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Abstract

Despite iron and trace element proxies informing much of our insight into Earth’s oxygenation history, the processes that
controlled their accumulation and distribution in ancient sedimentary environments are not fully understood. Furthermore,
deciphering between primary, depositional signals and oxidative weathering alteration poses a substantial challenge to recon-
structing Earth’s redox history using its sedimentary record. Here, we present a multi-proxy geochemical investigation of three
transgressive shale intervals from the ca. 811 Ma Reefal assemblage (upper Fifteenmile Group) in Yukon, Canada to help
resolve these issues. Systematic stratigraphic trends from low to high FeHR/FeT and FeT/Al compositions across shale inter-
vals represent shoaling of a discrete redoxcline that separated oxygenated surface waters from anoxic, ferruginous deep waters
during marine transgression. In some cases, these trends are followed by a symmetric fall, which represents a full
‘‘transgressive-regressive cycle” of the redoxcline. The high proportion of glauconite to total illite indicate short-term oscil-
lating redox conditions as the redoxcline migrated across the sediment-water interface during relative sea-level rise. These con-
ditions invigorated dissimilatory iron reduction (DIR) within anoxic sediment pore waters, which released Fe(II) into the
overlying water column where it was oxidized to iron oxy(hydr)oxide and shuttled downslope. High rates of DIR within sed-
iment replete with highly reactive iron oxy(hydr)oxide and organic matter removed isotopically light, bio-available iron, ren-
dering the residual sediment depleted in FeT/Al relative to the detrital baseline and enriched in 56Fe. The low iron content of
the detrital flux to the basin (Fe/Al � 0.3) rendered the sediment susceptible to changes in its bulk d56Fe composition by mod-
ification of its authigenic components alone and enabled fractionation from DIR to drive bulk-rock d56Fe values up to 0.8‰.
Anomalously high concentrations of redox-sensitive elements in three samples (up to 5792 ppm Cr, 586 ppm Mn, 726 ppm
Mo, and 3509 ppm Ni) and their relative distribution patterns show similarities to co-enrichment due to particulate shuttling
within a weakly restricted basin. However, SEM-EDS element maps and large-area BSE image mosaics show the remains of
framboidal pyrite ‘‘ghosts” with secondary enrichment of redox-sensitive elements. Thus, these geochemical trends in redox-
sensitive trace metals most likely reflect mobilization and re-accumulation following pyrite dissolution during outcrop weath-
ering. The low primary pyrite content and local transformation of pyrite iron to iron oxy(hdr)oxide suggest that d56Fe and
FeHR/FeT data were unaltered despite indications of pyrite weathering. Ultimately, this dataset elucidates key aspects of
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sedimentary redox cycling directly preceding evolutionary milestones and a major perturbation to the global carbon cycle and
also provides a template for evaluating the effects of outcrop weathering on commonly used sedimentary redox proxies.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Following the ca. 2460–2240 Ma Great Oxidation Event
(Bekker et al., 2004), details regarding the timing and mag-
nitude of later Proterozoic oxygenation are contentious
(e.g., Planavsky et al., 2014; Sperling et al., 2015; Cole
et al., 2016; Blamey et al., 2016; Gilleaudeau et al., 2016;
Zhang et al., 2016a; Planavsky et al., 2016; Zhang et al.,
2016b; Yueng, 2017; Canfield et al., 2018; Diamond et al.,
2018; Zhang et al., 2019). Furthermore, the interim redox
state and structure of the global ocean between oxygenation
‘‘events” that crudely bracket the Proterozoic Eon (2500–
541 Ma) is poorly constrained beyond being predominantly
ferruginous (anoxic and Fe(II)-rich) with punctuated and
locally restricted periods of euxinia (anoxic and H2S-rich;
Canfield et al., 2008; Planavsky et al., 2011; Poulton and
Canfield, 2011; Guilbaud et al., 2015; Sperling et al.,
2015). Despite discrepancies in the timing, pace, and extent
of late Proterozoic oxygenation and long-lasting deep
ocean ventilation, most evidence supports a scenario in
which shallow marine environments have remained oxy-
genated since at least ca. 800 Ma and deep marine environ-
ments remained at least sporadically anoxic until at least
the terminal Ediacaran Period, if not the early to middle
Paleozoic Era (Canfield et al., 2007, Dahl et al., 2010;
Sperling et al., 2015; Wallace et al., 2017, Lu et al., 2018).
Therefore, many eukaryotic clades and early animals
evolved in environments with significant redox gradients
(Sperling et al., 2013; Knoll, 2014; Cohen and
Macdonald, 2015; Sperling and Stockey, 2018).

As a bio-essential nutrient and geologically abundant
element with multiple oxidation states, iron is intimately
connected to Earth’s oxygenation history via biogeochemi-
cal redox cycling. Consequently, current models for marine
redox evolution rely heavily on iron-based sedimentary
proxies such as iron speciation, which has the potential to
differentiate sediment deposited beneath an oxic, euxinic,
or ferruginous water column (Raiswell and Canfield,
1998). Sedimentary iron isotope compositions also record
dynamic processes associated with iron redox cycling
through Earth’s surface environment (Johnson et al.,
2002; Johnson and Beard, 2005; Anbar and Rouxel, 2007)
and are sensitive to the concentration and distribution of
oxygen across Earth’s surface environments (Rouxel
et al., 2005; Anbar and Rouxel, 2007; Johnson et al.,
2008b; Bekker et al., 2010; Planavsky et al., 2012). A com-
pilation of bulk-rock iron isotope and iron speciation data
from marine shale demonstrates a state-shift ca. 660 Ma
(Kunzmann et al., 2017) that corroborates evidence for a
transition in global iron cycling systematics in the middle
Neoproterozoic Era, potentially related to the progressive
oxygenation of the ocean-atmosphere system (Fan et al.,
2014; Zhang et al., 2015). These studies confirm the utility
of sedimentary iron isotopes in conjunction with iron speci-
ation to interrogate ancient redox conditions. However,
certain aspects of these data remain enigmatic and necessi-
tate more detailed investigations into the mechanisms that
fueled Neoproterozoic iron cycling.

Global compilations of redox-sensitive trace metals also
display elevated sedimentary enrichments in the Neopro-
terozoic Era relative to earlier in the Precambrian, which
further supports an expansion of oxygenated marine envi-
ronments at this time (Scott et al., 2008; Partin et al.,
2013; Liu et al., 2016). Due to their low relative crustal
abundances, riverine fluxes of Mo, U, V, and Cr are also
generally small, and their enrichment in marine sediment
is predominantly controlled by seawater redox cycling.
The solubility of these redox-sensitive elements (RSEs) is
a function of their local redox environment and generally
increases under oxidizing conditions and decreases under
reducing conditions (Emerson and Huested, 1991;
Tribovillard et al., 2006). Long residence times in oxic
waters promote the accumulation of aqueous Mo, U, V,
and Cr species within the water column, whereas removal
of these elements is maximized in sediment underlying
anoxic bottom waters via diffusion and scavenging across
the sediment-water interface (Mo can also be scavenged
via pyrite formation within a euxinic water column). This
results in RSE depletion in fully anoxic basin waters
(e.g., Algeo, 2004; Algeo and Lyons, 2006).

Hence, authigenic RSE enrichments reflect the propor-
tion of oxidizing and reducing bottom water conditions
within a given body of water (i.e., within a basin if it is
restricted or global ocean for marine settings; Emerson
and Huested, 1991; Reinhard et al., 2013) and are maxi-
mized in modern sub-oxic to anoxic environments that
are fully connected to the global ocean, such as oxygen min-
imum zones (OMZs) or redox-stratified basins (Brumsack,
2006). Such settings are thought to have been common
throughout much of the Proterozoic Eon (e.g., Rouxel
et al., 2005; Canfield et al., 2008; Johnston et al., 2010;
Poulton et al., 2010; Sperling et al., 2013; Ader et al.,
2014; Hardisty et al., 2014; Sperling et al., 2014;
Gilleaudeau and Kah, 2015; Cox et al., 2016a).

Considering the influential role iron and redox sensitive
trace metal proxies play in our understanding of ancient
redox conditions, establishing the specific depositional
and alteration processes governing their composition in
sedimentary rocks is necessary to accurately reconstruct
Earth’s secular redox evolution. This is especially pertinent
for unravelling redox changes through the Proterozoic Eon
when a drastically different redox landscape with highly
heterogeneous aqueous iron and trace metal distributions
may have governed processes that cannot be easily under-
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stood through modern analogs. In addition, the redox-
sensitive nature of these proxies renders them susceptible
to alteration through oxidative weathering. Therefore, it
is critical to be able to disentangle the effects of post-
depositional alteration due to oxidative weathering from
ancient sedimentary or early diagenetic processes.

Sperling et al. (2013) reconstructed paleo-redox condi-
tions from seven stratigraphic sections across a �30 km-
long basin transect of the ca. 811 Ma Reefal assemblage,
upper Fifteenmile Group, in Yukon, Canada, using iron
speciation and redox-sensitive element abundances. This
data revealed a stratified water column whereby largely fer-
ruginous deep waters were overlain by surface waters in
continental shelf environments that were sufficiently oxy-
genated to support early metazoan metabolisms (>1% pre-
sent atmospheric level of O2). The current investigation
builds upon the work of Sperling et al. (2013) by integrating
sequence stratigraphy with a high-resolution, multi-proxy
shale geochemical dataset from a single stratigraphic sec-
tion of the upper Fifteenmile Group. See Electronic Annex
for more details regarding the interpretive framework of
this study.

Here, we integrate bulk-rock trace element, iron isotope,
iron speciation, and X-ray diffraction (XRD) data from 43
shale samples spanning three transgressive shale intervals
from the Reefal assemblage in the Ogilvie Mountains of
Yukon, Canada. We also provide large-area Scanning Elec-
tron Microscopy (SEM) imaging and energy-dispersive
spectroscopic (EDS) analyses of select samples. All data
from this study are interpreted within a sequence strati-
graphic framework. This investigation seeks to provide an
in-depth assessment of the relative contribution from sedi-
mentary redox processes versus post-depositional oxidative
weathering on the chemical composition of these samples.

2. GEOLOGICAL SETTING

The Tonian (ca. 850–800 Ma) Fifteenmile Group was
deposited within a series of tectonically active sub-basins
in response to crustal attenuation and thermal subsidence
in northwest Laurentia, perhaps during the early stages of
the breakup of Rodinia (Macdonald et al., 2012). These
strata outcrop in three erosional inliers from central
Yukon, Canada to eastern Alaska, USA and correlate with
the Little Dal Group of the Mackenzie Mountains Super-
group in the Wernecke and Mackenzie Mountains to the
east (Macdonald and Roots, 2010). This study investigates
the upper Fifteenmile Group in the Coal Creek inlier in the
central Ogilvie Mountains, Yukon (Fig. 1.) Although there
has been no systematic investigation into the thermal and/
or maturation history of these units, field and petrographic
observations suggest they experienced a maximum of lower
greenschist facies pressure-temperature conditions
(Kunzmann et al., 2014; Macdonald et al., 2018). As we dis-
cuss below, the relatively high proportion of glauconite to
total illite polytypes further constrains burial diagenetic
conditions. Hydrothermal experiments and radiogenic Ar
retention measurements have established the upper limit
for the thermal stability of glauconite at �320 �C (Velde
& Odin, 1975; Odin et al., 1977), consistent with lower
greenschist facies metamorphism. Temperatures much
beyond this would be expected to rapidly convert glau-
conite to biotite and/or muscovite (Velde & Odin, 1975;
Odin et al., 1977).

The Fifteenmile Group is separated into lower and
upper subgroups which are further subdivided into four
units (Macdonald et al., 2011; Halverson et al., 2012).
The age of the lower Fifteenmile Group, comprising the
Gibben and Chandindu formations (Halverson et al.,
2012; Kunzmann et al., 2014), is younger than ca.
1000 Ma as constrained by detrital zircon U-Pb ages from
the Hart River inlier (Rainbird et al., 1997). Laterally vari-
able, mixed siliciclastic and carbonate units of the basal
Gibben formation unconformably overlie the <ca.
1380 Ma Pinguicula Group (Medig et al., 2012) and shoal
upward into carbonate dominated facies (Halverson et al.,
2012; Macdonald et al., 2012). A prominent, mud-cracked
exposure surface marks the contact with the Chandindu
Formation, which contains numerous fine-grained, mixed
siliciclastic-carbonate cycles with locally abundant stroma-
tolite bioherms (Kunzmann et al., 2014). Crustal extension
and normal faulting through lower Fifteenmile Group
deposition generated topographic relief and, at least locally,
a NNW-deepening trend (in present coordinates)
(Macdonald et al., 2012).

The contact with the upper Fifteenmile Group is marked
by a ubiquitous flooding surface at the transition from het-
erolithic facies of the Chandindu Formation to thick shale
and dolostone packages of the Reefal assemblage
(Halverson et al., 2012; Kunzmann et al., 2014). Primary
magmatic zircon within an ash bed in the upper Reefal
assemblage provides a U-Pb depositional age of 811.5
± 0.1 Ma (Macdonald et al., 2010). The 500–1700 m-thick
Reefal assemblage contains predominantly peritidal micro-
bial facies that grade distally into basinal shale, which are
interpreted to represent stromatolite reefs prograding to
the NNW into a shale basin (Halverson et al., 2012). Thick
platform-to-slope carbonate successions are interbedded
with prominent black to gray shale and siltstone intervals
representing transgressive and regressive systems tract
deposits (Halverson et al., 2012; Macdonald et al., 2012;
Sperling et al., 2013).

Negative carbonate carbon isotope (d13C) excursions
directly above the ca. 811 Ma ash bed in the upper Reefal
assemblage record the onset of the globally synchronous
Bitter Springs carbon isotope stage (Halverson et al.,
2005; Halverson et al., 2007; Macdonald et al., 2012;
Swanson-Hysell et al., 2015). Given the lack of any discern-
able depositional hiatus, the entire Reefal assemblage is
likely younger than 850 Ma (Macdonald et al., 2010). The
Fifteenmile Group culminates with the Craggy dolostone,
which comprises massive, regionally extensive, silicified
dolograinstone, coarse, intra-formational conglomerate,
and floatstone with minor microbialite and low-relief stro-
matolite facies overlying the uppermost black shale unit
of the Reefal assemblage (Macdonald and Roots, 2010;
Macdonald et al., 2011). The Craggy dolostone records
renewed extension in the Fifteenmile basin and establish-
ment of isolated carbonate platforms adjacent to topo-
graphic lows that accumulated coarse carbonate debris



Fig. 1. Overview of the study area. A: Location map showing the area in (b) outlined in red. B: Exposures of Proterozoic strata in the Ogilvie,
Wernecke, and Mackenzie mountains in Yukon and the Northwest Territories (NWT) modified from Macdonald et al. (2012). C: Geological
map showing the location of stratigraphic section M103 (red) modified from Strauss et al. (2014). Abbreviations for map units are described to
the right. Thin lines are stratigraphic contacts, bold lines are faults and dashed lines are inferred contacts or faults. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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shed from platform margins. The uppermost Fifteenmile
Group is variably truncated by the sub-Callison Lake For-
mation unconformity, above which a Re-Os age of 751.2
± 5.1 Ma provides a minimum age for the Fifteenmile
Group (Rooney et al., 2015; Strauss et al., 2015).

3. MATERIALS AND METHODS

3.1. Samples

Black and dark gray shale to silty shale samples were
excavated from the outcrop every �50 cm across three shale
intervals through the course of measuring and logging a
nearly entirely exposed stratigraphic section (M103) of the
Chandindu Formation and Reefal assemblage (Upper Fif-
teenmile Group) in the Coal Creek inlier, Yukon, Canada
(Fig. 1; N64�45017.000, W139�320 13.700). Sampling targeted
the finest grained material, avoiding any coarser grained
horizons or areas that showed evidence for structural or
hydrothermal alteration. Samples were powdered in a
chrome-steel ring mill for a maximum of 30 seconds.
Sperling et al. (2013) found that this method introduced
minimal contamination to samples. The container was
decontaminated by running quartz sand and cleaning with
ethanol between samples.

This study presents new iron speciation, iron isotope,
and major and trace elemental abundance data from 18
shale samples. We also provide new major and trace ele-
mental abundance data from an additional 27 samples for
which iron speciation, iron isotope, and Fe and Al elemen-



T.M. Gibson et al. /Geochimica et Cosmochimica Acta 280 (2020) 161–184 165
tal abundance data was published by Kunzmann et al.
(2017). Pearson’s correlation coefficients (r) were used to
assess statistical associations between geochemical vari-
ables. In all cases a significance threshold of p < 0.01 was
implemented. Although some of the data presented herein
were previously published as part of a global Neoprotero-
zoic Fe isotope dataset (Kunzmann et al., 2017), this is
the first time these data are investigated within their strati-
graphic context. Shale samples span three stratigraphic
intervals (Fig. 2), described in stratigraphic order: (1) the
first interval spans 18.5 m (between 284.0–302.5 m strati-
graphic height) and comprises 16 samples (M103-380.3 to
M103-398.9); (2) the second spans 9.0 m (354.0–363.0 m)
and comprises 19 samples (M103-450.0 to M103-459.3);
(3) and the third interval spans 4.5 m (378.9–383.4 m) and
contains 10 samples (M103-475.2 to M103-479.7).

3.2. Iron speciation

Iron speciation analyses followed methods outlined in
Poulton and Canfield (2005). Sequential extraction of oper-
Fig. 2. Stratigraphic column and geochemical data from the three shale
U-Pb age of 811.5 from tuff in correlative section from Macdonald et al.
Formation and Reefal assemblage showing transgressive-regressive (T-
(% TOC). MFS—maximum flooding surface. C: Ratio of Scandium to T
dashed line is the inferred detrital baseline (FeT/Al � 0.3; see Discussion
total iron (FeHR/FeT). Vertical dashed lines delineate samples deposited u
anoxic conditions (FeHR/FeT > 0.38) (Raiswell and Canfield, 1998; Poulto
meaning samples within this range may have been deposited under oxic
2013). F: Ratio of pyrite iron to highly reactive iron (FePy/FeHR). Sampl
(Andersen and Raiswell, 2004). G: Ratio of iron oxy(hydr)oxide to total
‰. I–L: Bulk U, V, Mo, and Cr contents (black circles) and calculated aut
calculated by subtracting the detrital fraction from the bulk concentrat
yellow circles) are deemed non-primary and interpreted to reflect enrichme
as: Xdetrital00 = (X/Al)UCC � Alsample. M: Ratio of glauconite to total illite
the reader is referred to the web version of this article.)
ationally defined carbonate-bound, ferric oxide-bound, and
magnetite-bound iron was conducted on the same 150 mg
of powdered shale for each sample. First, iron associated
with carbonate minerals, such as ankerite, siderite, or fer-
rous dolomite was extracted by reacting samples with a
solution of 1 M sodium acetate buffered with acetic acid
to pH 4.5 on a shaking table for 48 h at 50 �C. Second, iron
bound to oxy(hydr)oxides, such as goethite, hematite, or
lepidocricite, was extracted using a 50 g/l sodium dithionite
solution buffered with 0.35 M acetic acid and 0.2 M sodium
citrate to pH 4.8 on a shaking table at room temperature
for 2 h. Third, iron associated with mixed-valence phases
like magnetite was extracted using a 0.2 M ammonium oxa-
late — 0.17 M oxalic acid solution buffered with ammo-
nium hydroxide to pH 3.2 for 6 hours on a shaking table
at room temperature. Leachates from these extractions
were diluted with 2% HNO3 and analyzed using a Thermo
Scientific iCAP 6000 series ICP-OES. Finally, pyrite iron
content was determined gravimetrically (assuming FeS2 sto-
ichiometry) by trapping the sulfide liberated during CrCl2
reduction as Ag2S (Canfield et al., 1986). The precision of
intervals (1–3) of the Reefal assemblage, upper Fifteenmile Group.
(2010). A: Sequence stratigraphic interpretation for the Chandindu
R) cycles as inverted triangles. B: Total organic carbon content
horium (Sc/Th). D: Ratio of total iron to aluminum (FeT/Al). Red
) for this basin from this study. E: Ratio of highly reactive iron to
nder oxic conditions (FeHR/FeT < 0.22) and those deposited under
n and Raiswell, 2002). The area between 0.22 and 0.38 is equivocal,
or anoxic conditions (Poulton and Canfield, 2011; Sperling et al.,
es with ratios >0.8 reflect deposition within a euxinic water column
iron (FeOxy/FeT). H: Bulk shale iron isotope composition (d56Fe) in
higenic enrichments (auth. X; red circles). Authigenic fractions were
ion. Three samples with Mo > 100 ppm and Cr > 1000 ppm (filled
nt related to oxidative weathering. The detrital fraction is calculated
. (For interpretation of the references to colour in this figure legend,
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sequentially extracted iron was better than 5%, based on
duplicate analyses and five internal standards comprising
various Neoproterozoic shale units. See Electronic Annex
for more details regarding the interpretive framework for
iron speciation data from this study.

3.3. Bulk sample digestion

Approximately 1 g of powder from each sample was
combusted at 550 �C for 5 h to oxidize organic matter
prior to digestion using double distilled acids. Approxi-
mately 40 mg of combusted sample powder was first
digested in Teflon beakers with a mixture of 2 ml 6 M
HCl:1 ml 50% HF:0.5 ml 7 M HNO3 at �80 �C for 48 h.
Samples were then dried down on a hot plate to near
completion before adding 0.5 ml of 7 M HNO3 to prevent
the formation of Ca fluoride. Aqua regia, (0.65 ml 7 M
HNO3:2 ml 6 M HCl) was then added to the samples
and allowed to react at �80 �C for 24 h. After the samples
were dried down again, they were taken up in 2 ml 6 M
HCl and aliquots were diluted with 2% HNO3 for iron
isotope analyses. Samples were then dried down and
taken up in 0.5 ml 7 M HNO3 and dried down a final
time. This step ensured the removal of Cl to avoid mass
interferences during ICP analyses. Samples were finally
taken up in 7 M HNO3 and aliquots were diluted with
2% HNO3 for ICP-OES (major elements) and ICP-MS
(trace elements) analyses.

3.4. Iron isotopes

Iron isotope analyses followed methods outlined in
Kunzmann et al. (2017). Following bulk digestion, iron
was purified using standard ion exchange column chro-
matography in a clean laboratory following procedures
described in Sossi et al. (2015). Iron isotope measurements
were performed on a NuPlasma II MC-ICP-MS with a
high-resolution slit (M/DM > 7000) to resolve interfer-
ences (e.g., ArO) in classic standard bracketing analytical
scheme. The use of an Aridus II desolvating membrane
permitted enhanced sensitivity. Typical reproducibility of
triplicate measurements of a sample was ±0.05‰ during
the course of this study. NIST SRM 3126a was used for
standard bracketing due to limited IRMM-14 availability.
All analyses are reported in delta (d) notation in relation
to IRMM-14 (Eq. (1); Dauphas and Rouxel, 2006), and
where necessary renormalized from NIST SRM 3126a
measurements (Eq. (2)) as determined by Rouxel and
Auro (2010):

d56Fe ¼
56Fe
54Fe

� �
sample

56Fe
54Fe

� �
IRMM � 14� 1

" #
� 1000 ð1Þ

d56Fe ¼
56Fe
54Fe

� �
sample

56Fe
54Fe

� �
SRM 312a � 1

" #
� 1000

 !
� 0:4 ð2Þ

Using the conversion equation adapted from Craig
(1957):
d56Fe sample� SRM 3126að Þ
¼ d56Fe sample� IRMM-14ð Þ

þ d56Fe IRMM-14� SRM 3126að Þ þ 10�3

� d56Fe sample� IRMM-14ð Þ
� d56Fe IRMM-14� SRM 3126að Þ ð3Þ

In Eq. (3), (sample–SRM 3126a) and (sample– IRMM-
14) are analyses of a sample relative to SRM 3126a and
IRMM-14 standards, and (IRMM-14–SRM 3126a) is the
analysis of IRMM-14 relative to SRM 3126a. Reference
material BHVO-2 prepared and analyzed along with our
samples yielded an average d56Fe value of 0.06 ± 0.03‰
(1SE) and d57Fe value of 0.11 ± 0.04‰ (1SE), which are
within the range reported in the GeoReM database
(Jochum et al., 2005). An in-house hematite standard was
also routinely prepared and analyzed, yielding standard
errors of 0.03‰ for d56Fe and 0.04‰ for d57Fe. Iron iso-
tope data (d56Fe and d57Fe) from this study follow the
mass-dependent fractionation line as shown in Fig. S1.
See Electronic Annex for more details regarding the inter-
pretive framework for iron isotope data from this study.

3.5. Major and trace elements

Major and trace elemental concentrations were deter-
mined following methods outlined in Kunzmann et al.
(2015). After bulk sample digestion and dilution with 2%
HNO3, major element concentrations were measured on a
Thermo Scientific iCAP 6000 series ICP-OES and trace ele-
ment concentrations on a Thermo Finnigan iCAP Q ICP-
MS. Accuracy and precision were monitored by duplicate
sample analyses, as well as certified reference materials
BHVO-2 (basalt), SCO-1 (black shale), and SCHS-1 (black
shale). Reproducibility was better than ±5% for both dupli-
cate analyses and certified standard values.

The authigenic fraction (Xauth) of a given trace element
concentration was calculated as:

Xauth ¼ Xsample�Xdet ð4Þ

where Xsample is the bulk concentration of the element mea-
sured in a sample, and Xdet is the detrital fraction of the ele-
ment, calculated as:

Xdet ¼ ðX=AlÞUCC�Alsample ð5Þ
Then (X/Al)UCC is the average ratio of the trace element

(X) to Al concentrations (ppm/ppm) in the upper continen-
tal crust as estimated from McLennan (2001). Enrichment
factors (XEF) were calculated as:

XEF ¼ ðX=AlÞsample=ðX=AlÞUCC ð6Þ
where (X/Al)sample represents the ratio of trace element (X)
and Al concentrations (ppm/ppm) measured in a sample,
and (X/Al)UCC is that ratio in the upper continental crust
as estimated from McLennan (2001). See Electronic Annex
for more details regarding the interpretive framework for
RSE data from this study.
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3.6. Total organic carbon and sulfur

Total organic carbon (TOC) and sulfur (S) concentra-
tions were determined using an Eltra CS-800 Carbon-
Sulfur Analyzer following methods outlined in Kunzmann
et al. (2015). Between 1 and 1.5 g of each sample was lea-
ched twice in 2 M HCl for 12 h to dissolve carbonate min-
erals prior to TOC measurements. In samples with higher
carbonate content, a third dissolution was necessary. After
rinsing with distilled water, samples were dried overnight
before analysis, and C-S contents were related to sample
mass to determine concentrations. Both TOC and S mea-
surements were run in duplicate with standard bracketing
with reference material SLg-1. Accuracy and reproducibil-
ity were monitored via duplicate analyses and the certified
reference material, Slg-1 (black shale). Reproducibility
was better than ±8%.

3.7. X-ray diffraction (XRD)

To determine mineralogical compositions, powder
X-ray diffraction (XRD) was performed at the University of
Oxford on bulk powdered shale samples. Sample powders
were first ground by hand in an agate mortar and pestle.
Powders were mounted as a slurry mixed with anhydrous
ethanol on a low background scattering silicon crystal sub-
strate and analyzed using a Panalytical Empyrean Series 2
diffractometer operating at 40 kV and 40 mA with a Co
Ka source. Samples were continuously rotated during anal-
ysis and data were acquired from 5-85 degrees 2-theta using
a step size of 0.026 degrees. Sample height displacement
corrections were performed using the positions of quartz
reflections as internal standards. Peaks were identified and
matched against the Powder Diffraction File-4+ database
(International Center for Diffraction Data), using the
reference intensity ratio method (Snyder and Bish, 1989).
In addition, clay mineral speciation and polytype
identification was performed by scanning from 69-75 degrees
2-theta using a step size of 0.026 degrees and count rates of
200 seconds per step. In this way, mineral-specific 060
reflections were quantified, and clay mineral abundances
expressed as a relative fraction of the total clay content
because the area of these reflections has been shown to cor-
respond in a linear fashion to clay mineral abundance
(Srodon et al., 2001). Effective detection limits for illite
and glauconite are �0.3%, and the detection limit for glau-
conite to total illite ratios is �0.009.

3.8. Light microscopy and scanning electron microscopy

(SEM)

Samples M103-450.8, M103-458.3, and M103-475.2
were embedded in 25 mm diameter epoxy molds and pol-
ished on a TECHPREPTM polishing system. The final pol-
ish was done with 0.05 mm colloidal silica solution. Sample
M103-475.2 was additionally ion polished in a Leica EM
TIC 3X large-area ion polisher. Large-area reflected-light
microscopy image mosaics were acquired from sample
M103-475.2 using a Zeiss AXIO Zoom.V16 light micro-
scope. Select portions of sample M103-450 were also
imaged. The mosaics were acquired with the Zeiss software
‘‘ZEN Pro” using the Plan Apo Z 1.0/0.25 objective (FWD
60 mm) at a resolution of 410 nm/pixel with reflected light
from a LED light ring mounted on the microscope objec-
tive. The entire light microscopy image mosaic of M103-
475.2 consists of 218 images. Large-area Scanning Electron
Microscopy (SEM) image mosaics of the samples M103-
458.3 and M103-475.2 were acquired with the ZEISS Atlas
5 software by using a ZEISS SIGMA HDVP FE-SEM at
Fibics Incorporated (Ottawa, Canada). See Electronic
Annex for SEM imaging parameters and online access to
full Atlas 5 Browser-Based Viewer datasets. The principal
purpose of acquiring the large-area image mosaics was to
understand the mineralogy, the mineral associations, and
textures of the entire sample.

3.9. Energy-dispersive X-ray spectroscopy (EDS)

Energy-dispersive spectroscopic (EDS) analyses on sam-
ple M103-475.2 were carried out on a Zeiss EVO MA 15
tungsten filament SEM to evaluate the effects of pyrite
weathering on sample mineralogy and elemental distribu-
tion. This instrument was equipped with two Bruker
XFlash 6/30 EDS detectors and controlled using the Esprit
1.9 software. An accelerating voltage of 20 kV and a 3.7nA
probe current were used for the acquisition of EDS element
maps and point analyses. The acquired element maps and
point analyses were exported from the Bruker Esprit
software and linked with their respective location of
acquisition in the Atlas 5 Browser-Based Viewer data sets
(see Electronic Annex).

4. RESULTS

4.1. Major elements and iron speciation

Sc/Th ratios fluctuate between 0.61 and 1.14 with no
clear stratigraphic trends (Fig. 2; Table 1). FeT/Al ratios
range from 0.15 to 1.3 but are mostly <0.4 (Table 1), which
is consistent with other Reefal assemblage data sampled
throughout the basin from Sperling et al. (2013). Of the
45 samples analyzed for iron speciation, 25 (56%) have
FeHR/FeT values greater than 0.38 (anoxic), 8 (18%) are less
than 0.22 (oxic), and 12 (27%) are between 0.22 and 0.38
(ambiguous; Table 1). All samples from this study have
FePy/FeHR ratios less than 0.1, from below detection limit
up to 0.084 (Figs. 2 and 3; Table 1). Iron oxy(hydr)oxides
comprise the majority of all reactive iron in every sample,
as demonstrated by FeOxy/FeHR ratios between 0.58 and
0.98 and a mean of 0.88 (Table 1). FeT/Al ratios show a
moderate positive correlation with FeHR/FeT (r = 0.68,
p(a) < 0.0001; Fig. 3).

FeT/Al and FeHR/FeT iron speciation data display sys-
tematic stratigraphic variation indicative of transitions
from ‘‘oxic” to ‘‘anoxic” depositional environments and, in
some cases back to ‘‘oxic” values across each shale interval
(Fig. 2). Because iron oxy(hydr)oxides comprise the major-
ity of FeHR, these trends are also mimicked by FeOxy/FeT.
In the first sampled shale interval (280–305 m) FeT/Al,
FeHR/FeT, and FeOxy/FeT values are relatively low between



Table 1
Shale total organic carbon (TOC), major and minor elemental concentration, iron speciation, glauconite to illite ratio, and iron isotope data. Redox-sensitive element concentrations (Mo, V, U,
and Cr) are shown alone, normalized to TOC, and as calculated authigenic components. Authigenic fractions were calculated by subtracting the detrital fraction from the bulk concentration of the
sample. The detrital fraction is calculated as: Xdetrital = (X/Al)UCC � Alsample.

Sample height TOC Al Fe FeT/

Al

Sc Th Sc/Th FeCarb FeOxy FeMag FePy FeHR/

FeT

FePy/

FeHR

glauc/

ill
d
56Fe 1 SE d

57Fe 1SE Mo Mo/

TOC

auth

Mo

V V/TOC auth

V

U U/

TOC

auth

U

Cr Cr/TOC auth

Cr

(m) (%) (wt.

%)

(wt.

%)

(ppm) (ppm) (ppm/

ppm)

(%) (%) (%) (%) (‰) (‰) (‰) (‰) (ppm) (ppm/

%)

(ppm) (ppm) (ppm/

%)

(ppm) (ppm) (ppm/

%)

(ppm) (ppm) (ppm/

%)

(ppm)

479.7 383.4 1.08 8.01 2.30 0.29 15.49 18.81 0.82 0.01 1.11 0.05 0.00 0.51 0.00 0.11 0.0541 0.1151 0.1063 0.1151 15.22 14.08 14.12 98.91 91.49 0.00 4.11 3.80 1.34 177.20 164.40 94.52

479.2 382.9 0.95 9.61 2.68 0.28 18.34 15.54 1.18 0.05 2.22 0.09 0.00 0.88 0.00 0.09 0.4301 0.0382 0.6428 0.0382 1.94 2.05 0.62 137.01 144.55 0.00 2.75 2.91 0.00 99.53 124.52 0.30

478.7 382.4 2.61 8.09 5.17 0.64 16.51 18.81 0.88 0.05 3.93 0.08 0.02 0.79 0.01 0.31 0.0467 0.0383 0.0887 0.0383 3.46 1.33 2.35 147.78 56.62 23.38 3.93 1.51 1.14 83.54 46.05 0.07

478.2 381.9 1.16 - - - - - - 0.01 0.91 0.03 0.00 0.06 0.00 - - - - - - - - - - - - - - - - -

477.7 381.4 0.60 8.25 10.77 1.31 17.81 20.63 0.86 0.01 9.72 0.81 0.00 0.98 0.00 0.10 - - - - 4.38 7.33 3.24 118.79 198.92 0.00 4.64 7.78 1.79 80.80 262.96 0.00

477.2 380.9 1.41 9.01 5.57 0.62 18.88 18.02 1.05 0.02 0.13 0.02 0.00 0.03 0.01 0.03 0.3466 0.0566 0.5636 0.0566 3.92 2.78 2.69 167.04 118.12 28.49 3.71 2.63 0.60 98.25 97.55 5.28

476.7 380.4 1.36 9.36 4.08 0.44 16.93 21.77 0.78 0.01 3.13 0.11 0.00 0.80 0.00 0.05 �0.0187 0.0365 �0.0586 0.0365 2.58 1.90 1.30 142.02 104.56 0.00 5.58 4.11 2.34 86.27 87.88 0.00

476.2 379.9 1.78 8.67 2.42 0.28 14.59 14.82 0.98 0.03 1.10 0.03 0.00 0.48 0.00 0.11 0.2323 0.0407 0.3036 0.0407 3.03 1.70 1.83 141.70 79.72 8.24 3.38 1.90 0.37 84.95 60.38 �4.60

475.7 379.4 1.29 6.32 1.09 0.17 10.78 17.74 0.61 0.01 0.26 0.02 0.00 0.26 0.01 0.09 0.2829 0.0471 0.4511 0.0471 2.85 2.21 1.98 78.30 60.89 0.00 3.96 3.08 1.77 64.74 52.81 0.00

475.2 378.9 3.85 8.04 3.67 0.46 14.05 16.53 0.85 0.00 0.15 0.02 0.00 0.05 0.00 0.09 0.1510 0.1052 0.2252 0.1052 726.45 188.52 725.34 225.26 58.46 101.49 7.19 1.87 4.41 5792.00 1516.16 5708.95

459.3 363.0 9.11 5.79 0.64 15.87 15.33 1.04 0.01 4.87 0.49 0.00 0.93 0.00 0.11 0.0835 0.0336 0.0831 0.0336 5.07 - 3.82 90.33 - 0.00 3.74 - 0.59 85.06 - 0.00

458.8 362.5 1.05 9.14 1.53 0.17 14.19 14.25 1.00 0.01 0.29 0.02 0.00 0.21 0.00 0.05 0.3178 0.1464 0.4536 0.1464 0.99 0.95 0.00 109.70 104.54 0.00 4.00 3.81 0.84 82.57 83.76 0.00

458.3 362.0 2.07 11.41 3.43 0.30 18.75 20.13 0.93 0.01 1.65 0.07 0.00 0.50 0.00 0.11 �0.0086 0.0317 �0.1206 0.0317 3.01 1.45 1.44 179.08 86.47 3.53 5.67 2.74 1.72 128.17 72.31 10.37

457.8 361.5 2.63 8.99 2.72 0.30 14.91 18.91 0.79 0.01 1.28 0.08 0.13 0.55 0.08 0.10 0.4664 0.0738 0.6939 0.0738 2.53 0.96 1.29 157.62 59.98 19.27 7.90 3.01 4.79 92.16 43.28 0.00

457.3 361.0 1.25 7.75 2.03 0.26 15.80 15.83 1.00 0.02 0.78 0.08 0.00 0.43 0.01 0.07 0.3625 0.0289 0.5697 0.0289 3.97 3.17 2.91 150.55 120.15 31.25 4.80 3.83 2.11 82.32 77.64 2.27

456.8 360.5 - - 1.77 - - - - 0.03 0.56 0.11 0.00 0.40 0.01 0.04 - - - - - - - - - - - - - - - -

456.3 360.0 0.78 10.12 1.66 0.16 16.05 15.91 1.01 0.02 0.17 0.04 0.00 0.14 0.01 0.04 0.3222 0.0605 0.5327 0.0605 2.37 3.05 0.98 125.84 162.09 0.00 2.82 3.64 0.00 99.29 143.35 0.00

455.8 359.5 0.72 17.34 2.94 0.17 23.30 22.00 1.06 0.02 0.26 0.05 0.00 0.11 0.00 0.02 0.7050 0.1254 1.0333 0.1254 3.19 4.41 0.81 201.33 278.50 0.00 3.28 4.54 0.00 157.33 246.66 0.00

455.3 359.0 1.32 9.99 1.53 0.15 16.42 16.92 0.97 0.01 0.23 0.02 0.00 0.17 0.01 0.01 0.7356 0.0079 1.0976 0.0097 1.79 1.36 0.42 119.10 90.55 0.00 3.44 2.62 0.00 89.05 75.88 0.00

454.8 358.5 0.83 10.74 2.04 0.19 17.50 21.55 0.81 0.01 0.50 0.06 0.00 0.28 0.00 0.02 0.6634 0.0093 0.9887 0.0093 2.34 2.84 0.87 152.48 184.72 0.00 3.94 4.77 0.22 111.17 151.20 0.31

454.3 358.0 1.05 8.91 2.23 0.25 17.95 19.58 0.92 0.02 1.10 0.06 0.00 0.53 0.00 0.08 0.5316 0.1256 0.6813 0.0401 2.42 2.31 1.20 122.24 116.56 0.00 4.12 3.93 1.03 94.20 105.53 2.21

453.8 357.5 - 9.98 9.60 0.96 21.51 22.17 0.97 0.01 9.18 0.16 0.00 0.98 0.00 0.10 0.3137 0.0184 0.3965 0.0191 2.91 - 1.54 143.47 - 0.00 4.27 - 0.81 92.71 - 0.00

453.3 357.0 - 10.13 2.06 0.20 16.99 14.87 1.14 0.02 0.61 0.04 0.00 0.32 0.00 0.08 0.4265 0.0321 0.5905 0.0115 2.36 - 0.96 139.16 - 0.00 3.40 - 0.00 89.48 - 0.00

452.8 356.5 1.04 12.48 5.28 0.42 19.31 22.71 0.85 0.02 3.35 0.07 0.00 0.65 0.00 0.15 0.1059 0.1032 0.1042 0.0171 3.14 3.02 1.43 175.36 168.46 0.00 4.62 4.43 0.30 115.31 139.11 0.00

452.3 356.0 2.45 9.75 2.25 0.23 17.51 20.34 0.86 0.02 0.96 0.05 0.00 0.46 0.00 0.07 0.2149 0.0931 0.3249 0.0931 1.50 0.61 0.16 170.39 69.51 20.42 5.21 2.13 1.84 96.19 43.89 0.00

451.8 355.5 - 10.19 2.47 0.24 17.04 20.84 0.82 0.02 0.85 0.06 0.00 0.38 0.00 0.03 0.3883 0.0779 0.5506 0.0179 5.56 - 4.16 157.15 - 0.35 4.38 - 0.85 107.16 - 1.95

451.3 355.0 2.26 6.54 1.14 0.17 11.93 15.26 0.78 0.01 0.18 0.03 0.00 0.20 0.01 0.00 0.4723 0.0398 0.7054 0.0398 1.81 0.80 0.92 89.18 39.50 0.00 4.13 1.83 1.87 64.69 31.23 0.00

450.8 354.5 2.73 9.81 2.01 0.20 15.09 17.06 0.88 0.00 0.42 0.05 0.00 0.23 0.00 0.16 0.7493 0.0922 1.1231 0.0922 40.31 14.78 38.96 164.16 60.18 13.26 5.82 2.13 2.43 433.16 158.29 331.90

450.3 354.0 1.49 9.54 1.53 0.16 14.31 16.21 0.88 0.01 0.24 0.03 0.00 0.18 0.00 0.05 0.5077 0.0448 0.7465 0.0448 1.72 1.16 0.41 93.52 62.92 0.00 3.65 2.45 0.35 95.63 71.37 0.00

398.8 302.5 0.13 10.43 4.62 0.44 18.37 19.24 0.96 0.04 3.12 0.12 0.00 0.71 0.00 0.06 0.4056 0.0151 0.5706 0.0151 1.83 14.42 0.39 154.96 1223.36 0.00 2.90 22.88 0.00 89.51 975.12 0.00

397.8 301.5 0.10 9.84 5.53 0.56 17.18 22.02 0.78 0.02 3.92 0.20 0.00 0.75 0.00 0.09 0.1116 0.0265 0.2695 0.0355 42.18 410.77 40.83 148.86 1449.59 0.00 3.23 31.41 0.00 407.73 4160.55 306.15

394.4 298.1 0.14 11.08 4.04 0.36 17.89 18.25 0.98 0.01 2.47 0.22 0.00 0.67 0.00 0.12 0.2141 0.0399 0.2486 0.0489 1.38 9.91 0.00 164.98 1181.87 0.00 2.67 19.14 0.00 94.97 861.26 0.00

393.9 297.6 0.12 10.87 6.09 0.56 18.93 23.66 0.80 0.00 3.15 0.34 0.00 0.57 0.00 0.12 0.4414 0.0229 0.6287 0.0229 326.45 2642.06 324.96 181.77 1471.13 14.59 3.46 27.98 0.00 2845.29 23838.68 2733.11

393.4 297.1 0.19 10.48 5.03 0.48 18.82 18.53 1.02 0.01 3.62 0.15 0.00 0.75 0.00 0.17 0.1776 0.0406 0.1990 0.0334 2.30 11.85 0.86 167.94 864.43 6.75 2.87 14.75 0.00 91.61 663.30 0.00

392.9 296.6 0.17 11.03 4.31 0.39 18.18 21.41 0.85 0.01 2.60 0.14 0.00 0.64 0.00 0.06 0.3073 0.0391 0.2721 0.0367 38.82 225.51 37.31 164.47 955.38 0.00 3.23 18.79 0.00 414.03 2475.40 300.18

392.4 296.1 0.14 11.29 1.75 0.15 19.03 19.00 1.00 0.04 0.17 0.04 0.00 0.15 0.01 0.12 0.8384 0.0317 1.0499 0.0268 1.88 13.05 0.33 171.10 1185.70 0.00 2.88 19.93 0.00 98.12 773.00 0.00

391.9 295.6 0.71 7.98 1.36 0.17 13.12 17.38 0.75 0.00 0.32 0.03 0.00 0.25 0.00 - 0.5259 0.0552 0.6729 0.0469 60.45 85.58 59.36 91.55 129.60 0.00 3.63 5.14 0.87 573.93 788.43 491.60

391.4 295.1 1.20 10.02 1.63 0.16 17.79 17.98 0.99 0.00 0.64 0.03 0.00 0.42 0.00 0.14 0.3689 0.0367 0.5255 0.0226 1.33 1.10 0.00 165.89 138.04 11.67 3.53 2.94 0.06 106.40 95.75 2.91

390.9 294.6 0.41 9.32 1.55 0.17 15.20 17.67 0.86 0.02 0.38 0.08 0.00 0.31 0.00 0.08 0.5744 0.0424 0.7565 0.0406 0.68 1.69 0.00 129.06 318.30 0.00 3.67 9.05 0.44 80.87 213.08 0.00

390.4 294.1 0.15 7.31 0.77 0.11 12.06 14.55 0.83 0.02 0.06 0.02 0.00 0.14 0.00 0.07 0.6500 0.1660 1.0501 0.1660 2.11 14.12 1.10 72.88 488.06 0.00 3.13 20.98 0.60 70.88 467.23 0.00

389.9 293.6 0.39 9.19 1.91 0.21 15.83 18.52 0.85 0.00 0.19 0.04 0.00 0.12 0.01 0.17 0.7606 0.1444 1.1326 0.0240 221.91 562.80 220.65 150.95 382.82 9.53 3.90 9.90 0.72 2012.23 4927.67 1917.34

389.4 293.1 0.32 8.41 1.51 0.18 12.84 15.55 0.83 0.02 0.44 0.07 0.00 0.35 0.00 0.09 0.8067 0.0256 1.1918 0.0856 3.56 11.15 2.41 90.03 281.79 0.00 3.26 10.19 0.35 86.12 318.86 0.00

386 289.7 0.17 13.60 3.30 0.24 27.83 25.91 1.07 0.03 0.28 0.10 0.00 0.13 0.00 0.09 0.5687 0.0533 0.8442 0.0177 1.58 9.47 0.00 147.00 878.08 0.00 5.69 34.00 0.99 132.35 890.29 0.00

381 284.7 0.23 7.63 2.99 0.39 14.16 14.95 0.95 0.04 1.32 0.21 0.00 0.52 0.00 - 0.1984 0.1283 0.3018 0.0292 2.57 11.02 1.52 84.39 361.82 0.00 3.78 16.19 1.13 71.77 417.37 0.00

380.3 284.0 0.26 7.84 2.13 0.27 12.14 15.73 0.77 0.02 0.35 0.09 0.00 0.22 0.00 - 0.3902 0.0427 0.5450 0.0173 1.07 4.19 0.00 89.86 352.34 0.00 4.13 16.20 1.42 79.19 330.74 0.00
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Fig. 3. Cross-plots of FeHR/FeT versus FePy/FeHR (top) and FeT/Al
versus FeHR/FeT (bottom) showing iron speciation domains
corresponding to redox environments: FeHR/FeT < 0.22 indicates
samples may have been deposited under oxic conditions;
FeHR/FeT > 0.38 indicates samples were deposited under anoxic
conditions (further differentiated as euxinic when FePy/FeHR > 0.8
or ferruginous if FePy/FeHR < 0.8 (Raiswell and Canfield, 1998;
Poulton and Raiswell, 2002; Poulton and Canfield, 2011). The gray
shaded area (FeHR/FeT = 0.22–0.38) is equivocal—samples within
this range may have been deposited under oxic or anoxic conditions.
Red dashed line is the inferred detrital baseline (FeT/Al � 0.3) for
this basin from this study. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 4. Cross-plots of FeT/Al (top) and FeHR/FeT (bottom) versus
d56Fe. Red dashed line is the inferred detrital baseline from this
study (FeT/Al � 0.3). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version
of this article.)
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280 and 290 m and then increase between 290 to 305 m. The
second interval (350–365 m) is characterized by two sym-
metric peaks in FeT/Al, FeHR/FeT, and FeOxy/FeT values
at 357.5 and 363 m, with an intervening nadir at 360 m.
The stratigraphic geochemical variations from the first
and second shale intervals are closely mirrored by iron iso-
tope values (d56Fe), which display the inverse trends
(Fig. 2). In the third shale interval (375–385 m), FeT/Al val-
ues record a gradual, linear rise to 477.7 m and symmetric
fall. FeHR/FeT, and FeOxy/FeT values follow a similar
trend, but are more variable.

4.2. Iron isotopes

Iron isotope compositions are nearly all positive, rang-
ing from –0.02‰ to 0.83‰ (Table 1). Over the first and sec-
ond sampled intervals, d56Fe data mirror the stratigraphic
trends of FeT/Al and FeHR/FeT data, where low FeT/Al
and FeHR/FeT ratios correspond to heavy d56Fe values
and high FeT/Al and FeHR/FeT ratios to light d56Fe values
(Fig. 2). However, this pattern is not expressed in the third
interval, where d56Fe variations are muted. d56Fe is weakly
negatively correlated with both FeT/Al and FeHR/FeT
(r = �0.54, p(a) = 0.0002 and r = �0.57, p(a) < 0.0001,
respectively; Fig. 4).

4.3. Redox-sensitive trace elements

Concentrations and authigenic enrichments of U, V,
Mo, and Cr are highly variable and exhibit minimal system-
atic stratigraphic structure (Fig. 2; Table 1). Some samples
are highly enriched in Mo (up to 726 ppm) relative to the
upper crustal average of 1.5 ppm and in Cr (up to
5792 ppm) relative to the upper crustal average of 83 ppm
(McLennan, 2001). However, most samples contain 1 to
5 ppm Mo and 64 to 100 ppm Cr. Both U and V are less
enriched than Mo or Cr, with a maximum of 8 ppm U
(upper crustal average is 2.8 ppm) and 225 ppm V (upper
crustal average is 107 ppm; McLennan, 2001).

There is no significant correlation between Mo/Al and
TOC (r = 0.38, p(a) = 0.016) nor Cr/Al and TOC
(r = 0.37, p(a) = 0.019), whereas V/Al and U/Al versus
TOC display moderately positively correlations (r = 0.60,
p(a) < 0.0001 and r = 0.70, p(a) < 0.0001, respectively;
Fig. 5). Furthermore, Mo versus U authigenic enrichment
factors (EFs) display two distinct populations (Fig. 6).
One of these groups clusters around crustal Mo and U con-
centrations and falls below 0.1 times the ratio of Mo to U in
the modern ocean. The second group is significantly more
enriched in Mo relative to U and lies above 0.3 times the



Fig. 5. Cross-plots of redox-sensitive trace element concentrations (Cr, Mo, V, and U; ppm) normalized to Al (weight %) versus TOC
contents.

Fig. 6. Cross-plot of the U enrichment factor (UEF) and Mo
enrichment factor (MoEF) for each sample. Dashed lines represent
the Mo/U molar ratio of modern seawater (SW; �7.5–7.9; Algeo
and Tribovillard, 2009) and ratios of the modern Mo/U molar
ratios (0.1xSW; 0.3xSW; 3xSW). Enrichment factors were calcu-
lated as; XEF = (X/Al)sample/(X/Al)UCC, where X and Al stand for
the average concentrations (ppm) of element X and Al, respec-
tively, in UCC is upper continental crust (McLennan, 2001).

Fig. 7. Cross-plots of Mo and Mn concentrations (log scale inset).
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modern marine Mo to U enrichments ratio, with some sam-
ples greater than 3 times this ratio.

There is a positive correlation between Mo and Mn con-
centrations in all samples (r = 0.74, p(a) < 0.0001; Fig. 7).
There are no correlations between Mo and U nor Mo
and V concentrations (r = 0.35, p(a) = 0.022 and r = 0.43,
p(a) = 0.0044, respectively), but very strong positive corre-
lations are observed between Mo and Cr and between Mo
and Ni (both r > 0.99, p(a) < 0.0001; Fig. 8). Additionally,
two sample populations emerge when concentrations of Mo
versus Cr and Mo and Ni are plotted logarithmically. The
strong positive correlations between Mo and Cr and
between Mo and Ni are primarily controlled by samples
with Mo concentrations >10 ppm (Fig. 8). When compar-
ing only samples with Mo < 10 ppm, there is no significant
correlation between either Mo and Cr (r = 0.079, p(a)
= 0.65) nor Mo and Ni (r = 0.24, p(a) = 0.17).

4.4. Total organic carbon and sulfur

Samples contain between 0.1% and 3.8% TOC (Table 1).
Total S concentrations in all samples are less than 1% by
weight, with the majority less than 0.1% by weight (Table 1).
Values of TOC/S are generally higher than the Holocene



Fig. 8. Cross-plots of Mo versus U, V, Cr, and Ni (log scale inset).

Fig. 9. Cross-plot of TOC and S (both weight %). Dashed lines
represent the following TOC/S ratios: the Holocene ‘‘normal”
marine ratio of �2.8 (Raiswell and Berner, 1986), the Silurian to
Present ‘‘normal” marine ratio of �1.4 (Raiswell and Berner,
1987), and the Cambrian ‘‘normal” marine ratio of �0.5 (Raiswell
and Berner, 1986).
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‘‘normal”marine ratio of �2.8 (Raiswell and Berner, 1986),
the Silurian to Present ‘‘normal” marine ratio of �1.4
(Raiswell and Berner, 1987), and the Cambrian ‘‘normal”
marine ratio of �0.5 (Raiswell and Berner, 1986; Fig. 9).

4.5. Clay mineralogy

XRD analyses reveal that samples contain quartz, 2 M1
illite (i.e., detrital muscovite) and 1 M illite (diagenetic
illite), and that glauconite accounts for a significant propor-
tion of the illite polymorphs. Glauconite to total illite ratios
range from 0.004 to 0.31, with an average of 0.09 and min-
imal stratigraphic patterns in all but the second interval,
where it mimics the FeT/Al, FeHR/FeT, FeOxy/FeT, and mir-
rors trends in d56Fe data (Fig. 2; Table 1).
4.6. Microscopy and energy-dispersive X-ray spectroscopy

(EDS)

The Atlas 5 large-area backscattered electron (BSE)
image mosaics reveal the texture and mineralogy of samples
M103-475.2, M103-358.3 and M103-450.8 (Fig. S2 and
Electronic Annex). The large-area BSE mosaics as well as
elemental maps reveal abundant framboidal and subhedral
pyrite ‘‘ghosts” ranging from �5–20 mm diameter altered to
iron oxy(hydr)oxide in both samples (Fig. 10 and Fig. S2E,
F, G, and J). Sample M103-475.2 also contains diagenetic
monazite grains, altered rutile grains, and zircon
(Fig. S2B–D; Fig. S3A–C). In sample M103-475.2, EDS
point analyses of the iron oxide minerals that replaced the
former pyrite crystals reveal Cr, V, Ti, Ni, and Mo (detec-
tion limit is �0.5 weight % for long runs) in the structure of
the iron oxide minerals (Fig. S2E–J; Fig. S2D, E, F and H);
however, the presence of Mo is difficult to confirm since the
La Mo peak overlaps with the Ka peak of S. This sample
also contains a lead phosphate phase (possibly corkite) that
occurs as secondary euhedral crystals within secondary
pore spaces (Fig. S2J–M; Fig. S3K, L, N).

5. DISCUSSION

5.1. Sequence stratigraphy

Here, as in previous studies (e.g., Halverson et al., 2012;
Macdonald et al., 2012), the Reefal assemblage is inter-
preted to record a series of basin-wide transgressive-
regressive (T-R) sequences where sequence boundaries are
identified as maximum regressive surfaces (Fig. 2). For each
of these sequences, stromatolite reefs that nucleated on
basement highs were drowned by rapid flooding events dur-
ing the transgressive systems tract that resulted in deposi-
tion of black to gray shale intervals. Samples from the
present study are from three successive 10–25 m-thick such
intervals. Stromatolite reefs then prograded to the NNW
into adjacent shale basins during the subsequent regressive
systems tract. Shale intervals are characterized by very fine-
grained and finely laminated mudstones with low carbonate



Fig. 10. SEM images of the backscattered-electron signal overlain by false color elemental maps showing pyrite ‘‘ghost” crystals altered to
iron oxy(hydr)oxide from sample M103-458.3 at 362 m stratigraphic height. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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content and elevated TOC contents and are interpreted to
record both a transgressive systems tract and, in some
cases, the early regressive systems tract. Macdonald et al.
(2012) attributed subsidence to crustal attenuation through
the rift-to-drift transition during the early break-up of
Rodinia. However, accommodation space need not have
been linked to rifting, but rather may have been generated
by localized extension followed by thermal subsidence.

5.2. Assessment of oxidative weathering effects on bulk-rock

iron proxies

A comparative study by Ahm et al. (2017) between fresh
drill core and weathered outcrop samples of the Upper
Ordovician Vinini Formation in central Nevada, USA pro-
vides a template for assessing and predicting weathering
trends in iron speciation data. In their study, iron released
through pyrite dissolution was predominantly transformed
to iron oxy(hydr)oxide, as illustrated by elevated
FeOxy/FeHR ratios and reciprocally reduced FePy/FeHR

ratios in weathered outcrop samples relative to correlative
core samples. Although FeHR/FeT ratios decreased by up
to �30% for some outcrop samples compared to their
stratigraphic equivalents in drill core, FeT/Al ratios were
unaffected, indicating the majority of the mobilized FeHR

pool was transformed to less reactive phases, such as
authigenic clay minerals (Curtis, 1985; Ahm et al., 2017).
So, while oxidative weathering can compromise some iron
speciation results by lowering FePy/FeHR values, because
pyrite iron is largely transformed to insoluble iron oxy
(hydr)oxide and captured locally, d56Fe and FeT/Al proxies
preserve their primary composition.

The ubiquitous presence of dissolved pyrite framboid
‘‘ghosts” in some samples (Figs. 10 and S2) indicate that
Reefal assemblage samples from section M103 experienced
some degree of post-depositional alteration. Although it is
difficult to determine when alteration occurred, oxidative
weathering following the exhumation of the Wernecke
Mountains during the Cordilleran Orogeny may be respon-
sible for the uniformly low FePy/FeHR values (<0.1) in sec-
tion M103 from this study (Figs. 2 and 3), as well from
many Reefal assemblage sections analyzed by Sperling
et al. (2013). Even under non-euxinic conditions, such low
FePy/FeHR values (<0.01) rarely persist over long timescales
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in deep water shale depositional environments (Sperling
et al., 2015). However, such low pyrite contents may result
from low seawater sulfate levels in the late Proterozoic
(Kah et al., 2004; Algeo et al., 2015; Fakhraee et al.,
2019) which would be amplified within a hydrographically
restricted basin isolated from the already minimal global
marine sulfate reservoir (Berner and Raiswell, 1983;
Berner and Raiswell, 1984). Thus, it is difficult to differen-
tiate whether very low FePy/FeHR values represent limited
sulfide availability, post-depositional oxidative pyrite disso-
lution, or a combination of the two.

Despite low FePy/FeHR from many Reefal assemblage
samples across the basin, Sperling et al. (2013) found no
petrographic evidence for pyrite dissolution, and sections
G0132, G0134, and F845 contain many samples with some-
what elevated FePy/FeHR—between 0.2 and 0.8. Analysis of
their 231 samples reveal no statistically significant correla-
tion between FePy/FeHR and FeHR/FeT (r = 0.15, p(a)
= 0.025). This confirms that whatever iron was liberated
during pyrite dissolution was predominantly transformed
to immobile iron oxy(hydr)oxide phases (Fig. 11) in the
vicinity of the original pyrite (Fig. S2 and Electronic
Annex), similar to observations by Canfield et al. (2008)
and Ahm et al. (2017). Furthermore, high FeHR/FeT values
(>0.38), which characterize a majority of the samples from
Fig. 11. Cross-plot of FeOxy/FeHR versus FePy/FeHR (top) and the pr
Consistently low FePy/FeHR and high FeOxy/FeHR values may reflect oxi
this study, are unlikely to survive if iron was removed via
weathering. Considering the low primary pyrite content of
most samples, and that dissolved pyrite iron was largely
captured locally as iron oxy(hydr)oxides, FeHR/FeT and
FeT/Al proxies from the present dataset represent original
compositions. In addition, the range in iron isotope values
from this study are similar to shale samples of similar age
from Svalbard (Kunzmann et al., 2017) and likely do not
reflect post-depositional processes. We conclude that while
oxidative weathering resulted in pyrite dissolution in
some samples from this study, bulk iron proxies (other than
FePy/FeHR; i.e., d56Fe, FeHR/FeT, and FeT/Al) remain
robust. The effects of oxidative weathering on RSE proxies
are discussed below in Section 5.7.2.

5.3. Detrital FeT/Al baseline

Reefal assemblage shale intervals throughout the basin
have consistently low FeT/Al ratios (�0.2) that exhibit sys-
tematic stratigraphic trends that mirror FeHR/FeT data
(Fig. 2; Sperling et al., 2013). The average FeT/Al value
from section M103 is 0.35 and the average of all sections
throughout the basin from Sperling et al. (2013) is 0.37.
Both values are low relative to the average upper continen-
tal crust (FeT/Al of �0.48; McLennan, 2001), the composi-
oportion of FeHR from FeCarb, FePy, FeOxy and FeMag (bottom).
dative weathering of pyrite (Ahm et al., 2017).
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tion of which is generally presumed to approximate the
average detrital flux to sedimentary basins. It is tempting
to ascribe these low FeT/Al values to iron loss via weather-
ing, but any post-depositional, basin-scale alteration is unli-
kely to remove total iron while retaining high FeHR/FeT.
Furthermore, Cole et al. (2017) reported that the average
FeT/Al of partially weathered soil horizons was identical
to that of the average upper continental crust. Also, FeT/Al
ratios from Ahm et al. (2017) were statistically indistin-
guishable between weathered and un-weathered samples.
In fact, some studies demonstrate iron is enriched within
weathering horizons (Lavergren et al., 2009; Tuttle et al.,
2009).

Although FeT/Al values from this study are low com-
pared to the often-cited basin baseline of �0.5, they are
within the compositional range of modern depositional
environments. A survey by Cole et al. (2017) found large
variability in FeT/Al across active catchments in the USA,
and as a result proposed that the 2r confidence interval
of FeT/Al = 0.47 ± 0.3 better characterizes the composi-
tional distribution of detrital sedimentary fluxes to sedi-
mentary basins. These data challenge assumptions that
detrital FeT/Al compositions are globally homogenous
and also highlight the necessity for integrating other proxies
for cross-calibration when determining the detrital FeT/Al
baseline in an individual basin. Here, we propose a detrital
baseline of FeT/Al � 0.3 for the Reefal assemblage based
on integrated relationships with other iron proxy data from
this study and Sperling et al. (2013). Namely, samples
enriched above this baseline are characterized by FeHR/FeT
values > 0.5, clearly indicative of authigenic iron enrichment
(Fig. 3). This trend demonstrates that where authigenic iron
accumulated, it drove FeT/Al values > 0.3, suggesting the
detrital FeT/Al composition was likely �0.3 or possibly
even lower.

It remains unclear why the composition of detrital sedi-
mentary input to certain basins is so low with respect to
FeT/Al (e.g., Sahoo et al., 2012). Sperling et al. (2013)
pointed out this phenomenon likely reflects anomalously
low detrital iron silicate mineral abundances rather than
high aluminum contents. Reducing the total detrital input
to the basin would result in reductions in both Fe and Al,
so it is more likely low FeT/Al values reflect sediment
provenance rather than simply a low detrital flux. Average
chemical index of alteration values �70 from the Reefal
assemblage imply that these compositions likely do not rep-
resent a highly weathered sediment source area. (Nesbitt
and Young, 1982; Sperling et al., 2013). These values also
do not reflect dilution by carbonate minerals because low
FeT/Al ratios are found in samples with no appreciable car-
bonate content. Regardless of the exact source of anoma-
lously low sedimentary iron concentrations, deviation
from globally averaged values may be more likely in small,
restricted basins whose detrital influx is dominantly sourced
from a narrow range of lithologies.

We argue that this was likely the case for the Fifteenmile
basin, which is consistent with previous interpretations that
the Fifteenmile Group was deposited in a series of tectoni-
cally active sub basins during localized extension
(Macdonald et al., 2012). It should be noted that no crys-
talline basement is exposed in the surrounding area, nor
is there published data from the underlying Wernecke
Supergroup that could provide a reference for the source
of this anomaly in detrital composition. However, Nd iso-
tope compositions of 17 Reefal assemblage shale samples
from Cox et al. (2016b) range from eNd(t) = �11 to �6,
with and average eNd(t) = �8. These values are indicative
of sediment derived from old, felsic crust, which generally
contains low iron concentrations.

5.4. Iron speciation and basin redox

Iron speciation proxies have generally been calibrated
from sedimentary environments with detrital FeT/Al baseli-
nes that approximate average upper continental crust
(Raiswell and Canfield, 1998; Poulton and Canfield,
2005). Therefore, specific cut-offs may not be suitable for
basins with anomalously low FeT/Al. Sediment with low
detrital iron concentrations, such as the Reefal assemblage,
require a smaller addition of authigenic iron to enrich the
highly reactive iron pool relative to total iron. In these
cases, FeHR/FeT values above the 0.38 threshold may not
require deposition beneath an anoxic water column. For
instance, minor addition of particulate iron oxy(hydr)oxide
from reductive dissolution of Fe(II) released from anoxic
sediment into an overlying oxic or sub-oxic water column
may be able to produce FeHR/FeT values >0.38. Impor-
tantly, broad trends in iron speciation from these settings
are still dictated by water column redox conditions, so we
regard variation in this ratio to reflect changes in deposi-
tional redox environment—anoxic waters facilitate greater
enrichment of highly reactive iron species relative to oxy-
genated waters. We therefore implement a more qualitative
approach to interpreting iron speciation here.

Although some samples experienced pyrite weathering,
the systematic stratigraphic structures displayed in FeT/Al,
FeHR/FeT, and d56Fe data from this study (Fig. 2) are
unlikely to represent post-depositional Fe mobilization
and are therefore interpreted as primary depositional
signals. Within samples that retain pyrite and where the
crystal habit of framboidal pyrite ‘‘ghosts” were preserved
(M103-458.3 at 362 m and M103-475.2 at 378.9 m), crystals
were variably sized and >5 mm. Such large, non-uniform
pyrite framboids are diagnostic of formation within sedi-
ment pore-waters underlying a non-euxinic water column
(Wilkin et al., 1996; Wilkin and Barnes, 1997), so shale
samples from this study likely contained relatively low orig-
inal pyrite content. Similar to Sperling et al. (2013), we
interpret samples with high FeHR/FeT values to have been
deposited under an anoxic, primarily ferruginous water col-
umn and that FePy/FeHR ratios were likely <0.8 before any
pyrite dissolution—though brief periods of euxinia cannot
be ruled out.

Iron speciation and FeT/Al data through Reefal assem-
blage transgressive shale intervals are consistent with previ-
ous interpretations of the basin redox structure, whereby
deep anoxic waters were overlain by oxygenated shallow
waters in a redox-stratified water column (Sperling et al.,
2013). Redoxcline transgression during relative sea-level
rise manifested as systematic stratigraphic transitions from
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low to high FeHR/FeT and FeT/Al values (i.e., 295–297 m,
355–357 m, 360–362 m and 379–381 m; Fig. 2). Peaks in
FeHR/FeT and FeT/Al ratios at 297, 357, 362 and 381 m
are interpreted to represent maximum flooding surfaces.
The subsequent steady decline in these proxies reflects
shoaling at the start of the regressive systems tract. Based
on these proxy trends, two-such redoxcline T-R sequences
exist in the second interval between 350–365 m. The first
shale interval (280–305 m) does not record redoxcline
shoaling following maximum flooding.

Glauconite is a redox-sensitive mixed-valence iron phyl-
losilicate that preferentially forms in organic-rich sedimen-
tary environments with low accumulation rates (Cloud
et al., 1955). In this study, the high proportion of glauconite
to total illite in samples near the transitions from ‘‘oxic” to
‘‘anoxic” signatures (i.e., 295, 355, 360 and 379 m; Fig. 2)
suggest glauconite was being formed in the vicinity of the
redoxcline (e.g., Tang et al., 2017). Therefore, the redox-
cline likely experienced short-term redox fluctuations
(Obrien et al., 1990) superimposed upon sea-level rise dur-
ing transgressions. Peaks in TOC occur directly below these
transitions and then sharply decline, perhaps as a result of
increased remineralization triggered by vigorous biogeo-
chemical redox cycling as the redoxcline fluctuated and
eventually shoaled during highstand.

5.5. Iron isotopes

Experimental and observational studies of iron isotopes
in recent decades have elucidated many fractionation path-
ways and their corresponding fractionation factors. Sedi-
mentary iron isotopes reflect fractionation from redox
processes driven both biologically by microbial metabolism
(Beard et al., 1999; Beard et al., 2003a; Johnson et al., 2003;
Johnson et al., 2004; Matthews et al., 2004; Johnson et al.,
2008b) and abiotically (Bullen et al., 2001; Johnson et al.,
2002; Beard et al., 2003b; Wiesli et al., 2004; Frierdich
et al., 2019). Since there is much overlap in the range of iso-
tope values resulting from each mechanism, discriminating
between specific fractionation processes from the sedimen-
tary record poses a significant challenge (Beard and
Johnson, 2004). However, the ‘‘direction” of fractionation
is generally consistent with the ‘‘direction” of oxidation
state change, regardless of whether the reaction is micro-
bially or abiotically mediated. Heavier isotopes (56Fe and
57Fe) are preferentially oxidized while the light isotope
(54Fe) is preferentially reduced. Although it may not be pos-
sible to conclusively differentiate biological versus abiotic
fractionation, sedimentary iron isotope signatures offer
valuable insight into the modes of redox cycling in deposi-
tional environments.

The iron isotope composition of bulk sediment is
thought to be controlled by one of two competing mecha-
nisms that fractionate the highly reactive iron pool (FeHR):
(1) partial oxidation of aqueous Fe(II) from the water col-
umn or (2) dissimilatory iron reduction (DIR) within the
sediment. Because hydrothermal fluids, which have an iso-
tope composition similar to Earth’s crust between –0.9‰
and +0.1‰, likely provided the main source of iron to
Proterozoic oceans (Isley, 1995; Bau et al., 1997; Beard
et al., 2003b; Krapez et al., 2003; Severmann et al., 2004;
Johnson et al., 2008a; Rouxel et al., 2008; Bennett et al.,
2009; Bekker et al., 2010; Klar et al., 2017), deviation from
these compositions is generally attributed to one of these
two processes.

The first mechanism occurs when anoxic deep waters
upwell onto an oxygenated shelf within a redox-stratified
ocean or basin, oxidizing some of the aqueous Fe(II)
(e.g., Chever et al., 2015). This process can be either biolog-
ically or abiotically mediated. Biological oxidation is asso-
ciated with a fractionation factor (D56FeFe(II)—Fe(III)) of ca.
–1.5‰ (Croal et al., 2004) and abiotic oxidation an equilib-
rium fractionation factor of –3‰ (Bullen et al., 2001). Both
biological and abiotic fractionation result in an isotopically
heavier Fe(III) product relative to the Fe(II) reactant
through Rayleigh distillation, so the isotope composition
of the Fe(III) product and residual Fe(II) reservoir are dic-
tated both by the proportion and the initial composition of
the Fe(II) that is oxidized (e.g., Rouxel et al., 2005;
Halverson et al., 2011; Planavsky et al., 2012; Chever
et al., 2015; Lechte et al., 2019). Therefore, accumulation
of iron oxy(hdr)oxide formed by partial oxidation makes
sediment isotopically heavier, whereas quantitative oxida-
tion of the aqueous Fe(II) reservoir imparts no fractiona-
tion and the isotope composition of the resulting
sediment depends on the initial composition.

The second mechanism relies on DIR, which reductively
dissolves isotopically light Fe(II) from highly reactive iron
within anoxic sediment. DIR is associated with a fraction-
ation factor (D56FeFe(II)—Fe(III)) of �–3‰ in both micro-
bially (Beard et al., 1999; Icopini et al., 2004; Crosby
et al., 2005; Crosby et al., 2007) and abiotically mediated
(Johnson et al., 2002; Welch et al., 2003; Anbar et al.,
2005) reactions. The most abundant reactive iron-bearing
minerals available for DIR are iron oxy(hydr)oxides.
Depending on the proportion of Fe(III) that is reduced
by DIR, the iron isotope composition of the resulting aque-
ous Fe(II) is generally between 1‰ to 3‰ lower than the Fe
(III) substrate (Dauphas et al., 2017), though modelling
suggests that when all steps are accounted for (i.e., sorp-
tion, etc.) the net isotope fractionation of the FeHR pool
from diagenetic iron cycling is at most �1‰ (Kunzmann
et al., 2017). The Fe(II) mobilized from DIR can then be
shuttled elsewhere in the basin either as aqueous Fe(II) in
a ferruginous water column, pyrite in a euxinic water col-
umn or particulate oxy(hydr)oxide in a suboxic water col-
umn. In all cases, much of the remobilized iron is
transported down-slope or along bathymetric contours
and eventually captured within more distal sediment (e.g.,
Severmann et al., 2006; Severmann et al., 2008;
Severmann et al., 2010; Scholz et al., 2014; Scholz et al.,
2017).

In order to differentiate which redox-process regulated
authigenic iron in a given environment, it is useful to com-
pare the relative iron enrichment or depletion versus iron
isotope composition. If partial Fe(II) oxidation in the water
column exerted the dominant control, there should be a
positive relationship between d56Fe and FeT/Al, where the
slope is dependent on the degree of oxidation of the seawa-
ter ferrous iron reservoir. However, analysis of data from
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this study reveals a statistically significant negative correla-
tion between d56Fe and both FeT/Al and FeHR/FeT (Fig. 4).
Samples with high FeT/Al (>0.3) and FeHR/FeT (>0.38)
values also have near crustal d56Fe compositions, and
those with low FeT/Al (<0.3) and FeHR/FeT (<0.38) are
56Fe-enriched.

Similar trends have been ascribed to particulate shut-
tling of reactive iron from continental shelves to deeper
anoxic basins in the Black Sea (Severmann et al., 2008),
open marine environments with low oxygen concentrations
(Severmann et al., 2010; Scholz et al., 2014), and in Devo-
nian Appalachian sedimentary basins (Duan et al., 2010;
see also Lyons and Severmann, 2006; Lyons et al., 2009).
Benthic iron shuttling in the Black Sea produces a negative
relationship between d56Fe and FeT/Al because diagenetic
reactions such as DIR mobilize isotopically light, highly
reactive iron in suboxic shelf sediments, which is subse-
quently transported to the euxinic basin where it is trapped
by syngenetic pyrite and deposited (Wijsman et al., 2001;
Andersen and Raiswell, 2004; Lyons and Severmann,
2006; Severmann et al., 2008). In contrast, the d56Fe-FeT/
Al relationship in the OMZ off the coast of Peru is more
complex and the benthic iron shuttle in open marine,
non-euxinic settings leads to complex d56Fe-FeT/Al rela-
tionships. In areas where the OMZ impinges on the sea-
floor, DIR mobilizes isotopically light iron, which can be
transported laterally within the OMZ or downslope and
thus removed from the initial depositional site. This leaves
sediment depleted in FeT/Al and also isotopically heavy
(Scholz et al., 2014), much like the trend in data from this
study. Although iron mobilized from the OMZ is isotopi-
cally light, partial precipitation below the OMZ as iron
oxy(hydr)oxide imparts a positive fractionation, and so
basinal sediment is characterized by both elevated FeT/Al
and heavy d56Fe (Scholz et al., 2014).

The inverse relationships between d56Fe and both
FeT/Al and FeHR/FeT from the Reefal assemblage from
this study are consistent with active particulate iron shut-
tling. However, there are some critical differences compared
to previously published data from environments interpreted
to experience this phenomenon. Namely, Reefal assemblage
samples have lower FeT/Al values (as discussed above) and
higher d56Fe values (up to �0.8‰ compared to �0.2‰;
Severmann et al., 2008 and 2010; Duan et al., 2010;
Scholz et al., 2014). Because Reefal assemblage samples
with d56Fe compositions higher than crustal values are also
depleted in FeT/Al below the detrital baseline, an additional
mechanism is necessary to facilitate iron depletion while
simultaneously imparting a positive fractionation. Here,
we interpret FeT/Al depletion below �0.3 coupled with
d56Fe enrichment to represent vigorous dissimilatory iron
reduction (DIR), which can lower FeT/Al ratios by releas-
ing isotopically light highly reactive Fe(II) (Noffke et al.,
2012; Scholz et al., 2014). The low detrital iron content of
these shale intervals rendered their bulk iron compositions
more sensitive to changes from variation of the FeHR pool
alone. As a result, fractionation from DIR had a greater
influence on the bulk d56Fe compositions of these samples
compared to sediment with higher detrital FeT/Al (see addi-
tional discussion below).
5.6. Vigorous dissimilatory iron reduction (DIR) kick-started

benthic particulate iron shuttling

Iron-based microbial metabolisms emerged early in
Earth’s evolutionary history and likely played a significant
role in ancient marine iron cycling (Widdel et al., 1993;
Konhauser et al., 2002; Kappler et al., 2005; Konhauser
et al., 2005; Crowe et al., 2008; Fischer and Knoll, 2009).
Dissimilatory iron reduction (DIR) is the only mechanism
capable of rendering shale simultaneously depleted in
FeT/Al relative to the detrital flux and elevated in d56Fe rel-
ative to hydrothermal or crustal values (Fig. 4). At the same
time, positive correlation between FeT/Al and FeHR/FeT
(Fig. 3) and high FeOxy/FeHR values (Fig. 11) requires a flux
of highly reactive iron oxy(hydr)oxide through the basin.
Highly reactive particulate iron oxy(hydr)oxide can be pro-
duced from oxidation of DIR-sourced Fe(II) released from
pore-waters where a basin redoxcline impinges the
sediment-water interface (van Cappellen et al., 1998;
Lyons and Severmann, 2006; Noffke et al., 2012; Scholz
et al., 2014). Considering the evidence presented here for
relative sea-level change within a redox-stratified basin,
we interpret these data to record vigorous benthic particu-
late iron oxy(hydr)oxide shuttling, stimulated by short-term
fluctuations of the basin’s redoxcline during high relative
sea level.

The high proportion of glauconite to total illite in sam-
ples deposited in the vicinity of the redoxcline indicates
shorter-term chemical fluctuations during transgression.
An oscillating redoxcline, such as from seasonal chemical
and density variation, would have promoted a highly vari-
able sedimentary redox environment conducive to dynamic
iron cycling. These unique conditions would have generated
a positive feedback between active microbial DIR and ben-
thic iron shuttling in the basin. During initial transgression,
bio-reactive iron oxy(hydr)oxide particles would have accu-
mulated in recently flooded shelf environments below the
shoaling redoxcline. Then, small-scale changes in the depth
of the redoxcline would cause the position where the redox-
cline impinged the sediment-water interface to sweep back
and forth through sediment replete with iron oxy(hydr)ox-
ides and organic matter. In turn, this would generate alter-
nating cycles dominated by DIR and re-accumulation of
particulate iron oxy(hydr)oxide.

In the vicinity of the redoxcline, this dynamic redox
cycling may have stimulated a thriving microbial commu-
nity powered by iron-reducing metabolisms and fueled by
organic matter accumulation. Vigorous microbial iron
reduction near the redoxcline would have rendered the sed-
iment both residually depleted in FeT/Al and isotopically
heavy (Fig. 4; e.g., Staubwasser et al., 2006; Homoky
et al., 2009; Scholz et al., 2014). Thus, peaks in d56Fe values
and minima in FeT/Al and FeHR/FeT (Fig. 2) correspond to
maximum removal of isotopically light iron by microbial
iron reduction as the redoxcline shoaled during initial trans-
gression. Shuttling and accumulation of isotopically light
iron oxy(hydr)oxide below the redoxcline was maximized
as the redoxcline continued to shoal, and so d56Fe minima
(�0 to + 0.1‰) and corresponding peaks in FeHR/FeT,
FeOxy/FeT, and FeT/Al mark the maximum flooding sur-
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faces of these shale intervals. Thus, maximum flooding sur-
faces occur at 297 m in the first sampled interval, 357 m and
362 m in the second sampled interval and 381 m in the third
sampled interval (Fig. 2). Importantly, while DIR would
have needed to reduce a seemingly unreasonable quantity
of iron to drive these signals in typical sediment, low detri-
tal iron content in these samples mean that relatively small
changes in the isotope composition of their highly reactive
iron component is sufficient to affect their bulk d56Fe com-
position. Furthermore, iron isotope values from this study
are within the upper limits of model predictions for the
extent DIR can influence the isotope compositions of highly
reactive iron (up to �1‰), which require high fluxes of
reducible iron (Kunzmann et al., 2017).

5.7. Exceptional redox-sensitive element (RSE) enrichments

With the exception of pyrite iron, other iron-based prox-
ies (i.e., FeHR/FeT and d56Fe) from Reefal assemblage shale
samples were largely unaffected by weathering alteration.
However, the exceptional RSE enrichments from these
samples deserve additional scrutiny. If the unusually high
RSE concentrations from this study were to reflect primary
depositional signals they would require unprecedented
enrichments in Proterozoic sedimentary rocks (up to
5792 ppm Cr, 586 ppm Mn, 726 ppm Mo, and 3509 ppm
Ni). Below, we discuss two distinct hypotheses for produc-
ing these anomalous enrichments and consider each of their
likelihoods for having generated the concentration and dis-
tribution of RSEs in Reefal assemblage shale. The first
explanation involves RSE adsorption and co-shuttling with
Fe-Mn-oxy(hydr)oxide particles, which is a process that has
been interpreted to produce extreme Mo and Mn co-
enrichments in modern and ancient weakly restricted basins
with variable redox conditions. An alternate explanation
for the RSE data from the Reefal assemblage is that they
were generated by oxidative dissolution, redistribution,
and accumulation within the outcrop.

5.7.1. Particulate shuttling and the ‘‘Mo pump”?

Dynamic redox cycling due to a fluctuating redoxcline
can promote extraordinarily large fluxes of Mo to the sed-
iment through what has been termed the ‘‘Mo-pump” by
Algeo and Lyons (2006) and Algeo and Tribovillard
(2009). Authigenic Mo enrichment in modern sediment
exceeding 100 ppm is typically associated with stable eux-
inic conditions (Scott and Lyons, 2012); however, delivery
of Mo to sediment can be enhanced by active iron oxy
(hydr)oxide particulate shuttling within weakly restricted
basin waters that experience variable redox conditions
(Murray, 1975; Magyar et al., 1993; Crusius et al., 1996;
Adelson et al., 2001; Dellwig et al., 2010; Scholz et al.,
2017). Based on this and previous studies, all of these con-
ditions were met throughout the deposition of Reefal
assemblage shale intervals.

This process is thought to involve adsorption of molyb-
date (MoO4

2�) ions onto Fe-Mn-oxy(hydr)oxide particles
under suboxic bottom water conditions and conversion into
particle-reactive molybdite (MoO3), which is then shuttled
to the sediment upon sinking (Tribovillard et al., 2012).
Reductive dissolution of these particles during the reap-
pearance of anoxic conditions releases MoO3 ions into
the sediment where, given sufficient H2S concentrations,
they can be reduced to thiomolybdate (MoOxS(4-x)

2� ) and
be scavenged by organic carbon. Although Mo enrichments
require a critical activity of H2S (>�11 mM), peaks in pore-
water Mo concentrations often do not correspond to peaks
in H2S (Sundby et al., 2004). Therefore, Mo concentrations
do not simply scale with dissolved H2S concentrations.
Rather H2S may simply function like a ‘‘geochemical tog-
gle” whereby a minimum threshold of H2S concentration
is required to produce particle reactive thiomolybdates
(Helz et al., 1996), but other mechanisms capable of scav-
enging these molecules govern the degree to which they
are enriched in the sediment.

Comparing relative enrichments between RSEs, TOC
and S can shed light on what processes drove chemical
fluxes through the basin, and by extension, export to the
sediment. For instance, low Mo/TOC, Mo-EF/U-EF, and
high TOC/S ratios are indicative of deposition within
strongly restricted, euxinic to weakly sulfidic basins due
to the ‘‘basin reservoir effect” (Algeo and Lyons, 2006),
whereby Mo burial outpaces deep water renewal (Berner
and Raiswell, 1983; Berner and Raiswell, 1984;
Tribovillard et al., 2006; Algeo et al., 2007; Rowe et al.,
2008; Algeo and Tribovillard, 2009; Bura-Nakić et al.,
2018). Conversely, Mo enrichments due to particulate shut-
tling can result in distinctively high Mo/TOC (Algeo and
Lyons, 2006) and Mo-EF/U-EF ratios (Algeo and
Tribovillard, 2009; Tribovillard et al., 2012).

Covariation between Mo-EF and U-EF from Reefal
assemblage shale samples display two distinct populations
(Fig. 6). Most are not enriched in U with respect to average
upper continental crust (U-EF � 1; McLennan, 2001), but
one population (n = 3) is highly enriched in Mo
(Mo-EF > 1) and another is relatively depleted (Mo-EF < 1).
The population enriched in Mo but not enriched in U is
characterized by Mo-EF/U-EF ratios up to three times
the molar ratio of modern seawater. If primary, such rela-
tionships would imply that either late Tonian seawater con-
tained unusually high Mo/U or that Mo was periodically
delivered to the sediment with remarkable efficiency. In
the latter scenario, extreme co-enrichments of Mo and
Mn within high Mo samples (Fig. 7) would suggest that
Mn was also involved in the redox cycling and particulate
shuttling within basin waters.

If these data reflected a MnO shuttle, this would indicate
transport within oxic waters with low H2S and Fe(II) con-
centrations (i.e., above the redoxcline; Planavsky et al.,
2018). In this case, samples with low Mo/TOC,
Mo-EF/U-EF, and high TOC/S ratios from this data set
(Figs. 5,6, 9) result from consistent drawdown of the Mo
and S reservoirs due to their efficient removal from the
water column following intermittent euxinic conditions that
did not persist long enough to produce significant pyrite
enrichment in most samples (Berner and Raiswell, 1983;
Berner and Raiswell, 1984; Raiswell and Berner, 1985,
1986; Algeo and Tribovillard, 2009; Tribovillard et al.,
2012). Then, the extraordinary, but short-lived authigenic
Mo enrichments (Mo-EF/U-EF > 3 � seawater; Fig. 6)
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would represent intermittent episodes of exceptional Mo
delivery to the sediment via particulate shuttling from basin
waters replete with Mo and S. That these enrichments gen-
erally occur at or near the oxic-anoxic transitions, just
below the MFS within each flooding interval (i.e., 295,
355, 360, and 379 m stratigraphic heights) and where glau-
conite to total illite ratios are highest (Fig. 2), might suggest
fluctuations in the position of where the redoxcline
impinged the sediment water interface may have promoted
particulate shuttling. However, the small number of sam-
ples with unprecedented RSE concentrations from this
dataset suggest that particulate shuttling was unlikely the
source of such enrichments.

5.7.2. Redistribution from outcrop weathering?

An alternate and more likely interpretation for the
unusually high and somewhat sporadic RSE abundances
in select samples from Reefal assemblage shale intervals is
that they result from mobilization and redistribution in
the outcrop as a result of oxidative weathering. Because
pyrite concentrates many RSEs (Huerta-Diaz and Morse,
1992), pyrite dissolution can release high concentrations
of RSE into the surrounding rock. Once mobilized via
oxidative dissolution or degradation, these elements may
be subject to similar chemical reactions as in ancient sedi-
mentary environments. As a result, RSEs released from
weathering may accumulate in anoxic regions of weathered
outcrops or soil profiles. Furthermore, the strong correla-
tion between Mo and both Cr and Ni in the three highly
enriched samples (Fig. 8) could reflect weathering of an
ultramafic source. However, low detrital FeT/Al values,
highly negative eNd(t) values (Cox et al., 2016b), and the
absence of corresponding shifts in Sc/Th ratios do not sup-
port provenance from a mafic source (Fig. 2).

Whereas some studies comparing weathered versus
unweathered black shale samples show little change in
RSE concentrations from oxidative weathering (e.g., Ahm
et al., 2017), others demonstrate a wide variety of alteration
trends. Elements associated with pyrite or other sulfide min-
erals are especially prone to mobilization (e.g., Peng et al.,
2004; Lavergren et al., 2009, Marynowski et al., 2017).
Elements primarily associated with refractory organic
matter may be more resistant to weathering (Perkins and
Mason, 2015); however, weathering profiles also experience
progressive loss of sedimentary organic matter from oxic
degradation over longer timescales (Petsch et al. 2000;
Wildman et al., 2004), so trace elements associated with
sedimentary organic matter are also released into the sur-
rounding rock (e.g., Peng et al., 2004; Tuttle et al., 2009;
Marynowski et al., 2017). These investigations reveal non-
uniform geochemical behavior in RSEs from shale weather-
ing that is difficult to predict.

Occasionally, RSEs liberated from highly weathered
portions of the outcrop concentrate in partially weathered
horizons (Tuttle et al., 2009; Marynowski et al., 2017).
The simplest explanation for remarkably high Mo, Cr,
Ni, and Mn concentrations in Reefal assemblage shale
intervals is that these elements accumulated in the outcrop
after being mobilized from pyrite weathering and/or
organic matter degradation. In this case, samples with
low Mo/TOC and Mo-EF/U-EF but high TOC/S ratios
reflect pyrite dissolution and attendant Mo removal rather
than a drawdown of Mo and S within the basin reservoir
due to hydrographic restriction. As suggested by
Marynowski et al. (2017), the preferential dissolution of
sulfide minerals during shale weathering may obscure pri-
mary RSE signals. Additionally, RSE enrichments in the
vicinity of the maximum flooding surfaces (Fig. 2) are likely
due to the preferential recapture of these elements within
stratigraphic horizons with high TOC values.

Given independent evidence for oxidative pyrite weath-
ering, we accept the most parsimonious hypotheses and
interpret the few anomalously high RSE enrichments as
products of outcrop weathering rather than cryptic sedi-
mentary processes. However, some combination of the
two cannot be entirely ruled out. The strong linear correla-
tion between samples highly enriched in Mo, Ni, Cr, and
Mn (Fig. 6) suggests that a common process governed their
accumulation after they were mobilized from their original
position in the outcrop. Secondary pyrite formation could
concentrate some of these elements, but SEM images and
iron speciation do not show evidence for any significant
pyrite in these samples. There is no clear relationship
between the three samples with highest RSE abundance
and iron oxy(hydr)oxide nor TOC content, but EDS point
analyses from sample M103-475.2, which shows the highest
Mo, Ni, Cr, and Mn concentrations, also show Cr, V, Ti,
Ni, and Mo peaks within secondary iron oxides after a for-
mer pyrite crystal (see Electronic Annex; Figs. S2 and S3).
This sample is also the only one from this study with a TOC
content > 3% (Fig. 5; Table 1). As a result, a combination
of secondary iron oxy(hydr)oxide minerals and organic
matter are likely involved in the secondary RSE accumula-
tion in these samples, though additional work is required to
fully understand the mechanisms involved. Importantly,
RSE data from this study likely does not reflect primary,
depositional redox conditions.

6. CONCLUSIONS

In this study, we integrate a high-resolution, multi-proxy
geochemical dataset from Reefal assemblage shale intervals
with a sequence stratigraphic model to elucidate dynamics
of basin’s redox structure, as well as iron cycling just
prior to major perturbations in global carbon cycling
(e.g., Halverson et al., 2005; Halverson et al., 2007;
Swanson-Hysell et al., 2015), eukaryotic diversification
(Cohen and Macdonald, 2015) and the emergence of
animals (Berney and Pawlowski, 2006; Erwin et al., 2011;
Parfrey et al., 2011; Dohrmann and Worheide, 2017). Iron
isotope and iron speciation data across each shale interval
display distinct stratigraphic trends interpreted to reflect
redoxcline fluctuations within a redox-stratified basin
during relative sea-level change. These coherent, systematic
trends and their similarity to iron speciation data from
throughout the basin from Sperling et al. (2013) support
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a model in which the surface layer in the Fifteenmile basin
was oxic while deep waters were anoxic and predominantly
ferruginous.

The unusually low FeT/Al composition (�0.3) of the
detrital flux to the Fifteenmile basin and other recent stud-
ies of modern and ancient sediment geochemistry challenge
the common assumption that detrital FeT/Al compositions
are homogenous globally. This finding highlights the need
to establish detrital FeT/Al baselines on a case-by-case basis
rather than assuming a composition based on upper conti-
nental crust or various shale composition averages. Fur-
thermore, iron speciation proxies have largely been
calibrated in settings with initial FeT/Al values �0.5 and
the traditional threshold of FeHR/FeT > 0.38 as an indica-
tor of anoxic deposition may not be suitable for samples
from environments with unusually low detrital FeT/Al
baselines.

Isotope modeling of the iron cycle by Kunzmann et al.
(2017) suggested that water column processes, i.e., the deliv-
ery of iron oxy(hydr)oxide particles, controls the d56Fe
composition of the highly reactive pool, and therefore bulk
shale. However, Kunzmann et al. (2017) found an overall
weak negative relationship in their Neoproterozoic sample
set between d56Fe and FeT/Al, as well as between d56Fe
and both FeHR/FeT and FeOxy/FeT. This relationship was
most strongly developed in samples from the Reefal assem-
blage—and further bolstered by new data reported herein.
We interpret these negative relationships and the strati-
graphic patterns from the Reefal assemblage to record
enhanced redox cycling from vigorous DIR-driven benthic
iron shuttling stimulated by short-term fluctuations in the
redoxcline during relative sea level highs. Thus, although
water column iron cycling may control the bulk iron iso-
tope composition of shale from many environments, low
Fe/Al values amplified the influence of diagenetic redox
cycling on the bulk iron isotope compositions of Reefal
assemblage shale intervals.

Finally, anomalously high concentrations of certain
RSEs from a few samples from this study are hard to
explain by depositional or early diagenetic processes alone,
despite the fact that they mimic certain geochemical rela-
tionships indicative of the basin-reservoir effect or co-
shuttling of reactive trace metals. Rather, we attribute
unusually high RSE values to enrichment within the out-
crop following mobilization by oxidative weathering. This
process generated enrichments that could be misinterpreted
as an expansion of marine RSE inventories due to global
oxygenation. Considering the widespread implementation
of RSE compilations for studies interested in tracking the
secular redox evolution of Earth’s surface, this study serves
as a cautionary tale highlighting the detrimental effects of
weathering alteration on redox-sensitive geochemical
proxies.
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