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Germaniumy/silica (Ge/Si) ratios of dolostone- and mudstone-hosted chert nodules from the Ediacaran
(635-542 Ma) Doushantuo Formation in the Yangtze Gorges area, South China, are reported. These chert
nodules typically have a calcite rim, a pyrite rim, and a silica core, the latter sometimes containing disseminated
pyrite. The silica core was precipitated by early diagenetic replacement of carbonate and silty/muddy sediments.
Two types of chert nodules are identified based on their mineralogy and geochemistry. Type-1 chert nodules are
poor in disseminated pyrite in the silica core. They also have low Al, and show a strong positive correlation
between Al contents and Ge/Si with a near-zero or negative intercept. In contrast, Type-2 chert nodules contain
Keywords: abundant disseminated pyrite in the silica core and show a weakly positive correlation between Ge/Si ratios and
Germanium Al contents (with a large positive intercept on the Ge/Si axis). The Ge/Si of Doushantuo nodules are greater than
Silica those of Cretaceous deep-sea cherts, suggesting that the Ge/Si ratio of Ediacaran seawater/porewater was greater
Chert nodule than the Cretaceous due to the more effective discrimination against Ge by inorganic opal precipitation relative to
Ediacaran biogenic opal precipitation. The positive correlation between Ge/Si and Al can be interpreted using a mixing
Doushantuo model with a pure chert (characterized by a low Ge/Si ratio) and an Al-rich endmember (characterized by a high
Ge/Siratio). The latter is most likely represented by a clay component, but the model-based estimate of the Ge/Si
ratio inferred for the Al-rich (clay) endmember is much higher than that of Phanerozoic clay minerals. These high
Ge/Si ratios for the clay endmember may be related to the generally high Ge/Si ratio of Ediacaran seawater, but
could also be related to clay-organic matter interactions. Organic matter absorbed to clays could provide an
additional source of Ge because certain organic molecules are known to have a high affinity for Ge due to their
strong metal ion-chelating properties. The high Ge/Si ratio of the Al-rich endmember in Type-1 chert nodules
suggests that Ge in porewaters from which these cherts precipitated may have been dominated by Ge-organic
complexes. The low Ge/Si ratio inferred for the Al-rich endmember in Type-2 chert nodules is therefore taken to
indicate that Ge was released from organic matter, perhaps due to anaerobic degradation of organic matter
(accompanied by the formation of pyrite), and was redistributed between clay-organic endmembers and pure
chert, resulting in a non-zero intercept in the Ge/Si vs. Al,O3 plots. These observations suggest that a strong
terrestrial influence in a restricted sedimentary basin or a high content of dissolved organic carbon in Ediacaran
seawater and porewater may have contributed to the dominance of Ge-organic complexes in the Doushantuo
basin in the Yangtze Gorges area.
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1. Introduction

The objective of this study is to understand Ge systematics in
Precambrian aqueous environments. This is motivated by the fact that
Ge, in particular the Ge/Si ratio, is an important biogeochemical index,
which is sensitive to variations in weathering inputs, hydrothermal
processes, and biological productivities (Froelich and Andreae, 1981;
Froelich et al., 1985; Kurtz et al., 2002; Lugolobi et al., 2010; Wheat and
McManus, 2008). Ge has a mixed distribution in the modern ocean, i.e. it is
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present in both inorganic and organic forms with substantially different
behaviors (Bruland and Lohan, 2003). Inorganic Ge (Ge(OH)4) shows a
typical nutrient-type distribution due to utilization by diatoms in the
surface ocean. However, because diatoms do not discriminate between Ge
and Si, seawater has a homogeneous inorganic Ge/Si ratio of 0.72 (umol/
mol) that is determined by the influxes and sinks of both Ge and Si
(Bareille et al,, 1998; Froelich and Andreae, 1981; Froelich et al., 1985,
1989; Hammond et al., 2004; Mortlock and Froelich, 1987). River waters
are the major source of seawater Si, accounting for ~80% of total Si influx to
the ocean (DeMaster, 2002; Mortlock et al., 1993; Tréguer et al., 1995),
whereas both hydrothermal and river waters are important contributors
to Ge input into the ocean (Elderfield and Schultz, 1996; Mortlock et al,
1993). As for the sinks, biogenic opals account for nearly 100% of Si output,
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but only ~55% of Ge output; the remaining 45% of Ge output is attributed
to non-opal minerals, such as Fe-rich clays in reduced sediments with high
Fe?* availability (Hammond et al., 2000; King et al., 2000; McManus et al.,
2003). In contrast, methylgermanium, an organic complex with methyl
groups that chelate with Ge, is the dominant organic Ge species in
seawater, and shows a typical conservative distribution due to its
extremely stable nature (Bruland and Lohan, 2003). The origin of
methylgermanium in modern oceans is not completely understood, but
is probably related to anthropogenic activities (Lewis et al., 1989). Due to
the complex behavior of Ge and the decoupling of Ge and Si in seawater,
variations in seawater Ge/Si may reflect changes in weathering inputs,
hydrothermal activity, biological activity, and/or diagenetic processes in
marine sediments.

Precambrian oceans, however, differ from modern oceans in the
following aspects (Siever, 1992). In contrast to modern oxic deep
oceans, Precambrian deep oceans were probably anoxic/euxinic
throughout most of the Proterozoic (Canfield, 1998; Canfield et al.,
2008), and are hypothesized to have been enriched in dissolved organic
carbon (DOC) (Rothman et al., 2003). In addition, silica-secreting
organisms, an important sink for both Ge and Si in modern oceans, were
ecologically unimportant during the Proterozoic (Gehling and Rigby,
1996; Li et al, 1998; Siever, 1992; Steiner et al., 1993). Thus, it is
reasonable to speculate that the Ge/Si systematics of Precambrian
oceans would have behaved differently from their modern counterpart.
However, there is no direct recorder of Proterozoic seawater Ge/Si
because we know of no Proterozoic biogenic cherts. For this reason, we
turn to early diagenetic chert nodules from the Ediacaran Doushantuo
Formation in South China (635-551 Ma). These chert nodules were
formed during early diagenesis (before compaction) through the
replacement of carbonate sediments by silica precipitates (Xiao et al.,
2010), and may thus record the Ge geochemistry of ancient porewaters,
which in turn provide insight into seawater composition. We show here
that the Ge/Si systematics of Doushantuo chert nodules is modulated by
clay and organic matter, the latter suggesting that the Doushantuo
porewater may be characterized by high DOC concentrations.

2. Geological setting

Chert nodules were collected from Member II of the Ediacaran
(635-541 Ma) Doushantuo Formation at the Jiulongwan section
(30°44.229’' N, 111°3.315’E) in the Yangtze Gorges area of the South
China craton (McFadden et al., 2008, 2009). The Yangtze Gorges area
is located in the northern part of the Yangtze Block, which lies to the
northwest of the Cathaysia Block (Jiang et al., 2003; Li et al., 2007,
Wang and Li, 2003) (Fig. 1). The Ediacaran strata in the Yangtze
Gorges area are represented by the Sinian System. The upper
boundary of the Sinian System is marked by the first appearance of
the small shelly fossil Anabarites trisulcatus-Protohertzina anabarica
assemblage, and the lower boundary by the base of the cap carbonate
overlying the Nantuo diamictite (China Commission on Stratigraphy,
2001). The Nantuo diamictite is widely interpreted to be a glacial
deposit equivalent to the terminal Cryogenian Elatina diamictite in
Australia (Condon et al., 2005; Zhu et al., 2007). The Anabarites
trisulcatus-Protohertzina anabarica assemblage is regarded as basal
Cambrian (Qian, 1999).

The Ediacaran System in the Yangtze Gorges area consists of the
Doushantuo and overlying Dengying formations (Zhao et al, 1988)
(Fig. 2). The Doushantuo Formation, which has been the focus of
extensive paleontological and geochemical investigations in the past
decade (Xiao et al., 1998; McFadden et al., 2008, 2009; Zhu et al., 2008), is
constrained to be between 635.2 4- 0.6 and 551.1 4- 0.7 Ma in the Yangtze
Gorges area (Condon et al, 2005). At the Jiulongwan section, the
Doushantuo Formation is approximately 155 m thick and divided into
four lithological members (McFadden et al., 2009) (Fig. 2). Member I is
represented by a cap dolostone containing sedimentary structures such
as sheet cracks, tepee structures, macropeloids, and barite crystal fans
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Fig. 1. (a) Map showing the geographic locality of the Yangtze Block and the Yangtze
Gorges area (black dot). (b) Simplified geological map of the Yangtze Gorges area. The
Jiulongwan section is marked by solid circle. From McFadden et al. (2008).

(Jiang et al., 2006). Member Il is characterized by alternating black shale
and shaley dolostone beds with abundant pea-sized chert nodules
(Fig. 3a, b). Member Il consists of massive and laminated dolostone
overlain by interbedded limestone and dolomitic mudstone (ribbon
rock). Member 1V is a black organic-rich shale. The overlying Dengying
Formation is represented by peritidal dolostone and organic-rich
limestone deposited in a shallow water platform environment (Zhao
et al,, 1988), and is unconformably overlain by cherts, phosphorites, and
dolostones of the Yanjiahe Formation, which yields basal Cambrian small
shelly fossils and acritarchs (Chen, 1984; Dong et al., 2009).
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Fig. 2. Stratigraphic column of the Doushantuo Formation at the Jiulongwan section,
Yangtze Gorges area, South China (from McFadden et al., 2008). Stratigraphic horizon of
analyzed chert nodules are marked against the stratocolumn. DY: Dengying Formation;
NT: Nantuo Formation.

There is no consensus on the depositional environment of the
Doushantuo Formation in the Yangtze Gorges area. It has been
traditionally interpreted as inner shelf marine deposits in the Yangtze
Gorges area (Jiang et al., 2003; Wang and Li, 2003). This interpretation
is supported by litho-, bio-, and chemostratigraphic relationships in
South China (Vernhet et al., 2006; Zhou and Xiao, 2007; Zhou et al.,
2007; Zhu et al., 2007). However, the lowermost 80 m of the
Doushantuo Formation in the Yangtze Gorges area has recently
been reinterpreted as being deposited in an alkaline lacustrine
environment on the basis of high contents of saponite, a high-Mg
low-K clay mineral normally precipitated under high pH (>9)
conditions (Bristow et al., 2009). The balance of evidence from
regional litho-, chemo-, and biostratigraphy indicates that the lower
Doushantuo Formation in the Yangtze Gorges area was probably
deposited in a restricted shelf basin with connections to the open
ocean (Ader et al., 2009; Vernhet and Reijmer, 2010).

Chert nodules analyzed in this study were collected from a 50 m
interval in Member II of the lower Doushantuo Formation (Fig. 2). This
interval coincides with the first positive excursion in carbon isotopes
in the Doushantuo Formation (EP 1) (McFadden et al., 2008, 2009;
Zhou and Xiao, 2007; Zhu et al., 2007).

3. Doushantuo chert nodules

The Doushantuo chert nodules are hosted in four different
lithologies: 1) organic-rich calcareous shale (clay>50%), 2) argillaceous
dolostone, 3) silty dolostone, and 4) dolomicrite (Fig. 2). The chert
nodules analyzed in this study are mainly hosted in dolostone and
calcareous shale. Chert nodules vary from 1-3 cmin diameter (Fig. 3a,b)
and contain abundant microfossils (McFadden et al., 2009). Individual
chert nodules consist of microcrystalline quartz (Fig. 3c-f), but relicts of
dolomicrites are abundant, suggesting that the chert nodules formed by
diagenetic replacement of their host carbonate-bearing lithologies
(Hesse, 1989; Maliva and Siever, 1989). Additional characteristics of
the chert nodules are the presence of an early diagenetic pyrite rim and
sometimes a late diagenetic calcite rim (Fig. 3b), which surround a silica
core (Xiao et al., 2010). The weathering of the pyrite rim allows easy
extraction of these chert nodules from the host rock. Disseminated
pyrite is observed in the interior of some chert nodules (Fig. 3e, f). The
disseminated pyrite includes randomly distributed subhedral crystals of
a few tens to hundreds of microns in diameter (Fig. 3e, f). Based on the
presence or absence of disseminated pyrite within the silica core, two
types of Doushantuo chert nodules can be recognized: Type-1 (poor in
disseminated pyrite, Fig. 3¢, d) and Type-2 (rich in disseminated pyrite,
Fig. 3e, f). In the context of their host rocks, Type-1 nodules are found in
calcareous shale and argillaceous dolostone, whereas Type-2 nodules
are found in all four lithologies.

Based on petrographic observations and geochemical data, it can
be inferred that the Doushantuo chert nodules formed during early
diagenesis, probably before compaction (Xiao et al, 2010). This
inference is supported by the observation that (1) microbial
laminations continue through the chert nodules and (2) microbial
laminations in the matrix typically warp around chert nodules
(Fig. 3a, b), suggesting that the nodules were lithified before
compaction, perhaps near the water-sediment interface. Additional
evidence for an early diagenetic origin comes from the presence of
well preserved microfossils in the chert nodules (McFadden et al.,
2009) and the highly positive 6>4S values of rim pyrite (Xiao et al.,
2010). The early diagenetic origin of these chert nodules suggests that
their chemistry reflects that of the pore-waters in uncompacted
sediments.

4. Methods

Chert nodules were thin-sectioned and examined under a petro-
graphic microscope. Major and trace element compositions were
determined by laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) at Rice University using a 213 nm laser
(New-Wave) and a single-collector magnetic sector ICP-MS
(ThermoFinnigan Element 2). Analyses were conducted in medium
mass resolution (m/Am~3000). The following isotopes were measured:
7Li, 23Na, ZSMg, 27A1, :’)Osiv 3'11)' 391(, 43Ca, 4SSC, 48Ti, 51V, SZCr‘ SSMl‘l, 57Fe,
59Co, ONi, ®3Cu, ®6zn, %°Ga, "“Ge, ®%Y, and °'Zr. At medium mass
resolution, all significant isobaric interferences were resolved (e.g.,
4OAr1®0'HT was resolved from °’Fe). Drift of the magnet (mass
calibration) was corrected by centering on the “°Ar*°Ar* dimer during
each run. Samples were ablated using a laser beam of 110 um in
diameter, at a 10 Hz pulse frequency, at a ~12 J/cm? energy density in
line-scan mode, and at a velocity of 15 pm/s. A ~30 s gas background was
taken while the laser was off, followed by ablation and acquisition of the
signal. Background gas signals were subtracted from sample signals, and
the resulting background-corrected signals were normalized to the 3°Si
signal, which we used as an internal standard. External reference glass
standards (United State Geological Survey basaltic glasses BHVO2g and
BCR2g) were analyzed before the sequence of samples. In order to
capture the compositional variations, four to six line scans were
conducted for each nodule, and these line scans were oriented
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Fig. 3. Doushantuo chert nodules. (a) Field photographs of Doushantuo chert nodules. Pen cap (~5 cm) for scale. (b) Polished section of a Doushantuo chert nodule (sample number
JLW-34.8). (¢) Thin section photomicrography of a Type-1 chert nodule (sample number JLW-15.1). (d) Magnified view of rectangle area in (c). (e) Thin section photomicrography of
a Type-2 chert nodule (sample number JLW-17.2). (f) Magnified view of rectangle area in (e), showing abundant disseminated pyrite. Scale bars are 0.5 mm in (c¢)-(f), and 1 mm in

(b).

perpendicular to the radius and spaced at approximately equal distances
from the center to the rim of the nodule.

Background-corrected signals were converted into elemental
concentration ratios by calibration against BHVO2g and BCR2g
external standards. For elemental ratios, such as Ge/Si, it is not
necessary to precisely know the elemental concentration in the
internal standard and samples. However, if all major and minor
elements are measured, then elemental ratios can be used to calculate
absolute concentrations. Absolute concentrations on a volatile-free
basis (i.e., ignoring C, S, and H because these elements are not
measured) were estimated by assuming all the measured major and
minor elements as oxides (Na,O, MgO, Al,0s, SiO,, P05, K50, Cao,
TiO, MnO, and FeO) and then summing up to 100% (Lee et al., 2008).
There is a slight systematic bias in this approach because Ca and Mg
could be in the form of carbonate and Fe could be in the form of Fe,03

or FeS,. However, the fact that the calculated SiO, contents are >95%
(i.e., the chert nodules consist of nearly pure SiO,) means that the
volatile-free contents of other oxides are at worst biased by ~5%.
These biases in absolute concentrations do not apply to elemental
ratios, such as Ge/Si. Analytical uncertainties are calculated by
multiple measurements of BHVO2g and BCR2g standards. The relative
uncertainty of Ge/Si is better than 8% (10).

5. Results

Elemental compositions and Ge/Si ratios of the Doushantuo chert
nodules are summarized in Table 1 and Figs. 4 and 5. Type-1 and Type-
2 chert nodules share three geochemical characteristics: 1) both types
of nodules have overlapping ranges of Ge/Si ratios, 2) Al content and
Ge/Si ratio decrease from the rim to the core (Fig. 4), and 3) Na, K, Li,
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Sc, Co, and Ga contents are positively correlated with Al content
(Fig. 5). However, there are also some geochemical differences
between these two types of chert nodules. Type-2 chert nodules
have higher Al contents (0.624+0.43 wt.%, 10) than Type-1 chert
nodules (0.12 +0.05 wt.%) (Figs. 4 and 5). A striking feature is that,
although the Ge/Si ratios between the two chert nodule types overlap
(1.12 £ 0.54 ymol/mol in Type-1 and 1.25 4 0.47 in Type-2), their Ge/
Si-Al systematics differ. Type-1 chert nodules show positive correla-
tions between Ge/Si and Al with regression lines having near-zero or
negative intercepts and slopes ranging from 9.7 to 17.7 (Fig. 4). In
contrast, Type-2 chert nodules show little to no co-variation between
Ge/Si and Al In those that do show a weak correlation, regression lines
give large positive intercepts (~0.5 Ge/Si) and lower slopes between
0.05 and 1.36 (Fig. 4).

6. Discussion
6.1. Ge/Si systematics of chert nodules

Although a wide range of Ge/Si ratios has been observed in individual
chert nodules, the two types of nodules have overlapping ranges of Ge/Si
ratios. Most samples have their maximum Ge/Si ratio exceeding 1,
significantly greater than that of bulk Cretaceous deep-sea chert (Rouxel
et al., 2006). This disparity suggests that Ge/Si ratios of the Doushantuo
seawater/porewater might have been higher than that of Cretaceous
seawater. Considering that silica-secreting organisms (e.g. diatoms and
radiolarians) were not ecologically important in the Ediacaran ocean,
inorganic opal precipitation may have been the predominant Si sink in
Ediacaran oceans (Siever, 1992). Unlike diatoms that do not appear to
discriminate against Ge (Bareille et al., 1998), inorganic SiO, formation
can discriminate against Ge more effectively. The estimated fractionation
factor of Ge/Si [defined as = (Ge/Si)quart/(Ge/Si)quia] of hydrothermal
cherts precipitated from the Himalaya hydrothermal hot-springs ranges
from 0.023 to 0.0054, suggesting significant discrimination against Ge
during inorganic quartz precipitates (Evans and Derry, 2002). Therefore,
the dominance of inorganic opal precipitation in Ediacaran oceans would
drive the seawater Ge/Si to be substantially higher than post-diatom
oceans.

However, the positive correlation between Ge/Si and Al content
(evaluated in Al,O3; wt.%) in all Type-1 and some Type-2 chert nodules
suggests that an Al-rich component may have played a role in enhancing
the Ge/Si ratios. This correlation can be explained by the binary mixing
between a pure chert endmember (with a low Ge/Si ratio and zero Al
content) and an Al-rich endmember characterized by a high Ge/Si ratio.
The low Ge/Si ratio of the pure chert member, despite possibly high Ge/Si
ratios in Ediacaran seawater, might be related to effective discrimination
against Ge by inorganic opal precipitation (Evans and Derry, 2002). As for
the Al-rich endmember, positive correlations between Na, K, Li, and Ga
with Al contents strongly suggest that the Al-rich endmember is
controlled by clay minerals (Fig. 5) because these elements are either
major or trace elements in clay minerals and absent in chert. Clay
minerals have been reported to have high Ge/Si ratios [typically >2;
(Bernstein, 1985; Rouxel et al., 2006)], and could explain the positive
correlations between Ge/Si and Al in the chert nodules. The rim-to-core
decrease in Al content (Fig. 4) could be due to the centrifugal
displacement of clays during the precipitation of silica core (Xiao et al.,
2010). The binary clay—chert mixing can be described using a simple
mass balance equation:

(Gesiy,. = 4> (Ge/Satum X Siaum + (1) x (Ge/Si)siop * Sision
nodule f < Sialum ¥ (1_ f) > Sisjoz

(1

where (Ge/Si)noque is the Ge/Si of the chert nodule, f is the mass
fraction of the Al-rich endmember, (Ge/Si)qum and (Ge/Si)sio» are the
Ge/Si ratios of the Al-rich and pure chert endmembers, and Sig, and

Sisiop are the Si contents (SiO, wt.%) of the Al-rich and pure chert
endmembers (chert Si content is assumed to be equivalent to 100 wt.
% SiO,). Because the pure chert endmember is assumed to have zero
Al content, the Al content of the chert nodule is given by:

Alpoguie = [ Algjym (2)

where Alnoque and Alg,m are the Al content (Al,O3 wt.%) of the chert
nodule and Al-rich endmember. Thus, in a (Ge/Si)nodue—Alnoduie P10, the
y-intercept of a binary mixing line, where Al,,,que and f equal zero, is
equal to the Ge/Si ratio of the pure chert endmember, i.e., (Ge/Si)sioo.

Taking (Ge/Si)sio2 as equivalent to the y-intercept in Fig. 4b (using
0 for Type-1 and ~0.5 for Type-2 nodules), Eq. (1) can be used to
construct binary mixing lines for any Ge/Si ratio of the Al-rich
endmember (i.e., (Ge/Si)qum). To estimate the range of (Ge/Si)qjym, we
plot the calculated mixing lines and the measured Doushantuo data
into the same Ge/Si-Al space (Fig. 6). This method is better than direct
extrapolation from plots in Fig. 4b, because large extrapolation could
generate large errors and not all samples show correlation. The most
likely clays in these chert nodules and in the host sediments are illites
and smectites. Illites have Al,03/SiO, mass ratios of 0.74-0.84. Typical
marine smectites have Al,03/SiO, mass ratios of ~0.2-0.3 (Awwiller,
1993). Saponitic smectites, which occur in Member II black shales of
the Doushantuo formation (Bristow et al., 2009), have Al,03/SiO,
mass ratios ~0.1. Assuming Al,03/SiO, of the clay endmember to be
0.25 (e.g., representative of smectite), we find that (Ge/Si) g of most
Type-1 chert nodules lies between 100 and 400 (Fig. 6a). In Type-2
chert nodules, (Ge/Si)qum vary between 10 and 200, with most
between 20 and 100 (Fig. 6b). If we had used a higher Al/Si ratio
characteristic of illite, the estimated Ge/Si ratios of the Al-rich
endmember would be even higher, so these calculations should be
taken as minimum estimates based on the two-member mixing
model. Even so, these Ge/Si ratios are still 1-2 orders of magnitude
higher than Ge/Si of modern marine clay minerals (2-4) (Rouxel et al.,
2006).

To place the Doushantuo chert nodules in broader context, we apply
the same calculations to Cretaceous deep-sea cherts. Unlike the
Doushantuo chert nodules, which have a diagenetic origin, the
Cretaceous cherts are siliceous sediments formed by direct deposition
of diatom frustules or aqueous precipitation from Si-laden bottom
waters, where dissolved Si ultimately also originate from dissolution of
diatoms. Interestingly, Cretaceous deep-sea cherts also show positive
correlation between Al and K contents (Rouxel et al., 2006), suggesting
possible incorporation of clay minerals. If we put the Cretaceous deep-
sea chert data in the same mixing model with the y-intercept at ~0.4, we
find (Ge/Si)qnm for Cretaceous deep-sea cherts to be 1-5, which is
consistent with the Ge/Si of marine clay minerals. In comparison, the
inferred (Ge/Si)qum values for the Doushantuo chert nodules are
anomalously high relative to Phanerozoic clays.

6.2. Origin of high Ge/Si in clay-rich component

One possible interpretation for the anomalously high (Ge/Si)qum
values is that this Al-rich endmember represents authigenic clays that
were precipitated from porewater with extremely high Ge/Si. Ge/Si
ratios of porewaters in modern marine environments are typically
around 0.1-1 (Hammond et al., 2000; McManus et al.,, 2003), with
rare exceptions (King et al., 2000; Wheat and McManus, 2008) where
they can approach the (Ge/Si)qm inferred from the Doushantuo chert
nodules. In Ediacaran marine environments, however, porewaters and
hence authigenic clays could have had much greater Ge/Si ratios (see
above), leading to greater (Ge/Si)qum ratios. With regard to the two
types of Doushantuo nodules, because (Ge/Si)qum is higher for Type-1
than Type-2 nodules, authigenic clay component in Type-1 chert
nodules must have precipitated from porewaters with greater Ge/Si
ratios. If the pure-chert endmember and the clay endmember were



Table 1
Elemental compositions and Ge/Si ratios of Doushantuo chert nodules. SN: sample number; #: sequence of measurement (1: outer rim; 8: inner core); type I chert nodules are denoted in italic with °.
SN # Ge/Si Na,0  MgO ALO;  Si0, K0 Ca0 FeO Ge Li P Sc Ti Mn \ Cr Co Ni Cu Zn Ga Y Zr
pmol/mol % % % % % % % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm  ppm ppm  ppm ppm

JIW-11.8* 3 1.90 0.0922 0.289 0.150 98.6 0.0405 0.699 0.169 2.36 5.53 71.0 0.198 295 66.5 8.08 490 0356 431 9.46 961 101 0.777 6.82
4 175 0.0804 0.714 0.133 979 0.0347 0.964 0.164 215 5.12 580 0.189 250 613 6.46 346 0557 5.47 9.97 6.12 0906 0.943 5.52
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4 083 0.0487 0.124 0.0870 98.6 0.0226 0.934 0.144  0.986 1.77 174 0.0967 61.8 273 1.75 248 0348 3.07 6.26 3.26 0.787 0.339 1.29
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Fig. 4. (a) Variation in Al content (Al,05 wt.%, squares) and Ge/Si ratio (umol/mol, triangles) from the outer rim to the inner core of chert nodules. (b) Correlation between Al content
and Ge/Si ratio of different chert nodules. Best fit lines and correlation coefficients (R-squared values) are shown. (c) Crossplots showing Fe content (FeO wt.%) vs. Ge/Si ratio. The
relative uncertainty for Ge/Si is better than 8% (10).
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derived from the same porewater, (Ge/Si)sio> of Type-1 chert nodules
should also be greater than Type-2 nodules, but this is inconsistent
with our observation that Type-1 nodules have lower (Ge/Si)sio2
values (smaller intercepts) than Type-2 nodules (Fig. 4).

Thus, simple mixing between clays and pure silica derived from the
same porewaters does not explain the association of the high (Ge/Si)aum
and low (Ge/Si)sio2 in Type-1 nodules. The data demand a more complex
model, and we propose that redistribution of Ge from a third phase,
whose abundance correlates with clays and has an even higher affinity
for Ge, could explain the data. Two candidates of this third phase are
Fe-Mn oxyhydroxides and organic matter. It is well known that Ge can
be enriched in iron oxides such as goethite and hematite (Bernstein,
1985). However, if iron oxides had contributed most of the Ge in the
chert nodules, a positive correlation between Ge/Si and Fe would be
expected, but this is not the case (Fig. 4c).

The total organic carbon content in the Member II carbonates and
mudstones is very high (McFadden et al, 2008), and there are also
abundant organic particles in Member II chert nodules (McFadden et al.,

2009). As discussed above, disseminated pyrite in Type-2 chert nodules
is indicative of bacterial sulfate reduction, which converts porewater
sulfate to sulfide via oxidation of organic matter. The fact that the Ge/Si
of the inferred Al-rich endmember in Type-2 chert nodules are lower
than the pyrite-poor Type-1 chert nodules, suggests that there may be
some relationship between organic matter and Ge/Si. Indeed, it has been
shown experimentally that Ge-organic complexes can form through
chelation of Ge with various organic ligands in a variety of pH conditions.
For example, Ge is chelated by catechol (di-phenol) in neutral to basic
solutions and by carboxylic acid in acidic solutions (Pokrovski et al.,
2000; Pokrovski and Schott, 1998; Viers et al., 1997a). In contrast,
negligible (<0.1%) Si-organic complexes are observed in experiments
(Pokrovski et al., 2000; Pokrovski and Schott, 1998). For example, river
waters in Cameroon contain high concentrations of dissolved organic
carbon (20 mg/L), dominated by humic acids with carboxylic and
phenolic functional groups (Viers et al., 1997b). In such waters, most Ge
is chelated with the humic acids, while Si occurs primarily as inorganic Si
(OH),4 species (Viers et al., 1997b). Thus, in the presence of organic
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compounds, the geochemical behaviors of Ge and Si can be decoupled, matter (Keil et al., 1994; Mayer et al.,, 2004), suggests that the enriched
resulting in Ge-rich and Si-poor organic complexes. This property, Ge in the clay-rich endmember could be explained by co-deposition of
combined with the well-known propensity for clays to adsorb organic clays and organic matter, the latter enriched in Ge-organic complexes.
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We now return to the significance of the different Ge/Si vs. Al
trends in the two types of chert nodules. The near-zero to slightly
negative intercept and steep slope of Ge/Si-Al arrays in Type-1 chert
nodules indicate that the pure chert endmember contains negligible
Ge ((Ge/Si)sio2~0) and the Al-rich endmember (Ge/Si)qum iS very
high, contrasting with Type-2 chert nodules, which have a (Ge/Si)sio>
value of ~0.5 and a lower (Ge/Si)qum value. The simplest interpreta-
tion of these differences is that Ge in Type-1 chert nodules is solely
associated with the Al-rich endmember, most likely in the form of
Ge-organic complexes adsorbed on clays. In Type-2 chert nodules, Ge
occurs in both the Al-rich endmember and the pure chert end-
member, suggesting that Ge may substitute Si in silica and may also
occur as Ge-organic complexes absorbed to clays. As mentioned
above, Type-2 chert nodules contain abundant disseminated pyrite in
silica core, but Type-1 chert nodules do not. We speculate that
bacterial sulfate reduction (Habicht and Canfield, 1997) may have
redistributed Ge from clay-organic complexes to pure chert in Type-2
chert nodules. Degradation of organic matter via bacterial sulfate
reduction may have resulted in the partial decomposition of Ge-
organic complexes, lowering the Ge/Si ratio of the clay-organic
complexes and releasing Ge in the form of inorganic Ge(OH), species
that is subsequently incorporated in the pure silica endmember. The
redistribution of Ge can explain the positive intercept and the lower
(Ge/Si) qum inferred for Type-2 chert nodules. The poor correlation of
Ge/Si vs. Al in Type-2 chert nodules may be attributed to bacterial
sulfate reduction. Bacterial sulfate reduction may have been localized
and variably modified Ge-organic-clay complex, resulting in hetero-
geneity in the composition of the Ge-organic-clay complex. More-
over, the subsequent redistribution of Ge that is released from
Ge-organic-clay complex by bacterial sulfate reduction into different
minerals phases would also generate heterogeneity and result in poor
correlations between Ge/Si ratios and Al contents.

6.3. Paleoenvironment implications

The diagenetic origin of the Doushantuo chert nodules implies that the
Ge/Si systematics reflects the Doushantuo porewater geochemistry. If our
interpretations are correct, most Doushantuo porewater Ge was in the
form of Ge-organic-clay complexes, and porewater inorganic Ge(OH),4
may have been derived from the degradation of Ge-organic complexes.

In modern aqueous environments, Ge-organic complexes are
present in both terrestrial and marine waters. For example, Ge in the
Nsimi-Zoetele watershed in Cameroon is dominated by Ge-humic acid
complex (Viers et al., 1997b), because humic substances are the main
component of modern terrestrial DOC. Methylgermanium is another
type of Ge-organic complex that most likely accumulates in polluted
rivers, in which methylgermanium concentrations are 3-100 times
higher than in pristine rivers (Lewis et al., 1989). Discharge of polluted
river waters makes methylgermanium the only predominant Ge-
organic complex in the ocean, accounting for ~80% of Ge in seawater,
with the rest represented by inorganic Ge(OH)4 (Bruland and Lohan,
2003; Lewis et al., 1989). Even in reduced sediments where porewater
has high concentrations of DOC (up to ~20 mg/L), methylgermanium is
still the only Ge-organic complex of significant concentration (McMa-
nus et al, 2003). Once in the ocean, methylgermanium is extremely
conservative in open oceans although it can be decomposed under
anoxic conditions (Lewis et al,, 1989). Methylgermanium is believed to
be derived from reaction between anthropogenic sewage treatment and
coal-ash contaminations (Lewis et al., 1989). As there is no evidence for
de novo methylgermanium generation in the seawater, we speculate
that in the absence of anthropogenic pollution, Ge-organic complex in
the Doushantuo basin may have come from a terrestrial source of Ge-
humic acid complex.

A terrestrial source of Ge-organic complex would indicate that the
depositional and diagenetic environments of the Doushantuo Forma-
tion were influenced by terrestrial fluxes, particularly if the Yangtze

Gorges area represents a restricted basin during the early Ediacaran
Period (Ader et al., 2009). It is hypothesized that the lower
Doushantuo Formation in the Yangtze Gorges area was deposited in
an alkaline lake that was completely isolated from the world ocean
during the early Ediacaran Period (Bristow et al., 2009). A lacustrine
environment would be strongly influenced by terrestrial fluxes of Ge-
organic complexes, however sedimentological, chemostratigraphic,
and paleontological data suggest that the Doushantuo basin was
connected with global oceans during the early Ediacaran Period (Jiang
et al., 2007; McFadden et al., 2009; Vernhet et al., 2006; Zhu et al.,
2007). The balance of data leads us to favor the restricted basin model
(Ader et al., 2009) over the isolated lake interpretation (Bristow et al.,
2009). Further investigation of the Ge/Si systematics in deep water
cherts will provide a test of these hypotheses.

It is also possible that, the inner shelf basin in the Yangtze Gorges
area (Jiang et al,, 2007; Vernhet et al., 2006; Zhu et al., 2007) may have
had different chemistry than Phanerozoic oceans. The absence of Ge-
organic complexes (except methylgermanium) in the modern oceans
may be attributed to the low DOC concentration (47 pM), because
formation of Ge-organic complex requires high DOC concentration up
to mM (Pokrovski and Schott, 1998). In contrast, it is hypothesized
that DOC concentration in anoxic Neoproterozoic deep oceans could
be several orders of magnitudes higher than in modern oceans
(Rothman et al., 2003), and several geochemical studies of Ediacaran
successions, including the Doushantuo Formation in South China,
have provided support for this hypothesis (Fike et al., 2006; Li et al.,
2010; McFadden et al., 2008). Thus, it is possible that marine Ge-
organic complexes represented a major form of Ge in the Doushantuo
Basin, where DOC contents were high.

7. Conclusions

Two types of diagenetic chert nodules from the Ediacaran Doush-
antuo Formation (Member II) in the Yangtze Gorges area, South China
are recognized. Type-1 chert nodules are poor in disseminated pyrite in
the silica core and are characterized by low Al contents and steep
positive correlations between Ge/Si and Al, whereas Type-2 chert
nodules are rich in disseminated pyrite and have higher Al contents,
which poorly correlate with Ge/Si. Both types of chert nodules have Ge/
Si ratios much greater than Cretaceous deep-sea cherts and modern
biogenic opals, possibly reflecting greater Ge/Si ratios in Ediacaran
oceans due to the more effective discrimination against Ge by inorganic
opal precipitation relative to diatoms. The relationship between Ge/Si
ratios and Al contents of the chert nodules is interpreted using a mixing
model involving a pure chert endmember and an Al-rich (clay)
endmember, the former characterized by low Ge/Si ratios and the latter
by high Ge/Si ratios. We show that the inferred Ge/Si ratio of the clay
endmember is much higher than modern marine clays. The high Ge
content in the Al-rich endmember is best explained by the presence of
organic matter co-deposited with clay. Such organic matter may be the
main carrier of Ge due to the strong tendency of Ge to chelate with
various organic molecules. The Ge/Si systematics of the Doushantuo
chert nodules is consistent with a restricted sedimentary environment
with a strong terrestrial influence, although an isolated lacustrine
sedimentary model is difficult to reconcile with existing sedimentolog-
ical, geochemical, and paleontological data. Additionally, the dominance
of Ge-organic complexes in the Doushantuo Formation may be
attributed to high DOC concentrations in Ediacaran seawater and
porewater in the Yangtze Gorges area.
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