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Earth’s most extreme extinction event near the end of the Late Permian decimated more than 90% 
of all extant marine species. Widespread and intensive oceanic anoxia almost certainly contributed to 
the catastrophe, though the driving mechanisms that sustained such conditions are still debated. Of 
particular interest is whether water column anoxia was a consequence of a ‘stagnant ocean’, or if it was 
controlled by increases in nutrient supply, primary productivity, and subsequent heterotrophic respiration. 
Testing these competing hypotheses requires deconvolving sedimentary/bottom water redox conditions 
from changes in surface water productivity in marine sediments. We address this issue by studying 
marine shales from East Greenland and the mid-Norwegian shelf and combining sedimentary redox 
proxies with cadmium-isotopic analyses. Sedimentary nitrogen-isotopic data, pyrite framboid analyses, 
and organic and inorganic shale geochemistry reveal sulfidic conditions with vigorous upwelling, and 
increasingly anoxic conditions with a strengthening upwelling in the Greenland and Norwegian sections, 
respectively. Detailed analysis of sedimentary metal budgets illustrates that Cd is primarily associated 
with organic carbon and records primary geochemical signatures, thus enabling reconstruction of surface 
water nutrient utilization. Cadmium-isotopic analyses of the authigenic shale fraction released by inverse 
aqua regia digestion yield an average δ114/110Cd of +0.15 ± 0.01� (2 SE, n = 12; rel. NIST SRM 3108), 
indicative of incomplete surface water nutrient utilization up-section. The constant degree of nutrient 
utilization combined with strong upwelling requires increasing primary productivity – and not oceanic 
stagnation – to balance the larger nutrient fluxes to both study sites during the development of the Late 
Permian water column anoxia. Overall, our data illustrate that if bottom water redox and upwelling can 
be adequately constrained, Cd-isotopic analyses of organic-rich sediments can be used to provide valuable 
information on nutrient utilization and therefore past productivity.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Exceptionally widespread oceanic anoxia is widely considered 
one of the main contributing factors to the Late Permian ma-
rine biotic extinction (e.g., Isozaki, 1997; Wignall and Twitchett, 
2002a; Bond and Wignall, 2010). Oxygen deficiency was already 
widespread in the pre-extinction Late Permian oceans, with possi-
ble sulfidic conditions developing in mid-water column depths that 
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reached some surface waters (e.g., Algeo et al., 2010; Brennecka et 
al., 2011). Further expansion and development of peak anoxic con-
ditions coincided with the main biotic extinction (Brennecka et al., 
2011), which decimated most marine taxa ∼251.9 Ma ago (Burgess 
et al., 2014).

The mechanisms that formed, expanded and sustained the Late 
Permian anoxia are still debated, but are generally thought to be 
related to either a more sluggish oceanic circulation, or an in-
crease in marine primary productivity (and associated heterotro-
phy) in response to greater oceanic upwelling. A general slowdown 
in oceanic circulation is consistent with the decreased latitudinal 
temperature gradients of the Late Permian greenhouse world (e.g., 
Isozaki, 1997). Such conditions were likely triggered/sustained by 
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the injection of substantial greenhouse gas emissions associated 
with the eruption of the Siberian Trap basalts (e.g., Wignall and 
Twitchett, 2002a). Alternatively, increased upwelling and biological 
mechanisms have been hypothesized to contribute to the anoxia 
(e.g., Algeo et al., 2010; Meyer et al., 2011). A particular focus has 
been on the oxygen consuming feedback associated with increased 
upwelling, primary productivity, and subsequent heterotrophy (e.g., 
Wyrtki, 1962). However, distinguishing between the stagnation and 
upwelling hypotheses requires proxies that can discriminate nutri-
ent supply from nutrient utilization (i.e. the amount of nutrient 
available and the fraction of nutrients that are consumed, respec-
tively). The marine geochemistry of Cd (cadmium) offers a poten-
tial solution to this problem.

Cadmium is a post-transition metal that is actively cycled by 
marine microbes in the water column (e.g., Sunda, 2012). Dissolved 
cadmium in seawater has a nutrient-like distribution that follows 
– albeit with some scatter – that of dissolved inorganic PO4

3−
(phosphate; e.g., Boyle et al., 1976; Cullen, 2006; Hendry et al., 
2008). Microbial Cd uptake efficiently removes most dissolved Cd 
from surface waters, where it is exported to the deep ocean and 
seafloor in the form of particulate organic matter (OM). As this 
OM is remineralized, most of the fixed Cd (and PO4

3−) is released 
back to seawater, leading to marine Cd distributions that resem-
ble those of the major algal nutrients (e.g., Bruland, 1980). The 
physiological mechanisms underpinning the similarities between 
dissolved Cd and PO4

3− concentrations are controversial, how-
ever. Several possible explanations have been put forward, ranging 
from true biochemical utilization of Cd by diatoms in a cambial-
istic Cd/Zn carbonic anhydrase (Lane et al., 2005), to mistaken 
uptake followed by internal storage and detoxification (Horner et 
al., 2013). Nonetheless, the remarkable similarity of Cd distribu-
tions to the other marine macronutrients has proven particularly 
valuable in Quaternary paleoceanography, and has enabled the suc-
cessful reconstruction of water mass PO4

3− concentrations from 
the Cd/Ca ratios of foraminiferal tests (e.g., Boyle, 1988; Marchitto 
and Broecker, 2006), and of paleoproductivity from the Cd concen-
tration of clastic sediments (e.g., Brumsack, 2006; Wagner et al., 
2013).

More recently, improvements in seawater sampling techniques 
and isotopic analytical capabilities have revealed large and system-
atic variations in the Cd-isotopic composition of seawater. These 
variations are thought to reflect the preferential uptake of isotopi-
cally light Cd by phytoplankton (Lacan et al., 2006; John and Con-
way, 2014), which renders residual Cd-depleted surface waters iso-
topically heavy by up to several permil (e.g., Ripperger et al., 2007; 
Abouchami et al., 2011, 2014; Xue et al., 2012, 2013; Conway et al., 
2013). Studies of Cd-isotopic fractionation in seawater demonstrate 
that dissolved Cd-isotopic compositions are strongly related to the 
extent of Cd (and by association, PO4

3−) utilization in surface wa-
ters, modulated by ocean circulation (e.g., Abouchami et al., 2011;
Xue et al., 2013). As such, the Cd-isotopic composition of surface 
seawater and corresponding exported organic products offer an in-
dependent measure of macronutrient use efficiency in the upper 
ocean. The release of Cd by degraded sinking phytoplankton in 
deeper waters, and the long residence time of Cd in the oceans 
(∼50 kyr; Morford and Emerson, 1999), means that water masses 
below ∼200–500 m exhibit largely homogeneous Cd-isotopic com-
positions that are significantly lighter than the overlying surface 
waters (e.g., Ripperger et al., 2007). Because of this, the upwelling 
source of Cd to the surface ocean – the dominant source of Cd to 
surface-dwelling marine phytoplankton (e.g., Martin and Thomas, 
1994) – is largely isotopically homogeneous throughout much of 
the oceans. These investigations of Cd-isotopic fractionation in the 
modern ocean thus enable the application of Cd-isotopic measure-
ments to geological samples as a tracers of macronutrient utiliza-
tion efficiency in past surface ocean environments.
Organic-rich shales are a particularly good candidate for re-
constructing the efficiency of nutrient utilization from Cd-isotopic 
measurements. Although Cd has only a single oxidation state of 
+2, sedimentary Cd enrichments are primarily controlled by the 
redox state of oceanic bottom waters and sedimentary porewa-
ters via two mechanisms. Firstly, the preservation of sinking OM, 
and the Cd contained therein, is greatly improved in anoxic wa-
ters/sediments compared to oxic settings. Secondly, anoxic con-
ditions favor the co-precipitation of labile Cd with sulfides that 
form in the sediment (e.g., Framson and Leckie, 1978), and possibly 
even the water column itself (Janssen et al., 2014); Cd adsorp-
tion to OM may also be facilitated. Consequently, sedimentary Cd 
enrichments patterns in shales from modern continental margins 
closely follow those of redox-sensitive elements with multiple ox-
idation states (e.g., Mo, U and Re; Morford and Emerson, 1999;
Nameroff et al., 2002). Although potential Cd-isotopic fractiona-
tion related to Cd precipitation in shales and/or sulfides is not 
well understood, indirect evidence suggests that CdS may be iso-
topically lighter than ambient seawater (e.g., Schmitt et al., 2009;
Janssen et al., 2014). Despite this uncertainty, our data suggest 
that the Cd-isotopic composition of organic-rich sediments ulti-
mately reflects the Cd-isotopic signature of OM in surface waters. 
This may come about either directly from organically-bound Cd 
within the sediment, or indirectly from remineralized OM-bound 
Cd that coprecipitates into sulfides in bottom/pore waters. Regard-
less, sedimentary Cd-isotopic compositions ultimately depend on 
the Cd-isotopic composition of the sinking particulate OM that is 
exported from the surface to the sediment.

Here, we apply Cd-isotopic measurements to reconstruct macro-
nutrient utilization efficiency in a past marine environment, using 
modern ocean Cd-isotopic systematics as our interpretive frame-
work. We focus on a series of organic-rich shales from Greenland 
and offshore Norway that were deposited during the onset of 
ocean anoxia prior to the latest Permian mass extinction. Sedimen-
tary N-isotopic compositions (nitrogen) and trace metal geochem-
istry are used to reconstruct the quantity of upwelled nutrients 
(supply), and Cd-isotopic compositions are used to interpret the 
degree of macronutrient utilization (demand). Thus, these data 
enable the reconstruction of past nutrient supply and demand 
(hence productivity), allowing us to single out the major cause 
– stagnation or upwelling – for the Late Permian anoxia in the 
Greenland–Norway basin.

2. Geological setting and sample selection

2.1. Geological context

Our study focuses on Upper Permian laminated shales of the 
Ravnefjeld Formation in East Greenland (GRL) (Surlyk et al., 1986;
Piasecki and Stemmerik, 1991) and correlative intervals from the 
Lower Turbidite Unit in the mid-Norwegian shelf (MNS) (Bugge et 
al., 2002). These samples were deposited on the facing sides of 
a major extensional basin that developed between Greenland and 
Norway from the Middle Permian onwards (Surlyk et al., 1986;
Bugge et al., 2002; Torsvik et al., 2002) at paleolatitudes of ∼30◦N. 
This basin was part of an elongated seaway that may have con-
nected the Panthalassa Ocean with the Tethys Ocean, providing a 
pathway for interhemispheric water exchange (Sengör and Atay-
man, 2009).

The organic-rich intervals in GRL and MNS were deposited in 
anoxic bottom waters with interlayered bioturbated siltstones and 
sandstones likely representing periods of more oxic bottom water 
conditions. The two shelf sections (GRL and MNS) were deposited 
in fairly shallow water (Bugge et al., 2002). Detailed estimates for 
water depths during deposition of the Ravnefjeld Formation vary 
from 25 m up to 125 m in the different parts of the GRL Permian 
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basin (Surlyk et al., 1986). The shelf setting and overall similar-
ity to the GRL section imply that MNS shales were also deposited 
in typical modern-day shelf water depths of <150 m (e.g., Pinet, 
2011).

In GRL, the bulk of the Ravnefjeld Formation overlies the 
Wuchiapingian (e.g., Stemmerik et al., 2001; Wignall and Twitch-
ett, 2002b) and possibly Lower Changhsingian (Henderson and 
Mei, 2000) carbonate mounds of the Wegener Halvø Formation, 
suggesting a younger, Late Wuchiapingian to Changhsingian age 
for the Ravnefjeld Formation. Biostratigraphic constraints for the 
age of the Lower Turbidite Unit in MNS are limited; this unit is 
considered Upper Permian based on correlation with the Ravne-
fjeld Formation in GRL (Bugge et al., 2002). Late Changhsingian 
(253–252 Ma) Re–Os ages for Upper Permian organic-rich inter-
vals from GRL and MNS show that both shales were deposited just 
prior to the Late Permian mass extinction (Georgiev et al., 2011).

2.2. Materials

We focused on twelve drill core shale samples that were 
previously characterized for their Re- and Os-isotopic composi-
tion, total organic carbon (TOC) contents, and major and trace 
elements (Georgiev et al., 2011). Of these, nine were analyzed 
for Rock–Eval parameters to characterize maximum burial tem-
peratures and the quality of preserved OM (Georgiev et al., 
2012). Three organic-rich samples from the Triaselv area in GRL 
are from the Lower Laminated Unit of the Ravnefjeld Forma-
tion (GRL-LL, ∼10 m core depth), accessed from drillcore GGU 
303102 (Piasecki and Stemmerik, 1991; coordinates 71◦31′19.71′′N
and 24◦11′35.22′′W). We analyzed nine MNS shale samples from
drillcore IKU 6611/U-09-01 (Bugge et al., 2002; coordinates
66◦20′24.89′′N and 11◦48′46.59′′W). Of these, three were from the 
Bottom Shale (MNS-BS, ∼279 m core depth); three from the Lower 
Laminated Unit (MNS-LL, ∼255 m core depth), and three from the 
Upper Laminated Unit (MNS-UL, ∼241–244 m core depth). Ad-
ditional details on sampling locations and preparation of sample 
powders are given in Georgiev et al. (2011, 2012).

3. Methods

We used separate powder aliquots of previously prepared drill-
core powders (Georgiev et al., 2011, 2012) for Cd- and N-isotopic 
analyses and supporting geochemical measurements, including 
determination of TOC, major and trace element concentrations, 
pyrite framboid analyses, and Rock–Eval characterization of OM. 
A methodological overview is provided below; additional details 
are reported in the SI (Supplementary Information).

3.1. Partial shale digestions for Cd work

We employed inverse aqua regia (iAR, 1 part conc. HCl: 3 parts 
conc. HNO3) for partial shale digestion, as this preferentially dis-
solves authigenic shale components (e.g., organic compounds, 
pyrite, carbonate) and leaves most detrital minerals (e.g., quartz, 
phyllosilicates, feldspar) intact (Selby and Creaser, 2003; Xu et al., 
2012). Selective leaching of the authigenic shale components min-
imizes potentially significant uncertainties in the interpretation of 
Cd-isotopic results, namely the amount and Cd-isotopic compo-
sition of detrital material, enabling comparison of samples with 
variable detrital contributions. All twelve samples were digested in 
iAR; the supernatant was used for Cd-isotopic analyses, while the 
dried solid residue was weighed to calculate the fraction of shale 
digested by the iAR. Two total analytical blanks were prepared 
by mirroring all sample iAR-digestion steps. Partial digestion us-
ing CrO3–H2SO4 proved unsatisfactory because of higher Cd blanks 
and lower Cd yields (see SI).
3.2. Cd-isotopic measurements

An appropriate amount of 111Cd–113Cd double spike was added 
to each sample and allowed to equilibrate at 120 ◦C. Cadmium was 
purified by passing the spiked samples through a two-stage ion-
exchange chromatographic separation, as described in Wombacher 
et al. (2003).

Cadmium stable isotopic compositions were measured on a 
Nu Instruments Nu Plasma multi-collector HR-ICP-MS at the Uni-
versity of Oxford. An Elemental Scientific PFA MicroFlow Neb-
ulizer was used for sample introduction in conjunction with a 
Nu Instruments DSN-100 desolvation system. Ion currents from 
110 AMU (atomic mass unit; 110Cd, 110Pd) to 117 AMU (117Sn) 
were simultaneously determined in 40 × 10 s integrations. Double 
spike data reduction, including spectral interference corrections, 
was performed offline using a MATLAB-based script. Cadmium-
isotopic compositions are reported in the δ-notation relative to 
NIST SRM 3108 (Abouchami et al., 2012), with δ114/110CdNIST =
([114/110Cdsample/

114/110CdNIST] − 1) × 1000.
Uncertainties are reported at the 2SD level, and depend mostly 

on the Cd content of the sample in question, ranging from 
δ114/110Cd ± 0.05� up to ±0.09� (see SI). Analytical blanks for 
two separate iAR digestions yielded Cd contributions of 21 and 
34 pg, respectively. Given such trace levels of Cd contamination – 
ranging between 0.01 and 0.08% of the total Cd present in any 
iAR-digested sample – we did not apply blank corrections to the 
Cd-isotopic and concentration data.

Detailed metal budget calculations for the samples show that 
almost all Cd liberated from the samples is non-lithogenic in origin 
(>98% for organic-rich shales; >89% for MNS-BS shale; see SI). As 
iAR digestion releases only a small portion of the lithogenic com-
ponent, we estimate that detrital Cd contributes <0.3–1.4% of the 
iAR-released Cd for organic-rich rock and <8.7% for MNS-BS, and 
has only a negligible impact on the reported Cd-isotopic composi-
tions. In addition, leaching tests conducted on modern continental 
margin sediments comparing iAR with 2 M HCl – whereby the lat-
ter was shown to leach only the authigenic Cd component (van 
Geen et al., 1995) – yielded identical Cd-isotopic compositions and 
Cd concentrations (see SI). This suggests that iAR leaching is an 
appropriate leach for the analysis of Cd-isotopic compositions of 
shales.

3.3. Rock–Eval pyrolysis

Rock–Eval parameters recorded during controlled pyrolysis of 
shale powder characterize the quality of preserved OM (Espitalié 
et al., 1980; Peters, 1986). New Rock–Eval data for MNS-BS shale 
were obtained at Statoil ASA Norway with a Rock–Eval 6 Turbo 
version 9.0 (1999) pyrolyser. Results for all other samples and as-
sociated methods are discussed in detail elsewhere (Georgiev et al., 
2012).

3.4. Pyrite framboids

The morphology and size of individual pyrite crystals and fram-
boidal (i.e. raspberry-shaped) aggregates in shale provide impor-
tant paleoredox constraints (Wilkin et al., 1996). Eight polished 
thin sections were prepared from drill core pieces that are vertical 
equivalents of the facing shale piece consumed for powder prepa-
ration (four samples), from immediately adjacent vertical intervals 
(three samples), or from the stratigraphically nearest sample (one 
sample). The diameter of pyrite framboids was measured using 
a scanning electron microscope (SEM) operated in backscattered 
electron mode at 15 keV. All framboids visible on 500× images 
were measured individually with a measuring software at 3000×
magnification.
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Fig. 1. Stratigraphic variations of Cd concentration and isotopic composition (a, b), N-isotope data (c), key major and trace element concentrations (c–g) and Rock–Eval 
parameters (h–j) in shales from East Greenland (GRL) and the mid-Norwegian shelf (MNS). Cd-isotopic compositions are expressed as δ114/110Cd values (in �) relative to NIST 
SRM 3108; N-isotopic compositions are expressed as δ14/15N (in �) relative to air. Hydrogen index (HI) is the amount of hydrocarbons generated through thermal cracking 
of nonvolatile organic matter, in units of mg hydrocarbons/g TOC. Oxygen index (OI) represents the amount of oxygen relative to the amount of organic carbon, expressed in 
units of mg CO2/g TOC. Tmax is the temperature of maximum hydrocarbon generation during pyrolysis. Samples are vertically arranged in the correct relative stratigraphic 
order within each individual unit, or among the different MNS units, but note that the studied MNS intervals are separated by ∼10–20 m thick unsampled intervals of 
bioturbated siltstones and sandstones (Bugge et al., 2002). The organic-rich GRL-LL is broadly correlative to the organic-rich MNS-LL and MNS-UL units (Bugge et al., 2002;
Georgiev et al., 2011), but available data do not warrant finer stratigraphic correlations. For clarity, GRL data is plotted above the MNS data.
3.5. Major and trace elements

Whole-rock (WR) element abundances in eleven samples were 
determined to characterize shale compositions and estimate de-
trital Cd contributions. All analyses were obtained by Actlabs 
(Canada) using a uniform multi-acid digestion (HF + HClO4 +
HCl + HNO3). Element concentrations were measured by ICP-AES 
or ICP-MS; both methods have a 1 SD reproducibility ±10%. Here, 
we report new WR data for three samples and employ these to-
gether with additional published WR data for eight samples and 
results for aqua-regia (AR) partial digestion for all twelve samples 
(Georgiev et al., 2011).

3.6. Nitrogen-isotopic analyses

Nitrogen concentrations and isotopic ratios in sediment pow-
ders were measured using an Europa Scientific 20–20 N-isotopic 
ratio mass spectrometer linked to an Europa Scientific RoboPrep-
CN elemental analyzer, at Iso-Analytical, UK. Nitrogen isotopic ra-
tios are reported using the standard δ-notation between the sam-
ple and air, where δ15/14Nair = ([15/14Nsample/
15/14Nair] −1) ×1000. 

Analytical precision of δ15/14N estimated from multiple analyses of 
standards was ±0.22� (2 SD).

4. Results

Tabulated results are presented in the SI and summarized be-
low.

4.1. Cd contents

Dry solid residues following inverse aqua regia (iAR) acid di-
gestion had between 73 and 84 wt% of the original powder mass 
(92 wt% for sample ORG-388; SI), indicating that iAR dissolved 
from 16 to 27 wt% of the shale (8 wt% for sample ORG-388). 
Cadmium in shales dissolved with iAR varies from 0.12 μg/g to 
4.91 μg/g, with notable variations between the four studied groups 
(stratigraphic intervals) of samples (Fig. 1). In MNS-BS, relatively 
low Cd contents of 0.12 to 0.18 μg/g are similar to or slightly 
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higher than average upper crustal rocks with 0.09–0.10 μg/g Cd 
(Rudnick and Gao, 2004; Wedepohl, 1995). Cadmium contents in 
the stratigraphically higher MNS-LL shales vary between 0.45 and 
0.67 μg/g. These values are approximately four times higher than 
in MNS-BS, and higher than Cd estimates for the upper conti-
nental crust (see above) or for average shale (0.30 μg/g, Turekian 
and Wedepohl, 1961). The uppermost studied shales from MNS-
UL have the highest Cd contents among MNS samples (1.41 to 
2.10 μg/g); Cd concentrations of GRL-LL shales reach values of 3.21 
to 4.91 μg/g.

4.2. Cd-isotopic composition

Following iAR digestion, the shales have δ114/110Cd of between 
+0.08 and +0.24�, with a mean δ114/110Cd of +0.15 ± 0.01�
(2 SE, n = 12). The mean δ114/110Cd of all MNS samples (+0.14 ±
0.02�, 2 SE, n = 9) is equivalent to the mean value of all GRL sam-
ples (+0.17 ± 0.02�, 2 SE, n = 3). Within MNS samples, one-way 
non-paired ANOVA tests show the statistical equivalence at the 
2 SD level (p = 0.23) of δ114/110Cd between the BS unit (+0.10 ±
0.01, 2 SE, n = 3), the LL unit (+0.15 ± 0.03, 2 SE, n = 3), and the 
UL unit (+0.18 ± 0.03, 2 SE, n = 3). MNS-UL and MNS-BS sam-
ples show the largest difference in mean values (0.08�), though 
this offset is not significant at the 2 SD level (p = 0.08). Thus, all 
12 samples from the 4 samples groups at both localities (GRL and 
MNS) have statistically identical Cd-isotopic compositions. Overall, 
Cd-isotopic values of iAR-digested shales do not co-vary with ma-
jor changes in [Cd] (r = 0.50, p = 0.10, n = 12), though if only 
the MNS samples are considered, the correlation between [Cd] and 
Cd-isotopic composition becomes statistically significant (r = 0.73, 
p = 0.03, n = 9).

4.3. WR geochemistry, Rock–Eval, nitrogen-isotopic data, and pyrite 
framboid analyses

The most characteristic geochemical features of the samples are 
the high TOC, [S], and trace metal content of laminated MNS-LL, 
MNS-UL and GRL-LL units compared to the bioturbated MNS-BS 
(Fig. 1). In addition, Cd and redox-sensitive metals (Mo, Re, Se, 
Tl, U) systematically increase from MNS-LL through MNS-UL to 
GRL-LL units. This is accompanied by a constant or even slightly 
decreasing sulfur and TOC abundances, and decreasing Al, P, and 
total Fe abundances in this direction (Georgiev et al., 2011).

Nitrogen-isotopic analyses show a clear stratigraphic trend to-
wards more positive δ15/14N upsection in MNS, ranging from 
+2.46� in MNS-BS to +7.24� in MNS-UL; GRL-LL displays the 
heaviest δ15/14N of +10.90 to +11.23� (Fig. 1).

Rock–Eval parameters demonstrate the contrasting OM prop-
erties in the TOC- and sulfur-lean MNS-BS compared to all other 
TOC- and sulfur-rich units (Fig. 1). Low hydrogen indices (HI) and 
high oxygen indices (OI) in MNS-BS are typical of terrestrial and/or 
oxidized OM, whereas the higher HI and low OI of the organic-
rich shales suggest mixed marine/terrestrial contribution and/or 
better preservation of the OM during shale deposition. The two 
studied sections have different thermal maturities, a measure for 
the maximum paleotemperatures reached upon burial of the shale. 
In MNS shale, Tmax of ∼442 ◦C corresponds to maximum pale-
otemperatures of ∼80–90 ◦C, whereas a lower Tmax of ∼430 ◦C 
for GRL shales corresponds to ∼50–60 ◦C maximum paleotemper-
atures (see Hunt, 1995, for discussion of maturity parameters).

SEM images (Fig. 2) and pyrite size analyses (Fig. 3a) show 
a clear distinction between MNS-BS and the remaining TOC-rich 
units. Pyrite, mostly in the form of framboids, but also as cubic 
crystals, is rarely observed in MNS-BS (Fig. 2a), whereas pyrite 
framboids are abundant in MNS-LL, MNS-UL and GRL-LL units
(Figs. 2b–f). The average size of pyrite framboids in MNS-BS
(6.2–6.5 μm) is larger than in the two overlying MNS units 
(3.8–4.1 μm) and in GRL shale (3.4–3.5 μm) (Fig. 2e–f; Fig. 3a).

5. Discussion

5.1. Redox conditions and metal sources

5.1.1. Redox conditions during shale deposition
The two studied shale sections (GRL and MNS) record primary 

geochemical signatures relating to deposition and early diagen-
esis (Georgiev et al., 2012; SI). Previous studies emphasize the 
lack of bioturbation, with abundant OM, sulfur, and redox-sensitive 
metals in the GRL-LL and in MNS-LL and MNS-UL units as evi-
dence for shale deposition in oxygen-deficient waters (Piasecki and 
Stemmerik, 1991; Bugge et al., 2002; Georgiev et al., 2011). In 
contrast, the lower abundance of OM, sulfur, and redox-sensitive 
metals in MNS-BS argue for more oxygenated bottom-water con-
ditions during deposition (Georgiev et al., 2011). Combining our 
new pyrite framboid, Rock–Eval, and trace element geochemical 
data, we assign the following redox environments: GRL-LL was de-
posited in euxinic bottom waters, whereas MNS-LL and MNS-UL 
were deposited in euxinic to anoxic bottom waters, and MNS-BS
was deposited in bottom waters with only mild- to moderate oxy-
gen restriction (Fig. 3). In the mid-Norwegian shelf, bottom water 
anoxia intensified approaching the end-Permian, from the bottom 
(MNS-BS), through the intermediate (MNS-LL), to the top studied 
interval (MNS-UL). This paleoredox information (outlined in detail 
in the SI) provides the framework for interpreting the sources and 
sinks of Cd and other metals in the shales.

5.1.2. Major sources of Cd and other metals: a sedimentary mass 
balance

The sedimentary Cd budget is largely controlled by authigenic 
Cd enrichments (or depletions) in addition to Cd contained within 
OM or detrital minerals; marine carbonates do not significantly 
contribute to Cd removal (Boyle, 1988) or Cd-isotopic fractionation 
in seawater (Horner et al., 2011). As each of these components may 
have a different Cd-isotopic signature, we first attempt to quantita-
tively constrain their proportions in the studied sediments before 
discussing their Cd-isotopic compositions. Details on the calcula-
tions are given in the SI and summarized below.

We calculate detrital contributions based on generalized shale 
mineralogy and knowledge of the weight of the residue following 
iAR digestion, assuming that detrital minerals supplied elements 
at typical upper crustal concentrations (Rudnick and Gao, 2004). 
For biologic contributions, using our TOC and Rock–Eval data we 
first calculate the proportion of different OM types present in shale 
(Cornford, 1998; Peters, 1986), and the amount of OM lost to 
hydrocarbon generation (formula of Cornford, 1998 and Cornford 
et al., 2001). We then sum these contributions to estimate the 
amount of biologically supplied carbon. The molar amount of Cd 
directly supplied to the sediment by OM is calculated by multiply-
ing the organic carbon content by the extended (molar) Redfield 
Cd:C ratio of modern marine phytoplankton (Redfield, 1934; Cd 
data from Ho et al., 2003). Our calculations show that 1 wt% car-
bon (TOC) in sediments provides 0.16 μg biologic Cd per gram 
sediment. This value, which we recommend for calculating bio-
logic Cd contributions to sediments, is ∼5 × higher than previous 
estimates (e.g., Rosenthal et al., 1995). Authigenic Cd contributions 
were calculated as the difference between the measured concen-
tration and the sum of the detrital and biological contributions 
(Fig. 4).

Our results show that for Cd, biologic contributions prevail in 
MNS-BS (66–88%) and MNS-LL (76–96%), and decrease in MNS-UL 
(26–43%) and GRL-LL (12–16%) intervals. Detrital Cd contributions 
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Fig. 2. SEM backscattered electron images of polished thin sections of shale. Spherical pyrite framboids appear as bright regions. Note the scarcity of pyrite in MNS-BS shale 
(panel a) as opposed to the abundance of framboids in MNS-LL, MNS-UL, and GRL-LL shale (panels b–d). Panels e–f are at greater magnification than panels a–d (see scale 
bar). Images from GRL-LL unit are taken from drillcore samples immediately adjacent to ORG-431 and ORG-428 (see SI).
are negligible in all organic-rich units (<1.5%), but are somewhat 
higher in MNS-BS (5–11%). Authigenic processes in MNS-BS and 
MNS-LL units result in relatively small Cd enrichments or deple-
tions compared to the total Cd budget (average authigenic Cd frac-
tion is 0.0 ±0.2, 1SD, n = 6). In contrast, MNS-UL and GRL-LL units 
show significant authigenic enrichments: authigenic fractions con-
tribute 57–73% and 84–88% of the total Cd, respectively.

The above-calculated fractions enable a more detailed inter-
pretation of the Cd-isotopic composition of the shales. Further, 
detrital, biologic and authigenic fractions for P, Mo, and Re, cal-
culated in a similar way as described for Cd, provide additional 
constraints on the paleoredox state of bottom waters during shale 
deposition, which all support independent evidence from other pa-
leoredox proxies (see discussion in SI).

5.1.3. Sedimentary trace metal associations
Authigenic Cd enrichments in shales are thought to occur via 

the trapping of labile Cd in Cd sulfides or Fe–Cd sulfides in 
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Fig. 3. Plots discriminating bottom water redox conditions during shale deposition. (a) Mean pyrite framboid size vs. standard deviation diagram. The boundary line separates 
modern-day euxinic/anoxic from suboxic bottom water environments (Wilkin et al., 1996). Additional data for the Ravnefjeld Formation in East Greenland (Nielsen and Shen, 
2004) are shown with dotted circles (for laminated units) and crossed circles (for interlayered bioturbated units; (b) S vs. TOC content. Shales deposited below normally 
oxygenated bottom waters typically have S/TOC ratios near 0.4, whereas bottom water anoxia is usually reflected by S/TOC ratios in shale >0.5 (Berner and Raiswell, 1983); 
(c) Plot of hydrogen index (HI = 100∗S2/TOC, in units of mg HC/g TOC) versus oxygen index (OI = 100∗S3/TOC, in units of mg CO2/g TOC), showing the contrasting properties 
of organic matter (OM) in MNS-BS shale. Arrows show the general effect of syn-depositional bottom water redox conditions, syn-depositional increasing proportions of 
terrestrial OM, and post-depositional oxidative weathering or thermal maturation, on the HI–OI relations in shale. Trends for the main OM types taken from Hunt (1995); 
(d) Re vs. Mo content in shale. High sedimentary Re/Mo ratios reflect deposition in suboxic bottom waters, whereas lower Re/Mo ratios approaching that of seawater reflect 
deposition in anoxic/sulfidic bottom (Crusius et al., 1996). Suboxic Re/Mo value and trend taken from Böning et al. (2004) and Turgeon and Brumsack (2006). Numbers 
adjacent to samples show an additional paleoredox proxy – the Mo/Al weight ratios in sediments (multiplied by 104).
reducing sediments (e.g., Framson and Leckie, 1978; Rosenthal et 
al., 1995; van Geen et al., 1995; Parnell et al., 2014). That authi-
genic Cd enrichments generally start early in the diagenetic cycle 
before the onset of sulfate – or even iron reduction (Rosenthal et 
al., 1995; Morford and Emerson, 1999), is explained by the pres-
ence of microsulfidic environments within the sediment (Rosenthal 
et al., 1995), with labile Cd sourced from respiration of sedi-
mentary OM (McCorkle and Klinkhammer, 1991). Pyrite is by far 
the most abundant sulfide in the studied shales (Fig. 2; see also 
Nielsen and Shen, 2004), and syngenetic and diagenetic sedimen-
tary pyrite may be highly enriched in trace metals (Huerta-Diaz 
and Morse, 1992; Large et al., 2014).

However, in the organic-rich samples from this study, total 
(and authigenic) Cd correlates negatively with sulfur content, and 
positively with TOC, particularly with types I and III TOC (SI), 
suggesting that Cd is largely associated with sedimentary OM 
(Fig. 1; SI). Other studies have identified similar metal-OM asso-
ciations in other organic-rich shales (e.g., Chappaz et al., 2014), 
even for elements, such as Mo, that are only authigenically en-
riched in the presence of sulfidic (pore)waters (Crusius et al., 1996;
Helz et al., 1996).
5.2. Sedimentary Cd-isotopic analyses as a proxy for marine nutrient 
utilization

The application of Cd-isotopic data for shales to reconstruct 
aspects of the Late Permian environment requires understanding 
the Cd and Cd-isotopic cycle in the modern oceans. Phytoplank-
ton preferentially assimilate isotopically light Cd from seawater 
(e.g., Lacan et al., 2006), driving residual Cd-depleted surface wa-
ters towards more positive δ114/110Cd values as high as +3 to 
+4� (Ripperger et al., 2007). The relatively constant Cd-isotopic 
composition of intermediate and deep waters of δ114/110Cd =
+0.3 ± 0.03� (2 SE, n = 27) at variable Cd contents of 0.4 to 
1.0 nM (Ripperger et al., 2007; Xue et al., 2013) implies that par-
ticulate OM, which sinks to these depths and supplies dissolved 
Cd by remineralization, is also characterized by a relatively con-
stant δ114/110Cd of +0.3�. This pattern persists because biolog-
ical Cd removal from much of the surface ocean is essentially 
quantitative (Ripperger et al., 2007). However, in regions of in-
complete nutrient uptake, such as the high nutrient low chloro-
phyll zone of the modern Southern Ocean, or regions with sig-
nificant upwelling, exported biological material is characterized by 
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Fig. 4. Relative proportions of authigenic (circles), biologic (triangles), and detrital contributions (diamonds) in the studied samples, expressed as fractions. Biologic contri-
butions were calculated based on measured TOC + TOC lost to hydrocarbon generation. The absolute values of the three calculated fractions for each element and sample 
must sum to unity. The ‘authigenic’ contribution is used to balance the residual [Me], such that negative and positive authigenic fractions indicate authigenic depletions and 
enrichments, respectively. See text and SI for additional details.
Cd-isotopic compositions that are up to ∼0.4� lighter relative 
to the source of dissolved Cd from upwelling (+0.3�; e.g., Xue 
et al., 2013). Thus, Cd-isotopic data for OM in marine sediments 
should have δ114/110Cd values between about −0.1 (little utiliza-
tion) to +0.3� (complete utilization), that scales with the degree 
of surface water Cd utilization – and more generally, ‘nutrient’ uti-
lization.

Using these systematics, we envision three general scenarios for 
the interpretation of Cd content and Cd-isotopic data in organic-
rich sediments (Fig. 5): (A) low nutrients – complete consumption, 
(B) high nutrients – complete consumption, and (C) high nutri-
ents – incomplete consumption (panels A, B, and C, respectively). 
In scenarios (A) and (B) nutrient utilization will be nearly complete 
such that the Cd-isotopic composition of exported OM will resem-
ble the upwelling source (i.e. δ114/110CdOM ≈ +0.3�). However, 
productivity is unconstrained by δ114/110CdOM, as the total amount 
of OM production is dependent on the nutrient supply to the eu-
photic zone. If the upwelling supply of nutrients is low (Fig. 5A; 
e.g., stratified basin), productivity will be low, and the Cd content 
of exported OM in underlying sediments will also be low, reflect-
ing the restricted resupply of dissolved nutrients to the surface. 
Thus, shales from stratified basins tend to develop low metal/TOC 
ratios (e.g., Algeo and Lyons, 2006). When the resupply of nutrients 
is rapid (Fig. 5B; e.g., vigorous upwelling) and productivity is also 
high, the Cd content of OM in sediments will generally be higher. 
Therefore, the differences in sedimentary [Cd] and Cd/TOC ratios 
primarily reflect the amount of productivity when Cd utilization 
is near-compete (i.e. δ114/110CdOM ≈ +0.3�). In scenario (C), the 
upwelling supply of nutrients exceeds biological demand (Fig. 5C). 
Productivity is high – reflected in sedimentary OM with high [Cd] 
– but supply is even higher. Thus, surface water nutrient utilization 
will be incomplete, leading to OM with Cd-isotopic compositions 
that are lighter than the upwelling source, falling on a continuum 
between δ114/110CdOM ≈ −0.1� and +0.3� that scales with the 
degree of nutrient utilization.

However, if nutrient reconstructions based on Cd-isotopic anal-
yses of marine sediments are to be meaningful, it is impor-
tant to understand how different Cd-containing phases and post-
depositional processes may affect the Cd-isotopic composition of 
shales. The effect of diagenesis on the Cd-isotopic composition of 
shales has not been studied. Although we cannot rule out possible 
diagenetic effects on our δ114/110Cd data, several observations ar-
gue that the primary elemental concentrations and isotopic ratios 
of the samples remain, even after late diagenesis and burial. These 
include: (i) the preservation of pristine Re–Os isotopic systemat-
ics (Georgiev et al., 2012, see also SI); (ii) distinct and system-
atic variations in the isotopic composition of sedimentary nitrogen
(Fig. 1c), trace metal concentrations, and Rock–Eval parameters 
(Fig. 1f–j); and (iii) the relatively low maximum paleoburial tem-
peratures of 50–90 ◦C (Georgiev et al., 2012; this study). Fur-
ther, precipitation of insoluble CdS – one of the several likely 
host phases for Cd in shales – rapidly and efficiently sequesters 
pore water Cd (e.g., Gobeil et al., 1987; Pedersen et al., 1989;
Rosenthal et al., 1995, but see Sundby et al., 2004). This near-
quantitative Cd removal (e.g., Elderfield et al., 1981) minimizes 
potential isotopic fractionation. Once formed, CdS is extremely sta-
ble under oxygen-poor sedimentary conditions (Ksp = 10−27.8; e.g., 
Elderfield et al., 1981; Gobeil et al., 1997), therefore exchange of Cd 
with anoxic pore fluids during early diagenesis is unlikely.

Below, we briefly explore the Cd content and isotopic systemat-
ics of the three fractions that contribute Cd to shales (biologic, au-
thigenic and detrital) and how this may affect interpretation of the 
aforementioned scenarios. Detrital contributions exert a negligible 
influence on the Cd-isotopic compositions compared to biologic 
and authigenic contributions, which have similar values, reflecting 
their common Cd source of remineralized OM.

5.2.1. The detrital fraction
Detrital input has a likely δ114/110Cd of ∼0.0 ± 0.05� (average 

loess samples; Schmitt et al., 2009; Rehkämper et al., 2011). Detri-
tal fractions, however, are small to negligible in all studied Upper 
Permian shales (Fig. 4, SI) and thus are not discussed further.

5.2.2. The biological fraction
The Cd-isotopic compositions of samples with predominantly 

biologically-sourced Cd (MNS-BS and MNS-LL; Fig. 4) indicates pri-
mary biological contributions from exported OM were character-
ized by δ114/110Cd = +0.12�. These values are resolvably lighter 
than modern day seawater δ114/110Cd of +0.30� (Ripperger et al., 
2007; Xue et al., 2013), which can be explained by two scenarios. 
If Late Permian seawater had a notably lighter Cd-isotopic com-
position than the modern ocean, quantitative Cd utilization could 
have resulted in OM characterized by δ114/110Cd ≈ +0.12�. Al-
ternatively, Late Permian seawater had a Cd-isotopic composition 
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Fig. 5. Schematic cartoon illustrating three hypothetical scenarios for interpretation of Cd-isotopic data in organic-rich shales. (A) Low nutrients – complete consumption. 
Stagnant ocean with limited nutrient supply, where despite favorable preservation, sediments have relatively low Cd contents that reflect low productivity. Cd-isotopic com-
positions are primarily controlled by quantitative Cd uptake by phytoplankton, with δ114/110Cd reflecting quantitative nutrient drawdown. (B) High nutrients – complete 
consumption and (C) high nutrients – incomplete consumption. Upwelling deep waters provide ample nutrients to surface phytoplankton. The Cd content of organic-rich 
shales is variable depending on overall productivity, with δ114/110Cd depending on nutrient utilization efficiency. When uptake of dissolved Cd by phytoplankton is near-
quantitative (high utilization efficiency), shale δ114/110Cd will approach the value of the upwelling deep water source (∼0.3�, panel B). However, when utilization efficiency 
is lower, δ114/110Cd is lighter and reflects the degree of nutrient utilization, scaling between nearly +0.3� (high nutrient utilization efficiency) to about −0.1� (low 
nutrient utilization; panel C). See main text for discussion.
similar to the modern value (+0.30�), but the exported OM was 
characterized by isotopically lighter Cd due to incomplete biologi-
cal utilization of Cd in surface waters. While there are currently no 
constraints on the Cd-isotopic composition of Late Permian seawa-
ter, this is of secondary significance as the constancy of the shale 
δ114/110Cd values up-section implies invariant levels of nutrient 
utilization through time, regardless of the Cd-isotopic composition 
of Late Permian seawater.

5.2.3. The authigenic fraction
The similar Cd-isotopic composition of shales with different bi-

ological and authigenic contributions shows that the authigenic 
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Fig. 6. (a) Cd content following inverse aqua regia digestion and (b) Cd-isotopic composition plotted against sedimentary δ15/14N. Positively correlated [Cd] (and Cd/Al, 
data not shown) and δ15/14N up-section indicate increasing nutrient supply from upwelling, whereas constant δ114/110Cd indicates invariant nutrient utilization. Increased 
paleoproductivity is thus required to maintain constant nutrient utilization when nutrient supplies are larger (e.g, from more intense upwelling).
fraction also possesses isotopically lighter Cd compared to mod-
ern deep seawater. In samples where authigenic Cd dominates 
(MNS-UL and GRL-LL; Fig. 4), δ114/110Cd = +0.17 ± 0.02�. Au-
thigenic Cd is provided by three major mechanisms, all linked to 
the degradation of OM: (1) oxidation of OM in the oxic top por-
tion of sediments (McCorkle and Klinkhammer, 1991; Rosenthal et 
al., 1995); (2) anaerobic decomposition of OM within the deeper, 
anoxic section of sediments; or (3) formation of insoluble CdS 
in the water column associated with OM remineralization (e.g., 
Janssen et al., 2014). In all scenarios, as Cd is released to ambient 
sea- or pore-water, it is rapidly reprecipitated in secondary min-
erals – likely CdS – that are remobilized when oxygen is present 
(e.g., Rosenthal et al., 1995), but stable under reducing conditions. 
While it is ultimately difficult to constrain the proportions of these 
specific delivery mechanisms, all three pathways are strongly re-
lated to the export and regeneration of OM from the euphotic 
zone, irrespective of the dominant bottom water conditions (e.g., 
oxic, ‘suboxic’, or anoxic ± sulfidic).

The studied shales were deposited under different bottom wa-
ter redox conditions (Fig. 3). Suboxic waters partly favored oxic 
degradation of OM within the MNS-BS sediments, whereas anoxic 
and sulfidic bottom waters would have favored authigenic Cd 
preservation (e.g., Rosenthal et al., 1995) in the MNS-LL, MNS-
UL and GRL-LL sediments. In GRL-LL, authigenic enrichments reach 
∼88% of the total Cd (Fig. 4), or ∼4.3 μg/g Cd for sample ORG-431. 
If all this authigenic Cd was sourced from OM remineralized within 
the sediment, the sediment must have originally contained an ad-
ditional 27 wt% TOC (or ∼58 wt% OM), which was entirely decom-
posed to provide the needed authigenic Cd. Anoxic bottom water 
conditions at GRL-LL would have favored anaerobic OM decompo-
sition within the sediments. Even though anaerobic degradation 
of OM could be very efficient (e.g., Jorgensen, 1982), the require-
ment for complete anaerobic decomposition of such high initial 
TOC seems unrealistic. Instead, the large authigenic enrichment 
likely points towards an additional Cd source in GRL-LL, possi-
bly from CdS formation in the water column (e.g., Janssen et al., 
2014), or direct CdS precipitation from anoxic bottom waters (e.g., 
Rosenthal et al., 1995). Rhenium and Mo – metals that are not 
dominated by microbial cycling and therefore likely sourced di-
rectly from seawater – also show significant authigenic enrich-
ments in GRL-LL (Fig. 4). Since authigenic Cd enrichments closely 
follow enrichments of other redox-sensitive metals (e.g., Rosenthal 
et al., 1995), we conclude that some of the observed authigenic 
Cd fraction was also sourced directly from seawater. However, as-
sessing the relative contribution of Cd sourced directly from anoxic 
bottom water compared with water column OM remineralization-
associated CdS in GRL-LL is not currently possible. Regardless, the 
overall Cd-isotopic similarity of GRL-LL to all other samples indi-
cates that the biological fraction of in GRL-LL is also characterized 
by δ114/110Cd ≈ +0.15�, indicative of incomplete nutrient utiliza-
tion at the time of deposition.

5.3. Reconstructing nutrient utilization and primary productivity in the 
Late Permian

The redox, trace element, and Cd-isotopic data for the stud-
ied shales hone several paleoenvironmental assumptions about 
the Late Permian. The constant δ114/110Cd up-section implies the 
fraction of utilized nutrients remained constant during sediment 
deposition, regardless of the Cd-isotopic composition of the Late 
Permian ocean. Temporally-constant δ114/110Cd requires no quan-
titative drawdowns of Cd caused by increased productivity and/or 
interruption to the upwelling supply of nutrients. Substantial up-
section increases of total [Cd] at both MNS and GRL sections sug-
gests that more OM was exported to the sediments, either because 
of an increased nutrient supply or because of greater OM preser-
vation (the latter requiring more anoxic bottom waters). When 
recast from a paleoredox perspective, these two possibilities paral-
lel the two primary driving mechanisms that were able to sustain 
the Late Permian anoxia and contribute towards the subsequent 
mass extinction (e.g., Algeo et al., 2010; Isozaki, 1997). Put simply, 
was water-column anoxia developed and subsequently sustained 
by increased upwelling and productivity, or was increasing water-
column anoxia caused by global warming and tectonic reconfigu-
ration that cut off deep-water circulation?

The sedimentary N-isotopic data allow the discrimination of 
these hypotheses, requiring a relatively high degree of upwelling 
at both localities (Fig. 6). The δ15/14N–NO3 (N-isotopic composition 
of dissolved nitrate) is relatively uniform in the oceans, presently 
at ≈ +5�, but was generally lower (−2 to +2�) in warmer geo-
logic periods, like the Jurassic or Cretaceous (Jenkyns et al., 2001). 
Regardless of the absolute background δ15/14N–NO3, water-column 
denitrification in the nutrient-rich and oxygen-deficient continen-
tal margin upwelling zones drives δ15/14N–NO3 toward substan-
tially higher values (e.g., Algeo et al., 2008a). Settling and preser-
vation of biomass that utilized this isotopically heavy nitrate re-
sults in high sedimentary δ15/14N, indicative of intense upwelling 
during sediment deposition (e.g., Quan et al., 2013). In contrast, 
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Fig. 7. Schematic cartoon illustrating the relationships between rates of upwelling 
(nutrient supply), productivity (nutrient demand), and nutrient utilization (fraction 
of the total nutrient supply consumed by demand). The combination of these three 
factors results in nine distinct nutrient regimes, illustrated as squares. Assuming re-
dox conditions are favorable for Cd preservation, we constrain changes in the rates 
of productivity by using knowledge of changes in the rates of upwelling and changes 
in nutrient utilization. For the Upper Permian shales studied here, rising δ15/14N
upsection in MNS and into GRL-LL define a regime of increasing rates of upwelling 
approaching the end of the Permian, supported also by increasing metal content 
and metal/Al ratios in the sediments. Constant δ114/110Cd for the same samples 
evidence constant nutrient utilization. Therefore, geochemical data for the studied 
shales preclude all scenarios except the upper-right portion of the diagram, requir-
ing increased productivity during the Late Permian.

nitrogen utilization in oxic waters or in strongly anoxic stratified 
basins proceeds predominantly through pore-water denitrification, 
or through nitrogen fixation, respectively. Both of these mecha-
nisms are ultimately recorded as low sedimentary δ15/14N. In our 
samples, sedimentary δ15/14N increases up-section in MNS and is 
highest in GRL-LL, suggesting an increasing strength of upwelling 
towards the end-Permian in MNS, and stronger upwelling in GRL 
compared to MNS (Fig. 6). Sustained and intensifying upwelling 
is also supported by the positive correlation of δ15/14N with [Cd] 
(Fig. 6a), [Mo], and Cd/Al, Zn/Al, Mo/Al and U/Al ratios (SI), as well 
as the concurrent enrichments of [Mo] and [Cd] in the organic-rich 
samples (e.g., Wagner et al., 2013).

The hypothesis that the Late Permian anoxia at GRL and MNS 
was caused by oceanic stagnation is not consistent with the data 
presented here. Considering all available proxy data, it seems likely 
that anoxia was instead sustained via the upwelling-productivity 
feedback loop (e.g., Wyrtki, 1962; Pedersen and Calvert, 1990; 
Fig. 5C). The data illustrate constant levels of fractional nutrient 
utilization as upwelling increased, as suggested by the Cd- and 
N-isotopic data, respectively. This situation requires increased pri-
mary productivity to balance the larger nutrient fluxes at both 
localities (Fig. 7). As total productivity increased, this would have 
favored increased OM respiration and subsequent oxygen-depletion 
of the water column through heterotrophy. This in turn argues 
against prolonged incursions of sulfidic deep waters into the sur-
face photic zone, as this would have caused a productivity crash 
rather than the higher productivity, which is observed.

The above conclusion, that shallow-water anoxia developed due 
to higher productivity, relates only to the studied pre-extinction 
Upper Permian shales from the GRL-MNS shelf. Data from other 
sections will be needed to extrapolate this finding to the global 
pre-extinction Late Permian ocean, or to the global expansion of 
anoxic waters that may have occurred later in the Changhsin-
gian stage at the time of mass extinction (Brennecka et al., 2011). 
However, a similar regime of vigorous coastal upwelling presum-
ably existed along much of the northeastern Panthalassa margin 
in the pre-extinction Late Permian (e.g., Beauchamp and Baud, 
2002; Schoepfer et al., 2013). High productivity has also been in-
ferred from coupled climate-carbon numerical models for most 
of eastern, equatorial, and parts of the mid-latitude northwest-
ern and southwestern Panthalassa in the Late Permian (Winguth 
and Winguth, 2012). Recurring upwelling also characterized shelf 
sections at tropical latitudes in the eastern Paleotethys (e.g., Algeo 
et al., 2008b). Overall, high productivity related to upwelling of 
nutrient-rich waters promoted oxygen depletion and global ex-
pansion of oxygen-minimum zones in the pre-extinction Late Per-
mian, perhaps setting the stage for a more widespread and in-
tense anoxia that reached shallow waters and caused the Late Per-
mian mass extinction. The causes for intensifying upwelling remain 
speculative. Most likely, stronger upwelling was driven by tectonic 
reorganization that altered oceanic circulation and/or by tectonic 
uplift that intensified and changed direction of (local) winds, as 
put forward for more recent analogue settings (e.g., Jung et al., 
2014).

Perhaps most importantly, our multi-isotopic geochemical data 
are only consistent with the upwelling-productivity feedback sce-
nario for development and intensification of anoxia (Fig. 5C). Other 
possible scenarios (e.g., Figs. 5A, B) are precluded by the data, re-
gardless of the exact mechanism of Cd delivery to the studied 
shales (Section 5.2). For example, it was recently proposed that 
CdS formation in sulfidic micro-environments of oxygen-deficient 
waters is one of the primary mechanisms of Cd delivery to marine 
sediments (Janssen et al., 2014). Our interpretations are in accord 
with such a scenario, even if the Cd deposition mechanisms are 
somewhat different. That is, increasing water column precipitation 
of CdS with a constant Cd-isotopic composition requires that Cd 
removal into micro-sulfides is balanced by the upwelling resupply 
of Cd from deeper waters. Without such a balance, the available 
Cd inventory is quickly exhausted and CdS formation would cease, 
causing sedimentary [Cd] to tend towards zero. The observed [Cd] 
increase up-section at constant δ114/110Cd (Fig. 1) thus requires 
that any CdS precipitation in the water column above GRL or MNS 
sections was fed by increasing upwelling. The resultant high sur-
face productivity would have lead to substantial oxygen depletion 
in the water column due to OM decomposition, thereby driv-
ing more CdS precipitation. From these considerations, it is clear 
that the environmental conditions necessary to sustain water col-
umn CdS precipitation are essentially identical to those already 
required by all other sedimentary proxy data (Fig. 6). Further-
more, our metal-source term analysis strongly implicates OM as 
the dominant Cd carrier phase in most MNS-BS and MNS-LL sam-
ples, and does not require substantial amounts of CdS-associated 
authigenic Cd. Overall, these considerations highlight that our pa-
leoenvironmental reconstruction of oxygen-deficient settings, as 
recorded in MNS and GRL shales, are robust, even if the exact 
mechanism by which Cd is deposited in certain samples remains 
elusive.

6. Conclusions

We show that Upper Permian organic-rich shales from Green-
land and Norway were deposited during increasingly anoxic bot-
tom water conditions. Detailed sample metal budgets show that 
sedimentary Cd is predominantly supplied from sinking OM, with 
variable authigenic enrichments, that both have equivalent Cd-
isotopic compositions related to OM export. Detrital Cd contri-
butions are insignificant in all samples. The main Cd host phase 
appears to be OM, with or without micro-sulfides and pyrite. 
All studied shales are isotopically lighter in Cd than present-
day deep-ocean seawater, with a nearly constant δ114/110Cd of 
+0.15 ±0.01� (2 SE, n = 12). Using modern Cd-isotopic cycling as 
our interpretative framework, we suggest that the Cd-isotopic com-
position of Upper Permian shales reflects the open system balance 
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between biomass drawdown of Cd and nutrients, with constant re-
plenishment of Cd and other nutrients from below by upwelling. 
As such, the Cd-isotopic composition of the underlying sediments 
records the extent of nutrient utilization in the surface ocean at 
the time of shale deposition.

Nitrogen-isotopic and trace metal/Al ratios in MNS and GRL 
sections suggest an intensifying upwelling regime through time. 
Progressive oxygen depletion of the water column was followed 
by development of sulfidic water column conditions prior to the 
Late Permian mass extinction, with a paleoredox state favoring 
Cd retention. The constant efficiency of nutrient utilization, with 
increasingly more vigorous upwelling that supplied additional nu-
trients to surface waters, requires enhanced paleoproductivity at 
both localities.

More generally, this study shows that the Cd-isotopic compo-
sitions of organic-rich shales can provide valuable information on 
local nutrient utilization levels in the geologic past, and, together 
with independent estimates for paleoredox and upwelling intensi-
ties, can also reveal changes in paleoproductivity through time.
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