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1. Introduction
A large body of geochemical evidence suggests that Earth's atmosphere was oxygenated in two major 
events, the Great Oxidation Event (GOE) and the Neoproterozoic Oxygenation Event (NOE). The first oc-
curred during the Paleoproterozoic likely between 2.45 and 2.2 Ga, resulting in atmospheric oxygen levels 
above 10−5 present atmospheric level (PAL) and an oxygenation of the shallow ocean (Bekker et al., 2004; 
Holland, 2006; Pavlov & Kasting, 2002). The NOE is thought to have occurred between 800 Ma and 542 Ma 
resulting in near modern atmospheric oxygen levels (Canfield et al., 2007; Holland, 2006; Lyons et al., 2014; 
Sahoo et al., 2012). The oxidation of Earth's oceans on the other hand is less well constrained as it prob-
ably did not occur as a continuous increase, but underwent cycles of oxic and anoxic/euxinic conditions. 
Mo isotope data from ancient shales suggest a gradual increase in marine oxygen concentrations between 
the late Ediacaran and early Cambrian, with oceans reaching near-modern oxygen levels around 521 Ma 
(Chen et al., 2015; Cheng et al., 2016; Kendall et al., 2015). This stands in contrast to recently published 
carbonate- and shale-hosted U isotope records, which argue for significant swings in marine oxygenation 
during the Ediacaran-Cambrian transition (Dahl et al., 2017, 2019; Wei, Planavsky, et al., 2018; Wei, Pla-
navsky, et al., 2020) suggesting that the deep ocean remained largely anoxic or even euxinic until the early 
Cambrian (Canfield et al., 2007, 2008; Huang et al., 2018; Sahoo et al., 2016).

The Yangtze Block in South China is characterized by a well exposed marine sedimentary succession ren-
dering it an ideal setting to study Earth surface redox fluctuations. Hence, it has been the target of many 
geochemical studies aiming to reconstruct seawater redox conditions during the Ediacaran-Cambrian tran-
sition using various proxies such as rare earth elements (REE) (e.g., Ling et al., 2013; Zhai, Wu, Ye, Zhang, 
& An, 2018) or redox sensitive elements (e.g., Dong et al., 2019; Frank et al., 2019; Wei, Frei, et al., 2020; 
Wei, Planavsky, et al., 2020). Recent studies constraining the seawater redox condition of the Yangtze Block 
during this time period have increasingly relied on Cr isotopes in ancient marine sediments as a paleore-
dox proxy (e.g., Frank et al., 2019; Wei, Frei, et al., 2020). These suggest that the shelf and slope of the 
Yangtze Block where characterized by oxic seawater conditions at the end of the Ediacaran and during the 
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of Earth's oceans is assumed to be more complicated, shifting repeatedly between oxic and anoxic 
conditions. The exact timeline and causal drivers of these changes, which seemingly culminated in the 
well-ventilated oceans we see today are not well understood. This study presents Cr isotope and rare earth 
element + yttrium (REE + Y) data combined with V/Cr ratios for the calcareous Yanjiahe and shaley 
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of marine redox conditions during the early Cambrian. We measured authigenic δ53Cr values of up to 
1.38‰ for the carbonates of the Yanjiahe Formation as well as Ce anomalies as low as 0.57 suggesting 
deposition under oxic conditions. The Shuijingtuo Formation is characterized by authigenic δ53Cr 
values as high as 1.27‰ at its base, but shows a strong increase in detrital content upwards, masking 
authigenic Cr isotope values and dissolved marine REE + Y profiles. The upper Shuijingtuo Formation is 
characterized by V/Cr ratios as high as 27, which indicate anoxic conditions. Hence, our data support a 
prevalence of oxic seawater conditions in the shallow seawater of the Yangtze Block during the Ediacaran-
Cambrian transition, which shifted repeatedly to anoxic during the early Cambrian likely as a result of sea 
level rise and a redox-stratified ocean.
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Ediacaran-Cambrian transition, but also indicate a return to anoxic water conditions during the early Cam-
brian. In this study we aim to further constrain the redox variation of the shallow seawater of the Yangtze 
Block and its potential return to anoxic conditions during the early Cambrian. For this we present Cr iso-
tope data for the calcareous Yanjiahe and shaley Shuijingtuo Formations in the Yangtze Gorges area, Hubei 
Province. We further combine our Cr isotope data with rare earth element + yttrium (REE + Y) data and V/
Cr ratios from the same batch of samples and other seawater data presented in previous studies to validate 
the redox trends suggested by our Cr isotope data and to better constrain the redox conditions of the shallow 
seawater of the Yangtze Block. Our results provide new insights into the shallow seawater redox conditions 
of the Yangtze Block during the early Cambrian and help to better constrain seawater redox conditions 
throughout the entire basin during this time period.

2. Background: Cr Isotopes and REE + Y
2.1. Cr Isotopes

Cr isotopes in ancient marine carbonates and shales are increasingly used to reconstruct the oxygenation 
history of the atmosphere-hydrosphere system (Canfield et al., 2018; Cole et al., 2016; Frank et al., 2019; 
Frei et al., 2011; Gilleaudeau et al., 2016; Holmden et al., 2016; Planavsky et al., 2014; Wei, Frei, et al., 2018; 
Wei, Frei, et al., 2020; Xu et al., 2019) In a continental setting Cr is most commonly present as Cr(III) in 
igneous minerals and is characterized by a narrow isotopic range of δ53Cr = −0.124 ± 0.101‰ (Schoenberg 
et al., 2008), with the exception of some altered mafic and ultramafic rocks that are positively fractionated 
compared to the igneous baseline (Farkaš et al., 2013; Shen et al., 2015). The oxidation of Cr(III) to Cr(VI) 
is catalyzed by MnO2, which is only stable above a threshold value of atmospheric oxygen estimated to be 
between 0.03% and 1% of PAL based on kinetic constraints (Crowe et al., 2013; Planavsky et al., 2014). While 
Cr(III) commonly forms insoluble and thus immobile hydroxide compounds, Cr(VI) forms the soluble and 
thus mobile oxyanions species chromate (CrO4

2−), bichromate (HCrO4
−) and dichromate (Cr2O7

2−) result-
ing in a transport of Cr(VI) away from the oxidation site (Cranston & Murray, 1978; Qin & Wang, 2017). 
During riverine transport to the oceans Cr(VI) can be back-reduced to immobile Cr(III), a process that pre-
fers the lighter isotopes (Ellis, 2002; Zink et al., 2010). Hence, the partial back-reduction of Cr results in a 
riverine Cr input into the oceans that is enriched in heavy isotopes compared to the igneous baseline (Holm-
den et al., 2016; Oze et al., 2007; Zink et al., 2010), which is supported by generally positively fractionated 
δ53Cr values compared to the igneous baseline observed in modern river and seawater (Bonnand et al., 2013; 
Bruggmann, Klaebe, et al., 2019, Bruggmann, Scholz, et al., 2019; D’Arcy et al., 2016; Frei et al., 2014, 2018; 
Goring-Harford et al., 2018; Janssen et al., 2020; Paulukat et al., 2015, 2016; Rickli et al., 2019; Scheiderich 
et al., 2015; Sun et al., 2019; Wu et al., 2017). This model is further in accordance with generally negatively 
fractionated δ53Cr values reported for modern weathering profiles (D’Arcy et  al.,  2016; Frei et  al.,  2014; 
Paulukat et al., 2015) and paleosols (Berger & Frei, 2014; Crowe et al., 2013; Frei & Polat, 2013), with the 
exception of the ca. 1.85 Ga Flin Flon paleosol, which was likely subject to pedogenesis or hydrothermal/
metamorphic alteration (Babechuk et al., 2016). In the oceans Cr(VI) can be reduced to Cr(III), stripped 
from the water column and incorporated in marine sediments. Under anoxic conditions inorganic reduct-
ants, such as Fe(II) or Fe-S mineral phases, rapidly and quantitatively reduce Cr (Frei et al., 2009; Reinhard 
et al., 2014). In the presence of an oxygenated surface water, however, Cr reduction appears to be largely 
biologically controlled (Janssen et al., 2020) and an incomplete Cr reduction might result in the introduc-
tion of a Cr pool to the sediment that is negatively fractionated to compared to the surface water (Janssen 
et al., 2020; Semeniuk et al., 2016).

Reducing marine sediments, such as black shales, have been increasingly used as a redox archive, as they 
appear to efficiently incorporate seawater Cr compositions into their authigenic mineral phases without 
any redox-induced fractionation (Reinhard et al., 2014). Sedimentary carbonates have been introduced as 
an alternative Cr archive as they can incorporate dissolved chromate into their mineral lattice, thus, remov-
ing the potential of redox-induced fractionation (Gilleaudeau et al., 2016). Studies on biogenic carbonates, 
however, have suggested that biomineralization is associated with negative Cr isotope fractionation ren-
dering biogenic carbonates unreliable archives of seawater δ53Cr values (Bruggmann, Klaebe, et al., 2019; 
Farkaš et al., 2018; Frei et al., 2018; Holmden et al., 2016; Pereira et al., 2016; Remmelzwaal et al., 2019). 
Experimental coprecipitation experiments aimed at investigating the incorporation of chromate into calcite 
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also suggest a preferential incorporation of isotopically heavier Cr (Füger et al., 2019; Rodler et al., 2015). 
However, the associated fractionation decreases with decreasing Cr concentration and has therefore been 
suggested to be minimal at low Cr concentrations as typical in seawater (Rodler et al., 2015). This suggests 
that ancient abiogenic carbonates likely recorded ambient seawater δ53Cr values.

2.2. REE + Y Patterns

Another useful geochemical proxy for the characterization of ancient marine environments are REE + Y 
distributions in marine sediments (e.g., Nothdurft et al., 2004; and references therein). While detrital min-
eral phases are expected to reflect the composition of their continental source material with flat, uniform 
REE + Y patterns, normalized to Post Archean Australian Shale (PAAS), authigenic mineral phases precipi-
tated from seawater have the potential to record the dissolved REE + Y composition of ambient seawater at 
the time of deposition. REE + Y patterns typical for seawater are characterized by an enrichment from light 
rare earth elements (LREE) to heavy rare earth elements (HREE), by Y enrichments, and by negative Ce 
anomalies (Alibo & Nozaki, 1999; Elderfield & Greaves, 1982). Negative Ce anomalies compared to PAAS 
(Ce/Ce* < 1) are typical for oxic seawater conditions, as Ce can be oxidized from Ce(III) to less soluble 
Ce(IV), which is then stripped from the water column through particle sorption (Bau & Dulski, 1996; Byrne 
& Sholkovitz, 1996). Hence, negative Ce anomalies can be used to trace oxic seawater conditions (Byrne & 
Sholkovitz, 1996; Elderfield & Greaves, 1982; Nothdurft et al., 2004). However, marine sediments can also 
be influenced by subaqueous hydrothermal activity. High temperature hydrothermal fluids are character-
ized by a depletion from LREE to HREE and by positive Eu anomalies compared to PAAS (Eu/Eu* > 1) 
(Douville et al., 1999; Mitra et al., 1994) in their REE + Y patterns. Potential input of REE + Y from such 
fluids into seawater needs to be accounted for when reconstructing ancient seawater conditions.

3. Geological Background and Stratigraphy
Lithologically diverse Ediacaran to Cambrian aged marine sediments are widely distributed in the Yangtze 
Block, South China. In general, shallow-shelf carbonate facies dominate the northwest of the basin and are 
replaced by black shales and cherts in slope and deep basin environments prevailing in the southeast (e.g., 
Chang et al., 2018; Guo et al., 2007). We studied a section (N 30°45′13″ and E 111°01′57″) covering the Yan-
jiahe and lower Shuijingtuo Formations, which is located in the shelf of the Yangtze Block west of Yichang 
in the Hubei Province, China (Figure 1).
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Figure 1. Geological map of the study area modified after Sawaki et al. (2018) (a) and stratigraphic column of the 
investigated interval of the Yanjiahe and Shuijingtuo Formations (b).
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The Yanjiahe Formation conformably overlies the Ediacaran Dengying Formation and can be divided into 
two submembers (Figure  1). The lower member of the Yanjiahe Formation is dominated by laminated 
sandy dolostone interlayered with calcareous shale, dolomitic sandstone and chert. The sandy dolostone 
layers have thicknesses of up to 20 cm and are interbedded by 1–5 cm thick chert layers and 5–10 cm thick 
dolomitic sandstone layers. The thickness of the sandy dolostone decreases to 5 cm toward the top of the 
lower Yanjiahe Formation, where it is interbedded by 5–10 cm thick cherts and 5 cm thick shales. The upper 
member of the Yanjiahe Formation consists of dark gray, laminated, muddy calcareous limestone, which is 
disrupted by muddy dolostone nodules/interlayers and phosphorite nodules with diameters of up to 5 cm. 
The lower Yanjiahe Formation includes key fossils of the Nemakit-Daldynian stage, while Tommotian-type 
Small Shelly Fossils (SSF) can be found at the top of the Yanjiahe Formation suggesting that the Yanjiahe 
Formation is early to mid Meishucunian in age (Chen, 1984; Guo et al., 2014). The Ediacaran-Cambrian 
boundary has either been placed at the base of the Yanjiahe Formation (Wang et al., 2002) or within the 
Yanjiahe Formation coinciding with the occurrence of the first SSF (Chen, 1984). The Yanjiahe Formation is 
unconformably overlain by the Shuijingtuo Formation, which can be correlated to the early Cambrian Nu-
ititang Formation in the Guizhou Province and the early Cambrian Jiumenchong Formation in the Hunan 
Province. The Shuijingtuo Formation can be subdivided into up to four submembers (Zhang et al., 2018; 
and references therein). The lowermost member sampled here is dominated by the black shales. Directly 
above the Yanjiahe Formation, the Shuijingtuo Formation is characterized by calcareous shale disrupted 
by abundant gray to white gray calcareous limestone nodules of 20–50  cm in diameter. The calcareous 
shale of the lower Shuijingtuo Formation eventually passes into a laminated black shale sequence with no 
calcareous content. A tuff layer at the base of the Shuijingtuo Formation was dated using Nano-SIMS U/Pb 
analysis on zircons to 526.4 ± 5.4 Ma (Okada et al., 2014). This is consistent with the SIMS U-Pb zircon age 
of 526 ± 5.6 Ma reported by Lan et al. (2017) for the basal Shuijingtuo Formation.

4. Methods
4.1. Sampling and Sample Preparation

A total of 42 field samples of the Yanjiahe and lower Shuijingtuo Formations were continuously collected 
over three exposed intervals covering a total depth of ∼60m. For the Yanjiahe Formation, we sampled all 
lithologies identified, including sandy dolostone, dolomitic shale, dolomitic sandstone, and chert for the 
lower member as well as muddy limestone and phosphorite for the upper member. The samples taken from 
the lower Shuijingtuo Formation included black shales and limestone nodules. To avoid trace metal con-
tamination, samples were rinsed in ultrapure water before they were wrapped in plastic and crushed to rock 
chips using a hammer. Rock chips from the sample core were chosen to avoid the potentially weathered 
sample surfaces and subsequently powdered using an agate disc mill.

4.2. Major- and Trace Elements

The sample's whole rock compositions with respect to major and trace elements, including REE + Y and 
total organic carbon (TOC) values were measured at the Chinese National Research Center of Geoanalysis.

Approximately 100 mg of powdered sample were used to determine the major element concentrations. The 
samples were dissolved in 1 ml concentrated HF and 0.5 ml concentrated HNO3 at 190°C for 12 h and sub-
sequently dried down. The resulting residue was reacted with 8 ml 40% HNO3 in an oven at 110°C for 3 h. 
After cooling, 100 ml distilled, deionized water was added to the samples before the major elemental com-
position was determined using a Finnigan MAT ELEMENT high-resolution ICP-MS. The trace elemental 
content of the samples was determined using 25 mg powdered sample, which were dissolved in 1 ml 23M 
HF and 0.5 ml 16 M HNO3 at 185°C overnight. To the cooled samples another 0.5 ml 16 M HNO3 were added 
before they were dried down. This step was repeated twice before the samples were reacted with 5 ml 50% 
HNO3 at 130°C for 3 h. After cooling, the samples were diluted with 25 ml distilled, deionized water and 
the trace element concentrations were determined on the ICP-MS. To determine the TOC content, 0.1 g of 
powdered sample was used. Samples were mixed with 0.1 g of silver sulfate (Ag2SO4), reacted with 10 ml of 
a 0.4 mol/l K2Cr2O7-H2SO4 solution at 175°C for 5 min, and transferred using ∼60 ml pure water. Then 5 ml 
of 1.7 mol/l H3PO4 was added to the samples before TOC was measured by adding sufficient 0.2 mol/l FeSO4 
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to the solutions to reach a neutral pH. The uncertainties of the applied methods are within ± 6% (1σ), ≤10%, 
and <0.1% for the major elemental, trace elemental and TOC content, respectively.

The REE + Y concentrations of the samples were shale normalized (SN) to the concentrations of PAAS 
(Taylor & McLennan,  1985). The Ce and Eu anomalies of the samples were calculated after Lawrence 
et  al.  (2006) as (Ce/Ce*)SN  =  CeSN/(PrSN

2/NdSN) and (Eu/Eu*)SN  =  Eu/(SM2*Tb)1/3, respectively, to avoid 
using neighboring elements that might also behave anomalously. Y anomalies were calculated as the shale 
normalized concentration of Y relative to Ho. Negative anomalies are defined as <1 and indicate a relative 
underabundance of Ce, Eu, or Y, while positive anomalies are >1 and indicate an overabundance.

4.3. Chromium Separation

Both bulk and leachate dissolutions were performed in this study. While bulk dissolutions were applied to 
all investigated samples, leachates were only performed on the carbonate- or phosphate-rich samples to 
selectively target these phases. For bulk analysis, 10–30 mg of sample powder was weighed in ceramic cruci-
bles to separate ∼1 μg of Cr. The crucibles were placed in an oven at 750°C for 5 h to ash any organic matter. 
The incinerated samples were then transferred into precleaned Teflon beakers, using 0.5 M HCl and dried 
down. Subsequently, the samples were spiked in a samples: spike ratio of 4:1 using a 50Cr-54Cr double spike 
and redissolved in aqua regia to ensure spike-sample homogenization. After the samples dried down again, 
a concentrated HF and aqua regia mix was added to the samples, which were then placed on a hot plate at 
120°C overnight to dry down. For leachate analysis, 0.5 M HCl was chosen as the leaching acid to specifi-
cally target the authigenic carbonate and phosphate phases (Frank et al., 2020). Approximately 300 mg of 
sample powder was reacted with 30 ml of 0.5 M HCl on a shaker table for 2 h. Subsequently, the samples 
were centrifuged and the supernatant was pipetted into precleaned Teflon beaker. At this point, the samples 
were spiked using the 50Cr-54Cr double spike and dried down on a hot plate at 120°C overnight. The result-
ing residues of the bulk and leachate dissolutions were then ready for ion chromatographic separation.

The chromium separation followed the methods described by (Frank et al., 2020) and references therein. 
Three chromatographic separation steps were conducted to separate Cr from the sample matrix: Anion 
exchange columns were loaded with ∼2 ml of precleaned Dowex AG 1 × 8 anion resin (100–200 mesh) 
and conditioned with 6 M HCl. The dried down samples were redissolved in 1 ml 6 M double distilled HCl, 
before they were passed over the columns and collected. To increase the Cr yield, an additional 5 ml of 6 M 
double distilled HCl were passed over the columns and collected. Subsequently, the samples were dried 
down on a hot plate at 130°C. In the second step the samples were prepared by adding 20 ml of pure 18 MΩ 
MilliQ water (mq), 0.5 ml 1 M HCl and 0.5 ml of a freshly prepared 1 M ammonium persulfate ((NH4)2S2O8) 
solution. The latter acted as an oxidizing agent for Cr (Ball & Bassett, 2000) and a full oxidation was ensured 
by boiling the samples in closed Teflon beakers on a hot plate at 130°C for 1 h. Subsequently, the cooled 
down samples were passed over a second set of anion exchange columns (BioRad) loaded with ∼2 ml of 
precleaned Dowex AG 1 × 8 anion resin (100–200 mesh) and preconditioned with 0.1 M HCl. Next, the 
column matrices were washed using 10 ml of 0.2 M HCl, 2 ml of 2 M HCl and 5 ml of mq before Cr was re-
duced and collected using 6 ml 2 M HNO3 doped with a few drops of 5% H2O2. The collected solutions were 
placed on a hot plate at 130°C and dried down overnight. In the third and final step, the dried down samples 
were redissolved in 2.4 ml 0.5 M double distilled HCl and passed over cation exchange columns loaded with 
∼2 ml of precleaned Dowex AG50W-X8 cation resin (200–400°mesh) and conditioned with 0.5 M HCl. An 
additional 8 ml 0.5 M double distilled HCl were passed over the columns and collected to better the Cr yield 
before the collected solutions were dried down on a hot plate at 130°C. The resulting Cr precipitates were 
then ready for Cr isotopic analyses.

4.4. Thermal Ionization Mass Spectrometry (TIMS)

The Cr isotope composition was measured at the University of Copenhagen, Denmark, using an IsotopX 
Ltd. IsoProbe T thermal ionization mass spectrometer (TIMS) equipped with eight Faraday collectors for 
the simultaneous collection of the 50Cr+, 52Cr+, 53Cr+, 54Cr+ and interfering 49Ti+, 51V+, and 56Fe+ masses. The 
Cr separates were loaded using a mix of 1 μl 0.5 M H3PO4, 0.5 μl H3BO3 and 2.5 μl silicic acid (Gerstenberger 
& Haase, 1997). Samples were measured between 1050°C and 1250°C at a 52Cr beam intensity of 1°V. One 
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run consisted of 120 cycles grouped into 12 blocks of 10 cycles, and each filament was analyzed at least 
twice. The Cr isotopic composition (δ53Cr) of the samples was calculated as the average of the runs, and was 
normalized relative to the international standard NIST SRM 979 and reported in ‰:

     53 53 52 53 52
sample NIST SRM 979δ Cr ‰ (( Cr / Cr ) / Cr / Cr 1) 1000 

Analytical precision is reported as two times the standard deviation (±2σ) of the runs and was consistently 
≤0.13‰. External standard reproducibility was monitored by repeated measurement of double spiked NIST 
SRM 979 on the IsoProbe T and was ±0.09‰ (2σ). Measurements that returned an error better than the 
external standard reproducibility were set to that value. The internal sample reproducibility of the applied 
methods was determined by interspersedly analyzing the black shale standard ASK-2, which returned a 
δ53Cr value of −0.07 ± 0.09‰ (x  ± 2σ). The Cr concentrations of the bulk dissolutions were calculated 
from the TIMS data by using the spike Cr concentration and initial sample and spike weights. The result-
ing concentrations were consistently within ±10% of the Cr concentrations determined using ICP-MS. For 
the leachates, the Cr concentrations were also calculated using the initial bulk sample weight as the exact 
sample mass dissolved by the leachates could not be determined. Procedural blank analysis yielded Cr con-
centrations of ≤5 ng, which was considered negligible given that Cr samples were ∼1 μg in size.

5. Results
5.1. Rare Earth Elements + Yttrium (REE + Y)

The standard normalized REE + Y patterns of the Yanjiahe and Shuijingtuo Formation samples are shown 
in Figure 2.

The normalized REE + Y patterns of the lower Yanjiahe Formation samples are generally flat, which is 
typical for shales. However, most of them have characteristics typical for modern oxic seawater REE + Y 
patterns, with negative Ce anomalies as low as 0.61, and positive Y anomalies as high as 1.52 (Figures 2 
and 3, Table 1 and S1). However, a depletion in LREE (La-Sm, (Sm/Yb)SN) compared to heavy rare earth 
elements (HREE, Gd-Lu), which is also typical for modern seawater, is only seen in the uppermost samples 
with LREE values as low as 0.57. The lower Yanjiahe Formation further shows no significant middle rare 
earth element (MREE, (Tb/(Nd + Tm)/2)SN) enrichment, except in the upper two chert samples (JJP-20 and 
JJP-22), which have elevated MREE values (≤1.27). The Eu anomalies of the lower Yanjiahe Formation are 
quite homogeneous and defined by an average Eu/Eu* value of 1.10. The samples from the upper Yanjiahe 
Formation are characterized by similar REE + Y patterns as the lower Yanjiahe Formation with mainly flat 
trends, but also some REE + Y features typical for modern seawater, such as pronounced negative Ce anom-
alies (0.57–0.80) and positive Y anomalies (1.49–1.99). However, unlike modern oxic seawater REE + Y pat-
terns, the muddy limestones (JJP-24–JJP-30) and phosphorite (JJP-31) samples show a depletion in HREE. 
The muddy limestone and phosphorite samples further have no MREE enrichment. The dolostone inter-
layer (JJP-23) at the base of the upper Yanjiahe Formation on the other hand is slightly enriched in MREE 
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Figure 2. REE + Y patterns normalized to PAAS for the samples of the Yanjiahe and Shuijingtuo Formations.
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(1.18) and is not depleted in HREE. The Eu anomalies of the upper Yanjiahe Formation samples are only 
weakly developed (∼1.14), except in the phosphorite nodule which has a higher Eu anomaly of 1.47. The 
calcareous shales and limestone nodules at the base of the lower Shuijingtuo Formation (samples JJP-32–
JJP-37) are characterized by no MREE enrichment and LREE values as high as 1.88. The samples further 
show positive Y anomalies up to 1.87 and negative Ce anomalies as low as 0.71. The Eu anomalies of the 
calcareous shales and limestone nodules are between 1.02 and 1.19, except for sample JJP-37, which has 
an anomalous negative Eu anomaly of 0.48. The limestone nodule in the black shales section of the lower 
Shuijingtuo Formation (JJP-43) shows a slight MREE enrichment and LREE depletion as well as a distinct Y 
anomaly. REE + Y patterns of the black shales of the lower Shuijingtuo Formation are generally flat, typical 
of shale patterns. The samples show no MREE enrichments, a lack of Eu anomalies and Ce anomalies, but 
are commonly enriched in LREE (0.42–1.01) and Y (1.09–1.35).

5.2. Cr Concentrations, Chromium Isotope Compositions, and V/Cr Ratios

The enrichment factor of Cr (EFCr) was calculated for the samples of the Yanjiahe and Shuijingtuo Forma-
tions, using Al and Cr concentrations of PAAS (Taylor & McLennan, 1985) as normalizing concentrations, 
and these values are plotted together with the measured bulk and leachate Cr concentrations and δ53Cr 
values in Figure 3.

Sediments of the lower Yanjiahe Formation are consistently enriched in Cr compared to PAAS. The lami-
nated sandy dolostone shows the greatest enrichments with EFCr of up to 9.4 (Table 1). The shale, cherts, 
and sandstones of the lower Yanjiahe are generally characterized by EFCr of 2–3.5, with the exception of the 
uppermost chert sample which is more enriched in Cr (EFCr = 5.6). The high EFCr values of the lower Yan-
jiahe Formation are reflected in high bulk Cr concentrations of up to 190 mg/kg for the siliciclastic samples 
and up to 77 mg/kg for the dolostones. Further, all investigated samples show positively fractionated bulk 
δ53Cr values between 0.40‰ and 0.83‰. The 0.5 M HCl leachates of the dolostone samples of the lower Yan-
jiahe Formation returned authigenic Cr concentrations (Crauth) > 10 mg/kg (Figure 3), suggesting authigen-
ic Cr fractions (fauth = Crauth/Crbulk) between 0.11 and 0.27. The δ53Cr values measured in these leachates are 
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Figure 3. Profiles of Al and Cr concentrations, V/Cr ratio, Ce and Y anomalies, normalized light rare earth elements (LREE) concentrations, Al-based EFCr, 
δ53Cr values and fauth for the samples of the Yanjiahe and Shuijingtuo Formations. The blue markers are bulk values, the green markers are leachate values and 
the gray bar in the δ53Cr plot depicts the δ53Cr range typical for Earth's igneous inventory (Schoenberg et al., 2008). The red lines in the (Ce/Ce*)SN, (Y/Ho)SN, 
LREE, and Al-based EFCr plots mark the point of no enrichment/depletion compared to PAAS. In the V/Cr plot the red lines indicate the redox thresholds of 2 
and 4.25, which mark the border between oxic and dysoxic and dysoxic and anoxic water conditions, respectively.
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Sample Formation Lithology
Depth 

(m)
TOC 
(wt%)

Al 
(wt%)

(Ce/
Ce*)

SN

(Y/
Ho)

SN

Al-
based 
CrEF

Bulks Leachates

Cr 
(mg/
kg) δ53Cr 2σ

Crauth 
(mg/
kg) δ53Crauth 2σ

JJP-4 Lower Yanjiahe Laminated sandy dolostone 1.55 0.16 1.20 0.67 1.42 5.15 75.81 0.51 0.09 11.48 0.97 0.10

JJP-5 Lower Yanjiahe Laminated sandy dolostone 2.5 0.10 1.33 0.74 1.41 3.60 58.97 0.59 0.09 9.04 1.03 0.09

JJP-6 Lower Yanjiahe Laminated sandy dolostone 3 0.10 1.71 0.76 1.33 3.40 71.66 0.55 0.09 7.86 0.98 0.13

JJP-7 Lower Yanjiahe Laminated sandy dolostone 4.5 0.11 1.22 0.73 1.31 3.50 52.37 0.84 0.09 5.83 1.27 0.11

JJP-8 Lower Yanjiahe Dolomitic arkose sandstone 6.3 0.10 2.64 0.82 1.18 3.44 111.36 0.74 0.13

JJP-9 Lower Yanjiahe Dolomitic arkose sandstone 7 0.39 4.05 0.84 1.18 2.83 140.98 0.62 0.09

JJP-10 Lower Yanjiahe Chert 8.3 0.10 1.60 0.61 1.04 3.52 69.16 0.40 0.09

JJP-11 Lower Yanjiahe Laminated sandy dolostone 0 0.59 1.90 0.85 1.22 3.29 76.85 0.55 0.09 9.70 0.65 0.10

JJP-12 Lower Yanjiahe Laminated sandy dolostone 0.8 0.45 1.42 0.80 1.25 3.85 67.48 0.54 0.11 10.14 0.51 0.09

JJP-13 Lower Yanjiahe Dolomitic arkose sandstone 1.5 0.19 1.01 0.80 1.15 2.31 28.77 0.47 0.13

JJP-14 Lower Yanjiahe Laminated sandy dolostone 3.5 0.44 1.23 0.77 1.21 3.42 51.60 0.47 0.13 6.69 0.54 0.09

JJP-15 Lower Yanjiahe Chert 4.5 0.41 3.36 0.91 1.13 2.76 114.08 0.47 0.10

JJP-16 Lower Yanjiahe Laminated sandy dolostone 6 0.85 0.84 0.87 1.25 2.83 29.32 0.68 0.09 7.03 0.47 0.12

JJP-17 Lower Yanjiahe Laminated sandy dolostone 8 0.79 0.37 0.76 1.51 9.43 42.96 0.55 0.09 10.12 0.73 0.10

JJP-18 Lower Yanjiahe Laminated sandy dolostone 10 0.15 0.49 0.73 1.41 4.95 29.63 0.73 0.10 8.57 1.38 0.09

JJP-19 Lower Yanjiahe Laminated sandy dolostone 12 0.16 0.51 0.73 1.52 4.58 28.92 0.82 0.09 6.14 1.19 0.11

JJP-20 Lower Yanjiahe Chert 13 0.10 0.24 0.86 1.10 3.26 9.75 0.62 0.09

JJP-21 Lower Yanjiahe Black shale 15 1.02 4.42 0.80 1.30 3.49 189.79 0.73 0.09

JJP-22 Lower Yanjiahe Chert 15.5 0.26 0.68 0.82 1.27 5.61 47.11 0.72 0.11

JJP-23 Upper Yanjiahe Dolomitic muddy limestone 17.5 0.14 0.83 0.57 2.00 16.06 164.16 0.54 0.09 44.15 0.82 0.13

JJP-24 Upper Yanjiahe Muddy limestone 0 0.43 0.94 0.76 1.54 1.07 12.38 0.00 0.09 0.29 0.97 0.11

JJP-25 Upper Yanjiahe Muddy limestone 1.5 0.50 1.22 0.80 1.49 1.03 15.45 0.06 0.10 0.22 0.81 0.11

JJP-26 Upper Yanjiahe Muddy limestone 2.5 0.44 1.28 0.78 1.56 1.15 18.08 −0.02 0.09 0.28 0.76 0.09

JJP-28 Upper Yanjiahe Muddy limestone 4 0.41 0.94 0.72 1.87 0.97 11.13 0.14 0.11 1.77 0.27 0.09

JJP-31 Upper Yanjiahe Phosphorite 4.7 1.66 0.85 0.68 1.80 2.50 26.22 0.21 0.09 1.56 0.23 0.09

JJP-29 Upper Yanjiahe Muddy limestone 5 0.42 1.30 0.73 1.60 1.09 17.31 0.09 0.09 1.24

JJP-30 Upper Yanjiahe Muddy limestone 6 0.56 0.84 0.79 1.69 1.06 10.91 0.10 0.13 0.42 0.46 0.09

JJP-35 Lower Shuijingtuo Limestone 14.4 0.41 0.44 0.78 1.61 1.11 6.06 0.13 0.09 0.15 0.94 0.13

JJP-36 Lower Shuijingtuo Calcareous black shale 14.5 2.96 7.29 0.79 1.51 1.28 114.80 0.11 0.13

JJP-32 Lower Shuijingtuo Limestone 15.5 0.47 0.50 0.77 1.70 1.24 7.62 0.14 0.09 0.12 1.12 0.09

JJP-33 Lower Shuijingtuo Limestone 15.8 0.54 0.45 0.72 1.87 1.40 7.77 0.17 0.12 0.25 1.21 0.11

JJP-34 Lower Shuijingtuo Calcareous black shale 15.9 2.98 5.35 0.71 1.74 1.41 92.80 0.16 0.09

JJP-37 Lower Shuijingtuo Limestone 17 0.22 0.84 0.91 1.39 1.96 20.13 0.46 0.09 0.63 1.07 0.09

JJP-38 Lower Shuijingtuo Black shale 18 2.04 8.39 0.83 1.23 1.01 104.06 0.11 0.09

JJP-39 Lower Shuijingtuo Black shale 20.5 3.62 7.69 0.99 1.15 0.94 88.76 0.08 0.09

JJP-40 Lower Shuijingtuo Black shale 21.5 1.87 7.50 1.04 1.11 0.90 83.11 0.00 0.09

JJP-43 Lower Shuijingtuo Limestone nodule 21.5 1.22 1.09 1.02 1.56 0.86 11.53 0.15 0.09 0.84 0.22 0.09

JJP-41 Lower Shuijingtuo Black shale 23.5 6.55 3.41 1.11 1.09 1.93 81.23 0.52 0.13

JJP-42 Lower Shuijingtuo Black shale 24.5 7.18 3.46 1.01 1.35 1.30 55.27 0.76 0.15

Table 1 
Sample Information, Concentrations of Al, Total Organic Carbon (TOC) and Cr, Calculated Al-Based EFCr, Measured Bulk and Leachate δ53Cr Values and Their 
Respective Error (2σ) as Well as the Ce and Y Anomalies for the Samples of the Yanjiahe and Shuijingtuo Formations
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generally higher (δ53Crauth; 0.47‰–1.38‰) compared to the bulk analyses. The muddy limestone samples of 
the upper Yanjiahe Formation show no significant Cr enrichments compared to PAAS (EFCr ≤ 1.15), which 
is reflected in fauth values as low as 0.014. Sediments of the upper Yanjiahe Formation are characterized by 
low bulk Cr concentrations of ≤10 mg/kg and bulk δ53Cr values between −0.02‰ and 0.14‰. The 0.5 M 
HCl leachates of the muddy limestones isolated higher δ53Cr values between 0.27‰ and 0.97‰ and Crauth 
concentrations of up to 1.8 mg/kg. The dolostone interlayer at the base of the upper Yanjiahe Formation 
and the phosphorite nodule have EFCr of 16 and 2.5, respectively. The dolostone interlayer has a bulk Cr 
concentration of 164 mg/kg of which ∼44 mg/kg are authigenic. The δ53Cr values of the dolostone interlay-
er increased from 0.54‰ in the bulk analysis to 0.82‰ in the leachate analysis. The phosphorite nodule has 
a bulk Cr concentration of 26 mg/kg, of which ∼6% are authigenic. The bulk and leachate dissolution of 
the phosphorite yielded similar δ53Cr values of 0.21‰ and 0.23‰, respectively. The samples from the lower 
Shuijingtuo Formation have EFcr between 0.86 and 1.43 and bulk Cr concentrations of up to 115 mg/kg and 
20 mg/kg for the shales and limestone nodules, respectively. The bulk δ53Cr values of sediments from the 
Shuijingtuo Formation fall between 0‰ and 0.76‰. The 0.5 M HCl leachates of the limestone nodules are 
characterized by a Cr fauth ≤ 0.03, by Crauth concentrations ≤0.85 mg/kg and by significantly higher δ53Cr 
values between 0.22‰ and 1.21‰.

The V/Cr ratios of sediments from the lower Yanjiahe Formation are consistently below 2 throughout most 
of the section, but increase up to 7.9 toward the top (Figure 3). Sediments of the upper Yanjiahe Formation 
and from the bottom of the lower Shuijingtuo Formation are characterized by V/Cr ratios < 2. The black 
shales, which characterize the upper part of the lower Shuijingtuo Formation, on the other hand, have sig-
nificantly higher V/Cr ratios of up to ∼27.

5.3. Tracers for Contamination and Dolomitization

The immobile elements Al, Zr, and Th are well correlated (R2 ≥ 0.95) showing similar patterns throughout 
the sampled interval (Table S1). The samples of the lower Yanjiahe Formation show varying concentration 
of immobile elements. The Al concentrations of the sandy dolostones decrease from ∼1.5 wt% at the base 
of the formation to ∼0.5 wt% at the top, while the Th and Zr concentrations vary between 0.6 mg/kg and 
3.1 mg/kg as well as 5.5 mg/kg and 45 mg/kg, respectively. The siliciclastic samples of the lower Yanjiahe 
Formation generally show higher Al, Th, and Zr concentrations than the dolostones. The two lowermost 
chert samples (JJP-10 and JJP-15) have Al, Th, and Zr concentrations similar to the siliciclastic samples, 
while the concentrations of the two uppermost chert samples (JJP-20 and JJP-22) are closer to the dolos-
tones. The upper Yanjiahe Formation samples have Al and Th concentrations ≤1.3 wt% and ≤2  mg/kg, 
respectively. The Zr concentrations of the limestone samples and dolostone nodule are generally ∼20 mg/
kg, while the phosphorite nodule has a slightly higher concentration of ∼34 mg/kg. The sampled limestone 
nodules of the Shuijingtuo Formation have Al, Th, and Zr contents slightly lower than the limestones of the 
upper Yanjiahe Formation. The shales of the Shuijingtuo Formation on the other hand show higher Al, Th, 
and Zr concentrations of up to 8.4 wt%, 13.6 mg/kg, and 206 mg/kg, respectively.

The Y anomalies of the investigated samples are plotted against markers for silicates (Zr), oxides (Cu), and 
sulphides (Pb) in Figure 4 (Bolhar & Vankranendonk, 2007). The Y anomalies of the carbonate samples of 
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Table 1 
Continued

Sample Formation Lithology
Depth 

(m)
TOC 
(wt%)

Al 
(wt%)

(Ce/
Ce*)

SN

(Y/
Ho)

SN

Al-
based 
CrEF

Bulks Leachates

Cr 
(mg/
kg) δ53Cr 2σ

Crauth 
(mg/
kg) δ53Crauth 2σ

JJP-44 Lower Shuijingtuo Black shale 26 4.89 4.67 1.02 1.18 1.43 81.84 0.69 0.09

JJP-45 Lower Shuijingtuo Black shale 27.5 4.79 5.44 0.98 1.25 1.15 76.67 0.48 0.13

JJP-46 Lower Shuijingtuo Black shale 28.5 5.55 1.04 1.27 1.03 70.18 0.51 0.09

Abbreviations: SN, Standard Normalized for PAAS; PAAS, Post Archean Australian Shale.
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the Yanjiahe and Shuijingtuo Formations show a decreasing trend with increasing Zr, suggesting siliciclastic 
contamination. Oxides and sulphides on the other hand appear to be relatively inabundant in the carbonate 
samples as Cu and Pb concentrations in the bulk rocks are consistently ≤8 mg/kg and ≤13 mg/kg, respec-
tively, except for the dolostone nodule of the upper Yanjiahe Formation (JJP-23), which has a significantly 
higher Cu concentration (58 mg/kg). The phosphorite nodule of the upper Yanjiahe Formation (JJP-31) has 
Zr, Cu, and Pb concentrations comparable to the carbonate samples, while most of the siliciclastic samples 
of the lower Yanjiahe Formation and shale samples of the lower Shuijingtuo Formation are characterized 
by higher Zr, Cu, and Pb concentrations compared to the carbonate samples. The Y and Ce anomalies, 
which are both indicative of seawater and sensitive to contamination, are strongly correlated for all three 
intervals (R2 ≥ 0.58; Figure 4). The black shale samples of the lower Shuijingtuo Formation are generally 
characterized by a lack of Ce anomalies (values of ∼1) and by Y anomalies of only ∼1.2, while the dolostone 
and limestone samples of the three intervals show decreasing Ce anomalies with increasing Y anomalies.

The Mg/Ca ratios of the muddy limestones of the upper Yanjiahe Formation and the limestone nodules 
of the Shuijingtuo Formation are consistently ≤0.05 (Table S1). The sandy dolostone samples of the lower 
Yanjiahe Formation have Mg/Ca ratios typical of dolomitization (>0.5), while the dolostone nodule of the 
upper Yanjiahe Formation has a slightly lower Mg/Ca value of 0.4.
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Figure 4. The Y anomalies of the Yanjiahe and Shuijingtuo Foramtion samples plotted against markers for silicates 
(Zr), oxides (Cu), sulphides (Pb) and Ce/Ce*. The latter was used as a characteristic signal of dissolved rare earth 
element (REE) in seawater.
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6. Discussion
6.1. Evaluation of Detrital Contamination, Diagenesis, and Dolomitization

Detrital mineral phases can significantly dilute the chemical composition of authigenic mineral phases 
precipitated from seawater, which consequently results in an overprinting of the authigenic seawater signal 
(Gilleaudeau et al., 2016; Reinhard et al., 2014; Tribovillard et al., 2006). The investigated samples show 
highly variable siliciclastic, detrital contents as indicated by varying Al, Th, and Zr concentrations (e.g., 
Frimmel, 2009; Nothdurft et al., 2004). The sandstones, cherts, and shales of the lower Yanjiahe and lower 
Shuijingtuo Formations are, as expected, generally dominated by detrital phases as shown by Zr concen-
trations of up to 200 mg/kg resulting in fairly flat REE + Y patterns (Figure 2; Table S1). This suggests that 
the samples with high siliciclastic components of the Yanjiahe and Shuijingtuo Formations are rather poor 
representations of ambient seawater REE + Y compositions. High Cu and Pb concentrations in the shale 
samples further suggest contamination by oxides and sulphides. Hence, it is not surprising that the majority 
of the shales fall close to or along the shale line in a plot of Y anomalies versus Ce anomalies (Figure 4), 
although most of the shales have positive Y anomalies, which suggest the presence of an authigenic compo-
nent. The majority of phosphorite, limestone and dolostone samples have low Al, Th, and Zr concentrations 
compared to the shales, indicating a mainly authigenic composition, which is reflected in seawater like 
REE + Y patterns. However, even though there is no strong linear anti-correlation between Y anomalies 
and Zr concentrations (R2 = 0.11), Figure 4 suggests that even small Zr concentrations in carbonates can 
translate to a significant decrease in Y anomalies, emphasizing the strong overprinting effect of detrital 
contamination. The absence of an anti-correlation between Y anomalies and Cu or Pb (R2 ≤ 0.05) suggests 
that the contamination or dilution by contributions of oxides and sulphides had no major effect on the 
REE + Y composition of the carbonate samples. The dolostone nodule at the base of the upper Yanjiahe 
Formation (JJP-23), however, has a significantly higher Cu concentration (58 mg/kg) compared to the other 
carbonates, indicating contamination by oxides to some degree, but without impact on the REE + Y budget 
of this sample.

Ancient sediments, such as the samples investigated here, are likely to have undergone diagenetic altera-
tion, which could potentially have led to changes in their geochemical compositions. A potential alteration 
of the authigenic REE + Y signal might be indicated by the varying Eu anomalies and by relatively high 
LREE values in some samples which are atypical of chemical precipitates from seawater. However, car-
bonate REE + Y patterns, are considered comparatively robust to post depositional alteration (e.g., Bolhar 
& Vankranendonk, 2007; Nothdurft et al., 2004), which is supported by the seawater-like REE + Y patterns 
recorded by the carbonates of the Yanjiahe Formation.

Another concern when working with carbonates is the effect recrystallization, such as the transformation 
of primary aragonite to low Mg calcite and dolomite (dolomitization), might have on their geochemical 
composition. The extent of dolomitization is significantly different between the carbonate samples of the 
investigated intervals. While the limestones of the upper Yanjiahe and Shuijingtuo Formations show no 
evidence for dolomitization, the carbonates of the upper and lower Yanjiahe Formation are characterized 
by Mg/Ca ratios between 0.4 and 0.6, suggesting a high degree of dolomitization (Table S1). However, these 
changes are not reflected in their Cr isotope composition (R2 = 0.05) or in their respective REE + Y patterns 
(Figures 2 and 3), suggesting that dolomitization has a negligible effect on the Cr isotope and REE + Y 
composition of the investigated samples.

Phosphorite nodules, such as the one investigated in this study (JJP-31), commonly form during early di-
agenesis and have therefore been suggested to record the geochemical signature of porewater rather than 
of ambient seawater (e.g., Jiang et al., 2007; Kidder et al., 2003). This might explain the unusually high-nor-
malized LREE value of ∼2.4. The low Ce (0.68) and high Y anomaly (1.79) of the phosphorite on the other 
hand suggests precipitation from fluids that closely resemble seawater chemistry. Thus, it is likely that the 
phosphorite nodule originally formed within the uppermost layers of the sediment, which were still in ex-
change with the bottom seawater, but also incorporated porefluid signatures as module growth progressed. 
A similar gentic explanation for the formation of phosphorites has been described by Jiang et al. (2007) for 
contemporaneous phosphorite nodules from the Yangtze Block. Hence, the geochemistry of JJP-31 likely 
preserved ambient seawater conditions to some extent, but needs to be treated with care.
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6.2. Detrital Versus Authigenic Cr

6.2.1. Detrital Effects on Cr Concentrations

Due to the high concentration of Cr in the average continental crust, Cr compositions of marine sediments 
are highly susceptible to continental crust-derived detrital components, which can potentially mask the 
authigenic Cr signals used for reconstructing paleoredox changes (e.g., Reinhard et al., 2014; Tribovillard 
et al., 2006). To assess the influence of detrital material on the Cr concentrations of our samples, we used 
Al as a detrital tracer, as it is commonly used as an indicator for the presence of aluminosilicate fractions 
and because Al behaves rather immobile during diagenetic processes (Tribovillard et al., 2006; and refer-
ences therein). Al has also been successfully used as a detrital tracer in black shales (Frank et al., 2020). Al 
concentrations vary with depth and are correlated with Cr concentrations (Figure 3), indicating that a high 
proportion of Cr at some intervals is derived from detrital material. The calculated Al-based and shale-nor-
malized EFCr of the samples suggest that only the lower Yanjiahe Formation is significantly enriched in 
authigenic Cr (EFCr ≥ 2.7). The upper Yanjiahe Formation on the other hand only displays a Cr enrichment 
in the phosphorite sample (JJP-23; EFCr = 2.5) and dolostone nodule (JJP-31; EFCr = 16). Hence, most of 
the Cr hosted in the limestones of the upper Yanjiahe Formation is likely associated with a siliciclastic de-
trital component. The sediments of the lower Shuijingtuo Formation show similarly low EFCr as the upper 
Yanjiahe Formation with values consistently <2, suggesting that Cr in these sediments is largely related 
to detrital components. Such a prevalence of detrital Cr as observed for the lower Shuijingtuo Formation 
could be due to different processes, such as an increased influx of terrestrial material (Frank et al., 2019) or 
remobilization of Cr in anoxic bottom waters (Bruggmann, Scholz, et al., 2019).

The low Crauth content of the limestones of the upper Yanjiahe and lower Shuijingtuo Formations is fur-
ther confirmed by the 0.5 M HCl leachates performed on the carbonate and phosphorite samples. These 
leachates are designed to attack the carbonate fractions preferentially, leaving siliciclastic detrital phases 
essentially unaffected (e.g., Frank et al., 2020; Wei, Frei, et al., 2018). Figure 5 shows positive correlations 
between the EFCr of the leached samples and their Crauth concentrations (R2 = 0.88; p = 0.04) and authigenic 
fraction (R2 = 0.51; p = 9 × 10−5), respectively. While the nonenriched limestones are characterized by Crauth 
concentrations of <1 mg/kg, which translates to an authigenic fraction of <4%, the dolostones have auth-
igenic Cr fractions consistently >10%. Three of the limestone samples (JJP-28, JJP-29, and JJP-43) yielded 
higher authigenic fractions (7%–15%), despite having EFCr close to 1, which is likely due to the leachates 
themselves attacking portions of the detrital components.

6.2.2. Constraining the Authigenic δ53Cr Composition

While the detrital component of marine sediments is expected to mirror the Cr isotope composition of its 
source materials, the authigenic mineral component is assumed to record the geochemistry of the ambient 
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Figure 5. The Al-based EFCr of the carbonate and phosphate samples of the Yanjiahe and Shuijingtuo Formation 
plotted against their leachate Cr concentration (Crauth) and authigenic Cr fraction (fauth).
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waters it precipitated from. Hence, one of the greatest challenges in applying Cr isotopes as a redox proxy 
is estimating the authigenic Cr isotope composition (Frank et al., 2019, 2020; Gilleaudeau et al., 2016; Re-
inhard et al., 2014). Until recently, the Cr isotope composition of bulk detrital sediment was generally as-
sumed to fall within a narrow range typical for igneous rocks (δ53Crdet = −0.124 ± 0.101‰; Schoenberg 
et al., 2008), but recent studies have reported a wider range in δ53Crdet of up to 0.2‰ (Frank et al., 2019; 
Huang et al., 2018). The few Yanjiahe and Shuijingtuo samples characterized by EFCr < 1 recorded bulk 
δ53Cr 0–0.14‰. As these are assumed to have minimal to no authigenic Cr enrichment, this supports a 
higher variability in δ53Crdet input during the Ediacaran-Cambrian transition. Such a higher variability in 
δ53Crdet input renders it more difficult to account for the potential presence of detrial components in sed-
iments, which complicates the interpretation of sedimentary δ53Cr values, in particular when using bulk 
rock analyses.

We aimed to separate the authigenic Cr isotope composition of the phosphorite and carbonate samples by 
applying 0.5 M HCl leachates. As non-redox processes generally play a relatively small role in governing 
Cr isotope fractionation (Qin & Wang, 2017; Reinhard et al., 2014), this leaching method is unlikely to in-
troduce any significant fractionation. Further, such weak acid leachates have been shown to quantitatively 
dissolve the highly reactive carbonate and phosphate minerals, while leaving detrital minerals essentially 
unaffected (Frank et al., 2020). The δ53Crauth values measured in the 0.5 M HCl leachates were generally 
higher than the measured bulk rock δ53Cr values (Figure 3, Table 1). The difference between the bulk and 
authigenic δ53Cr varies highly between the different samples, which could be due to differences in the ratios 
of detrital to authigenic Cr fractions and/or different degrees of post depositional isotopic homogenization 
between authigenic and detrial phases. However, if detrital dissolution, which results in post depositional 
isotopic homogenization (Jeandel & Oelkers, 2015; and references therein), occurred, it likely played a mi-
nor role in determining the δ53Cr values of the phosphorite and carbonate samples as indicated by the gen-
erally higher δ53Crauth values. Thus, the leachates are likely to reflect the Cr isotope composition of ambient 
water. This suggests that seawater δ53Cr values varied between 0.47‰ and 1.38‰ during the depositional 
period of the lower Yanjiahe Formation. The leachates of the upper Yanjiahe Formation samples suggest 
a seawater δ53Cr composition ranging from δ53Cr of 0.23‰–0.97‰. However, Frank et al. (2019) suggested 
that isotopically lighter Cr is preferentially incorporated into phosphorites during phosphogenesis, which 
might imply that the δ53Crauth value of 0.23‰ of the phosphorite nodule (JJP-31) may be a poor representa-
tive of ambient seawater. Further, the leachate of JJP-28 was likely contaminated by Cr derived from detrital 
components (Section 6.2.1.) and thus its Cr isotope signal might underestimate the δ53Crauth composition. 
When excluding samples JJP-28 and JJP-31, the range in δ53Crauth can be redefined as 0.46‰–0.97‰ for 
the upper Yanjiahe Formation. The range in δ53Crauth measured for the Yanjiahe Formation here is in good 
agreement with δ53Crauth data published for the time-equivalent Zhujiaqing Formation at the Xiaotan sec-
tion in Yunnan Province, which recorded generally positively fractionated δ53Crauth values of up to 1.15‰ 
(Wei, Frei, et al., 2020). The δ53Crauth composition of the lower Shuijingtuo Formation varies between 0.94‰ 
and 1.21‰, when excluding the low δ53Crauth value of JJP-43 (0.22‰), which shows evidence of detrital 
contamination. Hence, the shallow seawater of the Yangtze Platform was likely characterized by a Cr iso-
tope composition between 0.46‰ and 1.38‰ during the deposition of the Yanjiahe and lower Shuijingtuo 
Formations. However, it is important to note that no authigenic Cr enrichments were found in the black 
shale-dominated top of the lower Shuijingtuo Formation. This is surprising as anoxic sediments, such as 
black shales, are expected to be enriched in Cr. It means that the black shales of the Shuijingtuo Forma-
tion have an overwhelming detrital mineral inventory which fully masks any authigenic signal in these 
sediments.

6.3. Constraining Surface Redox Conditions

The authigenic mineral components of marine sediments can record the chemical composition of the sea-
water they precipitated from, rendering them the target of paleoredox studies (Tribovillard et al., 2006; and 
references therein). The REE + Y patterns of most of the Yanjiahe Formation samples show characteristics 
commonly observed in modern oxic seawater, such as negative Ce and positive Y anomalies (Figure 2), 
despite showing evidence of varying degrees of detrital contamination (Section 5.1.). The same is true for 
samples from the bottom of the lower Shuijingtuo Formation suggesting that the Yanjiahe and bottom of 
the lower Shuijingtuo Formations likely record the REE + Y composition of the Yangtze Platform seawater 
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in their authigenic phases. Further, the preservation of REE + Y patterns similar to modern seawater sug-
gests that the investigated samples likely also preserved the geochemical signature of the ambient seawater 
to some extent despite their age and clear evidence of diagenesis as shown by the presence of dolomite.

The δ53Crauth values of the investigated carbonates are consistently positively fractionated compared to esti-
mates of the δ53Crdet input of the Yangtze Block during the Ediacaran-Cambrian transition (−0.1‰–0.2‰; 
Frank et al., 2019; Huang et al., 2018). This suggests global oxidative Cr cycling during the early Cambri-
an in the water columns and/or on the continental hinterlands as a consequence of oxidative weather-
ing after the NOE when high atmospheric oxygen concentrations seemed to have prevailed (e.g., Canfield 
et al., 2007; Lyons et al., 2014).

The range in δ53Crauth values further coincides with the range of δ53Cr values reported for modern seawater 
(−0.1‰–1.7‰; Bonnand et al.,  2013; Bruggmann, Klaebe, et al.,  2019; Bruggmann, Scholz, et al.,  2019; 
Frei et al., 2018; Goring-Harford et al., 2018; Janssen et al., 2020; Paulukat et al., 2016; Rickli et al., 2019; 
Scheiderich et al., 2015). The processes controlling the cycling of Cr in the modern oceans are still subject of 
debate. The modern ocean is characterized by strongly positively fractioned δ53Cr values and Cr depletion in 
its surface water compared to the deeper water layers (e.g., Janssen et al., 2020; Scheiderich et al., 2015). The 
removal of Cr in oximum minimum zones have been suggested as a process contributing to the observed Cr 
isotope heterogeneity. However, the removal and fractionation of Cr in such zones appears to play a minor 
role globally (Bruggmann, Scholz, et al., 2019; Goring-Harford et al., 2018), as more local processes, such 
as particle scavenging or Cr release from reducing sediments, have been suggested to control the Cr isotope 
composition of such zones (Bruggmann, Scholz, et al., 2019). Reductive adsorption of Cr onto organic parti-
cles has further been suggested to cause a preferred removal of isotopically light Cr from oxygenated surface 
water through the export of organically bound, isotopically light Cr(III) to deeper waters and sediments, 
potentially explaining the isotopically stratified modern oceans (Janssen et al., 2020; Semeniuk et al., 2016). 
Biological reduction processes likely also prevailed during the Ediacaran-Cambrian transition. However, to 
explain the strongly positively fractionated δ53Crauth values of up to 1.38‰ measured for the Yanjiahe and 
lower Shuijingtuo Formations, these had to be near quantitative.

These elevated δ53Cr values of the Yanjiahe and lower Shuijingtuo Formations correspond well with previ-
ously reported δ53Cr data for sediments deposited during the Ediacaran-early Cambrian transition from the 
Yangtze Block (Frank et al., 2019; Frei et al., 2020, 2021; Wei, Frei, et al., 2020), suggesting that they are rep-
resentative of the local water conditions at that time. The carbonates of the Zhujiaqing Formation, which is 
time equivalent to the Yanjiahe Formation, recorded a trend of decreasing δ53Crauth values with increasing 
authigenic Cr concentrations (Wei, Frei, et al., 2020). This trend was attributed to enhanced oxygenation 
resulting in the release of organically bound, isotopically unfractionated Cr(III) from the deep ocean into 
the upper water column (Wei, Frei, et al., 2020). The carbonates of the Yanjiahe Formation do not show a 
similar trend (R2 = 0.003), suggesting that organically bound Cr released from the deeper basin at the time 
had little to no effect on the Cr composition of the seawater column above the Yanjiahe Formation.

The negative Ce anomalies (Ce/Ce* ≤ 0.9) reported for sediments of the Yanjiahe Formation suggest that 
oxic water conditions prevailed locally in the shallow seawater of the Yangtze Platform. The values re-
ported here are slightly higher than Ce/Ce* values previously reported for the Yanjiahe Formation (Ling 
et al., 2013) as well as for the time-equivalent Zhujiaqing Formation (Wei, Frei, et al., 2020), possibly as a 
consequence of higher detrital fractions in the samples studied herein. Samples from the base of the lower 
Shuijingtuo Formation show similar negative Ce anomalies, but Ce/Ce* values of ∼1 are predominant in 
the black shale sequence. This could either be indicative of a local shift to anoxic conditions during the early 
Cambrian or might be due to an increase of detrital components in these sediments which tend to mask 
the authigenic signals. As REE + Y and Cr contents are usually strongly affected by detrital material (e.g., 
Frimmel, 2009; Nothdurft et al., 2004), the redox conditions in the seawater of the Yangtze platform during 
the early Cambrian cannot be sufficiently defined by Ce anomalies and δ53Crauth values alone.

We therefore apply V/Cr ratios to better understand the local seawater redox conditions during the depo-
sition of the Yanjiahe and lower Shuijingtuo Formations (Figure 3). V/Cr ratios are a useful tool to trace 
redox fluctuations as both elements are redox sensitive and become immobile under reducing conditions 
(Piper, 1994; Scheffler et al., 2006). The reduction of V however occurs at a lower Eh boundary than the 
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reduction of Cr and V/Cr values <2 are characteristic for oxic conditions, values from 2 to 4.25 for dysoxic 
conditions and values >4.25 for anoxic conditions (Jones & Manning, 1994). The V/Cr values of the lower 
Yanjiahe Formation change from values <2, to values of up to 7.90 at the top of the formation (JJP-18–JJP-
22), before returning to values <2 for the upper Yanjiahe Formation. Hence, the V/Cr data indicate that 
the redox conditions cycled between oxic and anoxic conditions during the early Cambrian, which is not 
captured by the Ce anomaly and δ53Crauth data reported herein. The V/Cr ratios of the calcareous sediments 
at the base of the lower Shuijingtuo Formation are consistently <2, confirming the oxic seawater condi-
tions suggested by the Ce anomaly and δ53Crauth data (Figure 3, Table S1). Above the carbonate-dominated 
interval, the V/Cr ratios increase significantly and generally record values typical for anoxic conditions, 
except for a small interval shortly above the calcareous samples. These samples (JJP-39, JJP-40, and JJP-
43) are characterized by V/Cr ratios between 1.76 and 2.74, indicating a deposition under oxic to dysoxic 
conditions. This suggests that the seawater was likely oxic during the formation of the uppermost limestone 
nodule of the lower Shuijingtuo Formation (JJP-43) as well, but shifted to dysoxic and potentially anoxic 
during nodule growth.

Our combined δ53Crauth data, Ce anomalies, and V/Cr ratios of the Yanjiahe and Shuijingtuo Formations 
suggest a consistently oxygenated atmosphere as well as generally oxic shallow seawater conditions lo-
cally for the Yangtze Block during the Ediacaran-Cambrian transition. This is in good agreement with 
carbonate-hosted Cr isotope and Ce anomaly data reported for the Late Ediacaran Dengying and Ediaca-
ran-Cambrian Zhujiaqing Formations, South China, which indicate that the shallow water of the Yangtze 
platform was oxygenated in the Late Ediacaran and during the Ediacaran-Cambrian transition (Wei, Frei, 
et al., 2018; Wei, Frei, et al., 2020). Our data further suggests that the local seawater conditions above our 
section of the Yangtze Block shifted repeatedly between oxic and anoxic conditions with the progression of 
the Cambrian. A similar situation has been described for the slope section of the Yangtze Block with oxic 
conditions at the end of the Ediacaran and a cycle to anoxic and back to oxic conditions during the early 
Cambrian using various geochemical proxies (e.g., Chang et al., 2018; Feng et al., 2014; Frank et al., 2019; 
Wei, Frei, et al., 2020). These changes have been attributed to a combination and interplay of changes in 
sea level and correlated changes in the position of redoxclines in a strongly redox-stratified basin (Feng 
et al., 2014; Lehmann et al., 2007, 2016; Och et al., 2016; Zhai, Wu, Ye, Zhang, & An, 2018; Zhai, Wu, Ye, 
Zhang, & Wang, 2018). According to these authors, rises in sea level resulted in a rise in the chemocline 
exposing previously oxic sections of the ocean above the Yangtze Block to an anoxic water column and 
vice versa. A scenario like this is further supported by the shift in lithology observed between the Yanji-
ahe and Zhujiaqing Formations in the investigated section. While the Yanjiahe Formation is dominated 
by limestones typical for a shallow-water carbonate platform, the Zhujiaqing Formation is dominated by 
shales, which are typically found within slope and deeper basin sections (Figure 1). This suggests that the 
setting of our studied section changed from a shallow-water platform to a slope section at the beginning of 
the Cambrian, as a result of sea level rise, which probably induced the observed shift from oxic to anoxic 
conditions. Hence, the seawater redox conditions of the Yangtze Block were quite complex during the Edi-
acaran-Cambrian transition, with cycles of oxic and anoxic conditions, despite atmospheric oxygen levels 
being consistently high after the NOE. Hence, the oxygenation history of Earth's oceans was very dynamic 
and did not always correspond with changes in atmospheric oxygenation.

7. Conclusion
We assessed δ53Cr, REE + Y, and V/Cr data of the Yanjiahe and Shuijingtuo Formations to better constrain 
the ambient seawater conditions of the shallow section of the Yangtze Block at the end of the Ediacaran and 
during the early Cambrian.

The calcareous Yanjiahe Formation is characterized by seawater-like REE + Y patterns, as well as Al-based 
EFCr generally >1, suggesting the presence of an authigenic component. This trend is continued at the base 
of the Shuijingtuo Formation, while the top shows an increase in detrital content as indicated by flattened 
REE + Y patterns. Leachates performed on carbonate samples revealed heterogonous, but generally posi-
tively fractionated δ53Cr values (0.46‰–1.38‰) which we interpret to closely reflect the conditions of am-
bient seawater during the deposition of the Yanjiahe formation and the base of the Shuijingtuo Formation. 
These conditions suggest the prevalence of an oxic surface environment. The δ53Cr composition of ambient 
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seawater during the formation of the shale-dominated top of the lower Shuijingtuo Formation, on the other 
hand, could not be assessed as the dominance of detrital components in these sediments prevent the analy-
sis of an authigenic Cr signal in them.

The prevalence of oxic seawater conditions during the formation of the Yanjiahe Formation is further sup-
ported by negative Ce anomalies and low V/Cr ratios. However, higher V/Cr ratios at the top of the lower 
Yanjiahe Formation suggest that the redox conditions were not continuously oxic but shifted between oxic 
and anoxic. Another shift to anoxic conditions occurred before the deposition of the shale-dominated top of 
the Shuijingtuo Formation. Hence, the shallow seawater of the Yangtze Block was likely oxic at the end of 
the Ediacaran, but underwent several cycles from oxic to anoxic during the early Cambrian. This was likely 
due to a combination of sea level rise and a redox-stratified ocean, which resulted in an upward shift of the 
chemocline exposing the studied section to an anoxic water column.

Data Availability Statement
The data used in this study can be accessed on researchgate.net using the DOI: 10.13140/
RG.2.2.35597.67040 or the following link: researchgate.net/publication/348735450_Research_data?chan-
nel=doi&linkId=6075a418299bf1f56d55e265&showFulltext=true.
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