-Liuchapo chert might be diachronous
within the SCB [Chen et al., 2015; Wang et al., 2012b, 2012c].
Small shelly fossils recovered from the upper Liuchapo For-
mation are composed of a mixture of the small shelly fossil
assemblage | and assemblage II, suggesting an extension to
the Tommotian (534-530Ma) [Wang et al.,, 1984b]. Typical
Ediacaran fossils, Palaeopascichnus have been reported from
the Liuchapo cherts in central Guizhou province and the
o equivalent Piyuancun cherts in southern Anhui province
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£ 3 3. Methods

L

2 — Polished thin and thick sections were prepared for petro-

- graphic observation and laser ablation inductively coupled
Figure 2. Stratigraphic column of the Cryogenian- plasma mass spectrometry (LA-ICP-MS) analyses, respec-
Ediacaran-Cambrian succession in the Silikou section, tively, at Rice University (USA). Measurements were con-
northern Guangxi province. Sampling interval is marked ducted at medium mass resolution (m/Am = 3000). The
against the stratigraphic column. DST: Doushantuo i ) 53 25 71 30c: 31
Formation. following masses were monitored: “°Na, Mg, “Al, >°Si, > 'P,

%K, #Ca, *Sc, **Ti, 'V, *2Cr, *Mn, *"Fe, *°Co, “Ni, ®Cu,
67n, ®Ga, "*Ge, ®Y, and °'Zr. At medium mass resolution, all significant isobaric interferences were resolved
(e.g. *Ar'®0'H" was resolved from °’Fe). Correction of magnet drift (mass calibration) was resolved by center-
ing on the *“°Ar*°Ar" dimer during each run. We chose the transect mode for laser ablation. The following laser
operating parameters were used: laser beam diameter of 55 um, pulse frequency of 10 Hz, energy intensity at a
~20 J/cm?, and at beam moving velocity of 20 um/s. A ~30 s gas background was acquired while the laser was
off, followed by ablation and acquisition of the signal. After subtracting background gas signals from sample sig-
nals, the background-corrected signals were normalized to the *°Sisignal, which we used as an internal standard.
External reference glass standards (United States Geological Survey basaltic glasses BHVO2g, BCR2g) were ana-
lyzed before the sequence of samples. For each sample, at least four measurements were taken from the least
altered areas. Background-corrected signals were converted into elemental concentration ratios by calibration
against BHVO2g and BCR2g external standards. Absolute compositions were calculated from elemental ratios
and on a volatile-free basis (i.e., C, S, and H). In this treatment, all the measured major and minor elements are
considered as oxides (Na,O, MgO, Al,0s, SiO,, P,0s, K,0, Cao, TiO, MnO, and FeO) and then sum up to 100%.
This approach has a slight systematic bias, because Ca and Mg could be in the form of carbonate and Fe could
be in the form of Fe,0sor FeS,. For most samples, the calculated SiO, contents are greater than 90%, so the
volatile-free concentrations of other oxides are biased by ~5% at most. However, such bias in absolute concen-
trations does not apply to Ge/Si ratios. Ge/Si is expressed here in gumol/mol. Analytical uncertainties are calcu-
lated by multiple measurements of BHVO2g and BCR2g standards. The relative uncertainty of Ge/Si is better
than 8% (10). LA-ICP-MS measurements are bulk measurements so do not differentiate between different com-
ponents in the chert. However, component proportions can be estimated by multielement mass balance
inversion.

4, Results

Eight Laobao chert samples were analyzed. The major and trace element compositions as well as Ge/Si
(umol/mol) are listed in Table 1. Based on major element compositions, the Laobao chert can be classified
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Figure 3. (a) Field photographs of the Laobao chert in the Silikou section, northern Guanxi. (b) Close view of medium bedded chert of the Laobao Formation. (c) Photomicrograph of
Palaeopascichnus from the Laobao chert. (d) Photomicrograph of thin-laminated Laobao chert under transmitted light. Scale bars are 100 um in Figure 3c and 2 mm in Figure 3d.

into three types (Figures 4a—4d). Type A cherts (n = 5) are characterized by high SiO, (average 93 wt %), low
MgO + CaO (<2 wt %), and high MgO/CaO (0.5-35 with average of 9.5 (wt %/wt %)). Type B chert (n = 1)
has low SiO, (~73 wt %), high Mg and Ca contents (MgO + CaO = 11 wt %), and low MgO/CaO (0.5). Type C
cherts (n = 2) have intermediate SiO, (~84 wt %), MgO + CaO (3.9 wt %), and MgO/CaO (0.5-3 with an aver-
age of ~1.2), but high Al,O5 content (6.6 wt %). High Al,Os likely reflects higher clay content, whereas high
CaO reflects greater carbonate content.

The three chert types have systematic variations in Ge/Si ratios (Figure 4e). Type A cherts have the lowest
Ge/Si ratio, ranging from 0.4 to 0.9 with an average of 0.6 (excluding one outlier with unusually low SiO,
and high MgO + Ca0). Type B chert with high MgO + CaO has high Ge/Si ratio of 1.5. Ge/Si ratios of Type C
cherts overlap with the upper range of Type A cherts, ranging from 0.6 to 0.9 with an average value of 0.7
(excluding one outlier with very low SiO, but high MgO + Ca0). Two measurements were made on pyrite/
iron-oxide crystals identified under microscope. These iron-rich (>60% of FeO) minerals are characterized
by very high Ge/Si (3.6 and 3.5).

5. Discussion

5.1. Major Element Compositions of the Laobao Cherts

The compositional difference between Type A and Type B cherts is mainly due to the presence of a greater
dolomite component in Type B cherts. Stoichiometric dolomite has MgO/CaO of ~0.7 by weight. Thus, Type
B cherts, with low MgO/CaO of ~0.5 but high MgO + CaO, derive their Mg and Ca contents from dolomite
(Figure 4a). This is consistent with the presence of dolomite residue under microscope. In contrast, high
MgO/Ca0 of Type A and Type C cherts implies Mg must derive from additional Mg-rich sources besides
dolomite (Figure 4a). The linear correlation between MgO and Al,O3 in Type A cherts suggests that Mg may
be associated with clays (Figure 4d). The presence of clay minerals in the Laobao chert is also supported by
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Table 1. Elemental Compositions and Ge/Si of the Laobao Cherts

Sample Na,0 MgO ALO3; SiO, P,0s5 KO Ca0 TiO, FeO Y Cr Mn Co Ni Cu Zn Ga Ge Y Zr Ge/Si
No. # (Wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (umol/mol)
Lb29 1 0125 0601 308 934 00187 177 00693 0309 0553 120 426 236 0993 818 164 673 849 0918 863 55.1 0.795
2 00434 0482 291 943 00157 141 00605 0289 0434 141 189 219 107 965 368 143 744 0608 274 374 0522
3 00625 0450 220 951 00165 136 00128 0.145 0568 101 245 192 0865 955 299 939 643 0573 508 30. 0.488
4 00743 0411 217 952 00092 1.18 00352 0.189 0655 105 372 273 0955 798 229 112 619 0522 265 212 0444
5 146 348 149 724 00089 080 677 0056 0224 942 220 408 0580 357 704 810 190 1109 359 414 124
Lb32 1 0104 102 358 910 0156 241 0543 0261 0841 151 797 556 303 287 283 482 898 0930 170 624 0827
2 0132 0766 294 927 00334 194 00652 0253 107 150 636 454 335 258 377 569 802 0624 255 610 0545
3 00727 0689 271 922 00508 199 0284 0256 162 136 408 557 541 226 556 285 575 0718 757 300 0630
4 00463 0706 257 936 00350 152 011 0189 120 117 700 480 361 176 339 392 554 0534 576 237 0462
Lb-34 1 0089 0798 393 924 00183 215 00828 0258 0156 193 250 155 0.160 748 248 191 122 0980 929 624 0858
2 0077 0751 382 930 00210 178 00919 0231 0.144 204 278 104 0.167 837 274 195 110 0820 666 534 0713
3 0058 0640 266 940 00282 174 00451 0.198 0565 196 284 106 0.167 429 188 186 104 0754 462 356 0650
4 0052 0530 259 948 00147 159 00281 0233 0110 138 206 105 0120 548 946 155 806 0628 407 387 0536
5 0071 0597 316 931 00930 182 00723 0274 0820 151 235 101 0.152 444 141 163 900 106 347 258 0923
Lb-41 1 153 378 142 703 000675 0857 7.76 0137 0269 145 180 552 0678 401 373 172 267 166 150 569 191
2 116 362 164 754 00101 0687 659 0102 0208 139 121 476 0471 405 376 256 195 113 202 690 121
3 119 372 216 722 00272 0657 877 0119 0328 149 468 512 0560 471 339 336 249 110 300 108 123
Lb-46 1 119 128 788 850 00788 183 161 0519 0535 193 2326 453 0633 945 757 932 110 0835 105 130 0.795
2 197 149 692 838 0099% 206 218 0352 100 188 2284 504 0776 136 889 100 10.1 0846 114 119 0817
3 109 120 677 855 0172 219 177 0297 0797 159 2437 520 0816 134 732 102 103 0935 131 132 0.885
4 0974 119 808 852 00813 241 106 0325 0530 170 1803 384 0742 112 708 809 103 0793 103 134 0.753
Lb-49 1 00396 0511 231 953 00111 139 00384 0210 0114 108 293 945 0.136 468 486 919 635 0837 368 218 0711
2 00275 038 206 960 000395 1.10 00338 0.174 0143 110 232 935 0274 363 470 180 6.13 0481 410 264 0406
3 00303 0528 215 956 000661 126 00356 0.198 0.155 126 278 148 0.178 421 410 174 636 0484 843 58.1 0410
4 00215 0473 205 956 000461 123 00187 0287 0275 141 324 112 0273 653 395 307 661 0598 376 287 0506
5 00312 0505 215 955 000637 127 00725 0226 0.125 127 325 119 0.101 264 437 101 628 0662 829 35.1 0.561
Lb-52 1 140 446 250 684 00406 135 826 0121 0648 664 742 647 1.14 879 154 518 528 101 150 825 1.20
2 192 149 603 855 00385 162 196 0340 0940 138 362 555 164 157 156 720 965 0640 166 88.1 0.606
3 156 153 725 857 00389 170 1.12 0428 0585 175 444 443 154 133 216 479 101 0701 204 125 0.662
4 109 146 763 860 00568 1.89 0899 0315 0599 157 368 799 200 144 223 468 934 0659 147 848 0621
5 0651 127 629 877 00583 176 0416 0310 143 156 406 102 552 242 405 554 105 0618 142 157 0.571
Lb-57 1 0774 0766 371 921 00447 108 0581 0.164 0765 997 283 353 0871 652 285 303 549 0584 161 436 0514
2 0653 110 453 905 00828 133 0621 0234 0873 142 261 458 171 105 286 349 682 0620 249 917 0555
3 0244 102 379 921 00621 140 0309 0202 0734 130 452 543 228 103 312 389 708 0673 181 92.1 0.592
4 0215 0660 247 934 00686 148 0357 0226 107 131 752 447 184 917 261 421 644 0644 743 213 0559
5 0145 0658 227 938 0.169 148 0316 0203 089 125 485 458 138 978 208 336 634 0589 181 36.1 0.508
Pyrite 1 386 109 194 254 0433 0637 2577 0036 638 448 861 1401 318 2080 110 4435 219 0807 718 364 257
2 346 116 345 279 0375 0641 163 0118 610 613 286 1838 283 2916 26.1 4660 248 119 565 609 345
positive correlations between Al,03 and K,O + Na,O in Type A and Type C cherts (Figure 4c). This scenario
is also supported by higher K;0/Na,O in Type A and Type C cherts because K is more strongly than Na to
be incorporated into clay minerals and Na is more prone to coprecipitate with carbonate (Figure 4f).
Another discernible component in the Laobao cherts is pyrite and iron-oxides. These Fe-rich minerals may
account for most of the Fe in the Laobao cherts. Pyrites are the products of H,S reacting with Fe during bac-
terial sulfate reduction under anoxic conditions [Habicht and Canfield, 1997; Passier et al., 19971, whereas
iron-oxides might be derived from post-depositional oxidation of pyrite. In summary, the major element
composition of the Laobao cherts can be described as a mixture of four components: quartz, carbonate
(mainly dolomite), clay, and pyrite/iron-oxide.
5.2. Si Source of the Laobao Cherts
Precipitation of the Laobao-Liuchapo cherts in SCB requires abundant influx of Si (Figure 1). It is unclear
whether Si was directly sourced from hydrothermal fluids or seawater, the latter of which is a mixture of
continental weathering and hydrothermal fluid inputs. Today, most of the Si influx into the oceans is
thought to come from continental weathering because modern seawater Ge/Si is low (~0.72) [Froelich et al.,
1985, 1992; Mortlock and Froelich, 1987]. In contrast, significant enrichment of Ge in hydrothermal fluids
results in 1 order of magnitude higher Ge/Si than that of seawater (~11) [Mortlock and Froelich, 1986; Mort-
lock et al., 1993]. Thus, if we can determine the Ge/Si of end-member components in these cherts, we may
be able to evaluate the relative contributions of Si to the cherts.
DONG ET AL. ©2015. American Geophysical Union. All Rights Reserved. 6
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Figure 4. Cross plots showing the correlations between oxides (wt %). (a) SiO, versus MgO + CaO; (b) MgO + CaO versus MgO/CaO0; (c)
K,0 + Na,O versus Al,Os; (d) Al,O3 versus MgO; (e) SiO, versus Ge/Si; (f): K,0 + Na,O versus K,0/Na,O.

In our LA-ICP-MS methodology, our spot sizes are large enough that the bulk elemental compositions
acquired are the sum of four lithological components: clay, carbonate, pyrite, and quartz. The concentration
of a given element in the four different components (clay, carbonate, pyrite, and quartz) within the bulk
chert is related by mass balance

Sit=(Xsio, X Sisio, +Xclay X Siciay ) / (Xsio, + Xclay ) (1M
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Mgr=(Xcarb XMGcarp +Xclay XMgclay)/(Xcarb +Xclay) (2)

Fer= (Xpyrite X Fepyrite T Xciay X Feclay)/(xpyrire +Xclay) 3)

where the element symbols represent the mass concentrations of a given element in each component and
the bulk (where the subscripts T, SiO,, Clay, carb, and pyrite denote total composition, quartz, clay, carbon-
ate, and pyrite/iron-oxides components, respectively) and x; is the mass fraction of component i.

The Ge/Si of the quartz component is estimated from the measurements with the highest SiO, content. It
can be seen that Ge/Si is lowest (0.4-0.5) when SiO, is greatest (Figure 4). These values are likely maximum
bounds on the Ge/Si of the quartz component in the Laobao chert for the following reasons. First, measure-
ments with higher MgO + CaO content have significantly higher Ge/Si than those with lower MgO + CaO,
suggesting that the carbonate component is characterized by high Ge/Si. Five measurements (three from
Type B, one from Type A, and one from Type C cherts) with high MgO + CaO show exclusively higher Ge/Si
(>1.2) than the Ge/Si of Type A and Type C cherts (0.6 and 0.7). High Ge/Si of the carbonate component
cannot be attributed to the low Si content alone, because SiO, contents of these measurements (~70 wt %)
are only 25% less than that of Type A cherts (Figure 4a). Second, clay minerals are also more enriched in Ge
than the quartz component [Kurtz et al., 2002]. This is also evidenced by the positive correlations between
Ge/Si and Al contents for most Laobao cherts samples (Figure 5). Finally, the precipitation of iron-oxide
tends to absorb Ge [Bernstein, 1985], which may partly explain the systematic difference in Ge/Si between
Si-rich and Fe-rich bands in banded iron formation [Hamade et al., 2003; Maliva et al., 2005]. Ge accumula-
tion in iron-oxide is supported by the direct measurements of pyrite/iron-oxide particles indicating very
high Ge/Si (Table 1). Therefore, incorporation of any component besides quartz will increase the Ge/Si of
chert.

Our estimated Ge/Si of 0.4-0.5 of the quartz component is significantly lower than that of hydrother-
mal fluids [Mortlock and Froelich, 1986; Mortlock et al., 1993; Wheat and McManus, 2008], suggesting
that hydrothermal fluids may not be the direct Si source of the Laobao cherts. Instead, Ge/Si of the
quartz component is close to the modern seawater composition (0.72) [Froelich et al., 1985; Ham-
mond et al., 2004], diatom frustules [Murnane and Stallard, 1988], as well as Cretaceous radiolarite
that is thought to derive from dissolution-reprecipitation of siliceous radiolarian skeletons (Figure 5)
[Rouxel et al., 2006].

In the modern ocean, the dissolved Si content of surface waters is low due to biogenic silica forma-
tion, and thus abiotic precipitation of silica directly from seawater is not possible. The only way to
generate massive chert deposits, such as radiolarites, is through dissolution of biogenic silica, fol-
lowed by reprecipitation of Si within sediments [Hesse, 1989]. However, dissolution of biogenic silica
is probably not the major source of Si for the Laobao cherts during the Ediacaran-Cambrian transi-
tion, given that the dominant silica-secreting organisms in modern oceans (diatoms) did not evolve
until the Mesozoic, and radiolarians and siliceous sponges may not have been ecologically important
during the Ediacaran [Racki and Cordey, 2000; Siever, 1992]. Although the earliest fossil record of
radiolarians probably can be traced back to the Early Cambrian [Braun et al., 2007; Racki and Cordey,
2000], they have never been abundant in Cambrian rocks. The arrival of sponges dates back into the
Ediacaran and probably into the Cryogenian [Brasier et al., 1997; Gehling and Rigby, 1996; Li et al.,
1998; Love et al., 2009; Steiner, 1994; Zhou et al., 1998], but despite the early appearance of sponges,
it is not until the Cambrian that sponge fossils become abundant [Rigby and Hou, 1995; Steiner et al.,
1993; Zhang and Pratt, 1994], as exemplified by abundance of sponge spicules and Burgess-shale
type soft-bodied sponge fossils from the early Cambrian black shale of the Niutitang Formation in
Hunan and Guizhou provinces and the equivalent Hetang Formation in Anhui province [Xiao et al.,
2005; Yuan et al., 2002].

It seems likely that direct abiotic precipitation of dissolved Si from seawater, rather than dissolution/precipi-
tation of biogenic silica produced by canonical silica-secreting organisms (e.g., radiolarian, siliceous sponge),
might be one plausible mechanism for precipitating the Laobao cherts. However, abiotic silica precipitation
might be facilitated by microbial activities. Recent discovery of Si-accumulation picocyanobacteria in the
modern ocean indicates that such microbes can significantly enrich Si in cells, resulting in high cellular Si/P
and Si/S comparable to those of diatoms [Baines et al., 2012].

DONG ET AL.

©2015. American Geophysical Union. All Rights Reserved. 8



@AG U Geochemistry, Geophysics, Geosystems

10.1002/2014GC005595

5 " oType A
AType B
@Type C
= ¢ DST-1
£ x DST-2
§_ o Cre. chert
n (SF5) -
=0 WS e, e e Y e 1
0] Q.-
©)
a
8.0 10.0
25 - >
Je )2'00 5 x .20 @ Type A
. i :x:"‘ X /,// /’_1 O'/ .Type C
= lpi » e * DST-1
g 1.5 _5?( X /" ______
3 % o on an” T xDST-2 |
£ 1 cll*&’k"xx A2 T 5 oCre. chert
S _3( X 5 X . P s S
=210 1F % X e e
@ i - & T .. o
[0 ] o) (6] %)
O o5 4 @ ° 1-
i _ _
00 * lllite scenario b
0.0 2.0 4.0 6.0 8.0 10.0
AlL,O; (wt.%)

Figure 5. Cross plots showing the relationship between Al,O; (wt %) and Ge/Si (umol/mol) of the Laobao cherts, Cretaceous deep sea
cherts, and Doushantuo chert nodules [Shen et al., 2011a]. Assuming the clay component is represented by smectite with (a) Al,O5/

SiO, = 0.25 (wt %/wt %) and (b) illite with Al,03/SiO, = 0.6. The dashed lines are binary mixing lines between the SiO, component and
clay component with different (Ge/Si),,; (Ge/Si)so, is set to 0.4. Numbers on the dashed lines represent Ge/Si of clay component. DST-1
and DST-2 are the Type | and Type Il Doushantuo chert nodules from the Jiulongwan section, Yangtze Gorges area[Shen et al., 2011a];
“Cret. Chert” represents Cretaceous radiolarite deep sea chert [Rouxel et al., 2006].

5.3. Paleoenvironmental Background of Laobao Cherts Formation
In this section, we develop a model to quantify the Ge/Si systematics of the Laobao cherts. The Ge/Si ratio
of bulk chert is given by:

. > (Ge/Si)xxiXSii _ ‘
(Ge/Si) cherr= i=clay, SiO,, carb, and pyrite 4)

Zx,-XSi,
where subscripts chert, clay, SiO,, carb, and pyrite represent bulk chert, the clay, quartz, carbonate, and
pyrite components, respectively; x; is the mass fraction of the component i in chert; Si; is the SiO,
concentration within component i. For Type A and C cherts, the quartz and clay components account for
~99 wt % (SiO, +ALO;+Na;O+K,0+MgO = 98.9 wt %, excluding one outlier) and ~96 wt %
(SiO3+AlL 03 +Na,O+K,0 = 95.9%, excluding one outlier) of the total mass, so the concentrations of car-
bonate and pyrite within these cherts are very low. Si is also a trace element in the carbonate and pyrite
components and thus their contributions to the Ge/Si systematics of the chert are negligible. The four com-
ponent mixing equation can be simplified to a binary model that only considers mixing between quartz
and clay components, as done by Shen et al. [2011a] for the Doushantuo chert nodules:
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 £X(Ge/SI) gy X Sictay + (1) X (Ge/Si) 50, X Sisio,
chert = X Siciay+(1—F) XSisio,

(Ge/Si) (5)
where subscripts chert, clay, and SiO, denote bulk chert, the clay component, and the quartz component; f
is the mass fraction of the clay component within this binary mixing system; and Siy is the Si concentration
in component x. The binary mixing model cannot completely resolve the Ge-Si systematics of Type B chert,
which contains >11 (wt.%) of MgO + CaO.

Since Al only occurs in the clay component, we can use Al to represent the clay component, that is,

Alchert =fXAIcIay (6)

The Al content in the clay component is related to clay mineral type. The most likely clay minerals in marine
sediments are smectite and illite, which have Al,05/SiO, of 0.25 and 0.6 (wt %/wt %) [Awwiller, 1993]. We
calculate a range of f using smectite and illite end-members. To obtain the Ge/Si ratio of clay from equation
(5), we assume that the Ge/Si ratio of quartz, (Ge/Si)g,. is 0.4 (wt %/wt %), corresponding to the maximum
estimate of quartz Ge/Si in the Laobao cherts.

As shown in Figure 5, the Laobao cherts and the Doushantuo chert nodules plot in different regions of the
Al,05-Ge/Si cross plot. The estimated (Ge/Si) ,, of the Laobao chert varies from 1 to 5 if smectite is
assumed and from 1 to 10 if illite is assumed. Both numbers are within the range of Ge/Si of typical marine
clays and the clay component of Cretaceous deep sea radiolarite cherts [Bernstein, 1985; Kurtz et al., 2002;
Rouxel et al., 2006], but 1-2 orders of magnitude lower than (Ge/Si),,, of the early Ediacaran Doushantuo
chert nodules [Shen et al., 2011a] (Figure 5).

clay

The early Ediacaran Doushantuo chert nodules are interpreted to have formed in an intraplatform basinal
environment, whereas the late Ediacaran-early Cambrian Laobao chert is interpreted to have deposited in a
deep basinal environment. The high (Ge/Si),,, (ranging from 20 to 400 umol/mol versus <10 pmol/mol in
modern marine sediments) of the Doushantuo chert nodules is interpreted to reflect the presence of high
DOC content in the early Ediacaran seawater [Shen et al,, 2011a]. With high DOC content, Ge is prone to che-
late with organic matter, forming Ge-Org complex [Pokrovski and Schott, 1998; Pokrovski et al., 2000],
whereas Si remains in inorganic Si(OH), form. Further absorption of Ge-Org complexes onto clay mineral
surfaces results in the formation of a Ge-Org-Clay complex, enhancing the Ge/Si ratio of clay (Ge/Si) -

The Laobao cherts, by contrast, have low (Ge/Si)day (1-10 umol/mol), suggesting low DOC content in late-
Ediacaran seawater. We speculate that when the Laobao cherts were formed, seawater Ge was mainly in
inorganic Ge(OH), form, and remained so when incorporated into the quartz component. With the absence
of Ge-Org complex in seawater, Ge in the clay component is sourced from the replacement of Si within the
crystal lattice of clay mineral, not by adsorption of Ge-rich organics, thus explaining why the (Ge/Si),,,, of
the Laobao cherts is similar to that of typical marine clay minerals.

clay

The clay Ge/Si ratios suggest that the high DOC conditions of early Ediacaran oceans did not extend into
the Ediacaran-Cambrian transition. While the terminal Ediacaran deep water settings of the SCB might
have been anoxic [Chang et al., 2012], the DOC concentration was already low enough that seawater Ge
was dominated by Ge(OH), instead of Ge-org complexes. Depletion of seawater DOC in the deep basinal
environments of the SCB might be related to the possible oxidation of Ediacaran ocean, as suggested by
a large negative carbon isotope excursion in the Member Il of the Doushantuo Formation (the Shuram
Excursion) in the Yangtze platform [McFadden et al., 2008; Zhu et al., 2013]. The negative carbon isotope
excursion is interpreted as remineralization of '>C-depleted DOC during the oxygenation of Ediacaran
deep oceans [Fike et al., 2006; Kaufman et al., 2007; McFadden et al., 2008; Shen et al., 2011b]. If so, we
speculate that the oxidation of the Ediacaran ocean was so effective that even DOC stored within deep
water settings in SCB might have been oxidized. However, there is another possibility that cannot be
ruled out at current time. Because the Shuram excursion is not well recorded in the slope and basinal sec-
tions [Jiang et al., 2007], it is possible that only the intermediate depth of water column (probably corre-
sponding with the sulfidic wedge) is enriched in DOC [Li et al., 20101, whereas the deep water (probably
the ferruginous zone) might be DOC poor. To further differentiate these two hypotheses, measurements
of chert nodules from the deep water Doushantuo Formation or the Dengying carbonate in the shallow
platform are required.
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5.4. Constraints on Bedded Chert Formation

The presence of the carbonate component (Figures 4a and 4b) and the preservation of dolomite relicts and
ghosts of dolomite precursors in the Laobao cherts may suggest the cherts originate from carbonate
replacement [Maliva et al., 2005]. However, unlike most Phanerozoic carbonate-replacement cherts, which
derive from dissolution and reprecipitation of biogenic silica (e.g., siliceous sponge spicules, radiolarian
tests, and diatom frustules) [Hesse, 1989; Maliva et al., 2005], Ge/Si ratios suggest that normal seawater pro-
vides most of the Si for the Laobao chert formation. Furthermore, most Phanerozoic carbonate-replacement
cherts are characterized by chert nodules or thin discontinuous layers within carbonate host rocks. It is less
likely for carbonate-replacement cherts to form continuous bedded cherts with significant thickness (up to
100 m) and wide range of geographic distribution (more than hundreds of thousands of km?). Carbonate-
replacement origin of the Laobao chert is also not supported by the presence of centimeter-scale chert-
dolomite alternations in some localities.

If carbonate replacement is not the main cause of the bedded chert formation, alternative possibilities are
that the Laobao cherts precipitated directly from seawater and/or during replacement of calcareous sedi-
ments near the sediment-water interface during very early diagenesis. Both scenarios are plausible, given
the high Si concentration in Precambrian seawater [Siever, 1992]. However, high Si content in seawater is
unlikely to be the only control on Laobao chert formation, so additional factors must be considered as well.

A recent study indicates that some picocyanobacteria can accumulate Si from modern Si-poor seawater, as
evident by the high cellular Si/P and Si/S ratios approaching to those of diatoms [Baines et al., 2012]. This
finding implies that microbial activities play an important role in the modern marine Si cycle. It is well
known from the fossil records that siliceous sponges and radiolarians had already evolved during late
Ediacaran-early Cambrian [Racki and Cordey, 2000]. Thus, it is plausible that, along with the evolution of sili-
ceous sponges and radiolarians, some bacteria might have acquired the function of Si accumulation during
the Ediacaran-Cambrian transition. Possible involvement of Si-accumulation bacteria for the bedded chert
formation is consistent with the widespread microbial structures/laminations seen in the Liuchapo-Laobao
chert [Hu, 2008].

The Laobao cherts may ultimately provide new insight into the secular variation in silica diagenesis. Early
diagenetic subtidal cherts are limited in Paleoproterozoic, whereas early diagenetic cherts are restricted in
peritidal environments during Mesoproterozoic and Neoproterozoic [Maliva et al., 2005]. Early diagenetic
origin of the Laobao cherts deposited in the subtidal environments implies that the reoccurrence of early
diagenetic subtidal cherts during the Ediacaran-Cambrian transition, is probably due to the sudden emer-
gence of Si-accumulation bacteria that parallels the evolution of biomineralization of silica.

6. Conclusions

The Laobao-Liuchapo bedded chert is composed of four components: quartz, carbonate, clay, and pyrite/
iron-oxide components. The Ge/Si ratio of the quartz component is estimated to be 0.4-0.5 umol/mol. This
value excludes the probability of direct hydrothermal origin of Si; instead, the Si in the Laobao chert is
mainly from normal seawater. (Ge/Si),,, of the Laobao chert is estimated ranging from 1 to 10 umol/mol,
within the range of typical marine clay minerals, but in sharp contrast to the high (Ge/Si)c,ay of the early
Ediacaran Doushantuo chert nodules. We suggest that low (Ge/Si),,, of the Laobao chert implies low DOC
concentration in the terminal Ediacaran seawater. Absence of high DOC content in the deep water environ-
ment of SCB may have resulted from massive oxidation of DOC stored in Ediacaran deep oceans during the
oxidation of Ediacaran oceans. Finally, direct seawater origin of the Laobao cherts is inconsistent with the
carbonate-replacement mechanism. Instead, silica precipitation in the early diagenesis might be the most
likely cause. We speculate that the possible occurrence of Si-accumulation bacteria might have played a
role in the Liuchapo-Laobao bedded chert formation in SCB.
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