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The Late Ordovician stratigraphic record integrates glacio-eustatic processes, water-column redox
conditions and carbon cycle dynamics. This complex stratigraphic record, however, is dominated by
deposits from epeiric seas that are susceptible to local physical and chemical processes decoupled from
the open ocean. This study contributes a unique deep water basinal perspective to the Late Ordovician
(Hirnantian) glacial record and the perturbations in seawater chemistry that may have contributed
to the Hirnantian mass extinction event. We analyze recently drilled cores and outcrop samples
from the upper Vinini Formation in central Nevada and report combined trace- and major element
geochemistry, Fe speciation (Fepy/Feyr and Fepg/Fer), and stable isotope chemostratigraphy (813C0rg and
534Spy). Measurements of paired samples from outcrop and core reveal that reactive Fe is preserved
mainly as pyrite in core samples, while outcrop samples have been significantly altered as pyrite has
been oxidized and remobilized by modern weathering processes. Fe speciation in the more pristine
core samples indicates persistent deep water anoxia, at least locally through the Late Ordovician, in
contrast to the prevailing interpretation of increased Hirnantian water column oxygenation in shallower
environments. Deep water redox conditions were likely decoupled from shallower environments by a
basinal shift in organic matter export driven by decreasing rates of organic matter degradation and
decreasing shelf areas. The variable magnitude in the record of the Hirnantian carbon isotope excursion
may be explained by this increased storage of isotopically light carbon in the deep ocean which, in
combination with increased glacio-eustatic restriction, would strengthen lateral- and vertical gradients in
seawater chemistry. We adopt multivariate statistical methods to deconstruct the spatial and temporal
re-organization of seawater chemistry during the Hirnantian glaciation and attempt to isolate the latent
magnitude and global perturbation in the carbon cycle. We speculate, using a two component mixing
model and residual estimates from principal component analysis, that the secular open ocean Hirnantian
C isotope excursion possibly amounts to only ~+1.5%c. Such an increase could be mechanistically driven
by the combination of sea-level fall, persistent deep water anoxia, and cooler glacial temperatures that
increased the organic carbon burial efficiency in the deeper basins.
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1. Introduction

The ice-house conditions of the Hirnantian (latest Ordovician
~444 Ma) coincide with the first of five major Phanerozoic mass
extinctions (Berry and Boucot, 1973; Raup and Sepkoski, 1982).
The concomitance of the mass extinction event and glaciation
has been used to argue a causal relationship associated with a
perturbation in the global carbon cycle recorded by a positive
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excursion in stable C isotopes of both carbonates and organic
matter (8'3Ccyp and 8'3Copg, respectively, Brenchley et al., 1994;
Melchin et al., 2013). However, the specific glacio-eustatic pro-
cess that could cause a major Hirnantian carbon isotope excur-
sion and mass extinction remain ambiguous. Previous studies pro-
pose a number of plausible drivers, such as increased thermo-
haline circulation and marine productivity during the glacial in-
terval, increased limestone weathering from carbonate platforms
exposed by the glacio-eustatic sea-level fall, and increased sil-
icate and phosphorus weathering driven by the colonization of
the first land plants (Brenchley et al., 1994; Kump et al., 1999;
Lenton et al., 2012).
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The discrepancies surrounding the Hirnantian carbon cycle
partly originate from intricate glacial ocean dynamics and re-
organization of water column redox conditions such as those
observed more recently during the Pleistocene glaciations. Cooler
glacial temperatures during the Hirnantian would likely have in-
creased oxygen saturation in surface seawater, in particular at
high latitudes where deep- and intermediate water masses are
presently sourced (e.g. Jaccard and Galbraith, 2012). However, wa-
ter column oxygen is intimately tied to the carbon cycle and con-
trolled by the export and degradation of organic matter (Southam
and Hay, 1977). Glacio-eustatic processes are noted to transfer the
export of organic carbon and oxygen demand towards the open
ocean (Cartapanis et al.,, 2016; Jaccard et al., 2009). These pro-
cesses involve changes in ocean circulation, decreasing metabolic
rates of organic matter degradation associated with cooler temper-
atures, and decreasing shelf area (Bjerrum et al., 2006; Finnegan et
al,, 2012). In the Pleistocene, for example, these mechanisms are
observed to result in diminishing Oxygen Minimum Zones (OMZs)
on the outer shelf and decreasing oxygen concentrations in the
deep ocean (Cartapanis et al., 2016; Jaccard et al., 2009). The
Hirnantian stratigraphy potentially records similar changes of lo-
cally increased oxygenation in shallow water environments while
widespread anoxia developed in deeper basins (Hammarlund et
al,, 2012). The Hirnantian stratigraphic record, however, is domi-
nated by deposits from epeiric seas that are susceptible to local
processes that are decoupled from the open ocean (e.g. Jones et
al., 2011, in press). An understanding of spatial variability in sea-
water chemistry is thus essential to reconstruct the secular record
of Hirnantian redox conditions and carbon-cycle dynamics.

Extensive Hirnantian sedimentary rocks in central Nevada of-
fer a unique context to investigate the past environmental condi-
tions across a transect from shelf to basin during the glaciation.
Deep water facies are rarely preserved in the ancient geologi-
cal record due to the continuous subduction of the ocean floor.
In Nevada, however, Hirnantian deep water siliciclastic facies of
the Roberts Mountain thrust plate have been juxtaposed with co-
eval shallow carbonate ramps following the late Devonian Antler
orogeny (Merriam and Anderson, 1942; Finney et al., 2000). This
study contributes analyzes of outcrop samples and new shallow
drill core samples from the deep basinal Vinini Formation (Fm.) of
Roberts mountain. We report combined major- and trace element
geochemistry, Fe speciation, and stable isotope chemostratigraphy
(813Corg and 834Spy). A Monte Carlo approach is used to quan-
tify the propagation of uncertainty in Fe speciation measurements
and evaluate the effects of modern oxidative weathering on the
speciation of Fe-rich phases. Multivariate statistical methods are
adopted to deconstruct the spatial and temporal re-organization
of sea water chemistry and redox conditions during the Hirnantian
glaciation, and used to isolate the latent magnitude and global per-
turbation in the carbon cycle.

2. Geological setting

Late-Ordovician strata are exposed in the upper 30 m of the
Vinini Formation in the Roberts Mountain (Fig. S1). In 1994, Finney
et al. (1998) excavated the Vinini Creek section by bulldozer and
exposed a unique deep-marine Late-Ordovician section recording
the Hirnantian glacial interval. The excavated Vinini Creek section
has since been thoroughly studied (e.g. Finney et al., 1998, 1999,
2007; LaPorte et al., 2009; Rohrssen et al., 2013).

The Vinini Creek section spans from the mid Katian to the low-
est Silurian and has been correlated to other Ordovician sections
based on graptolite biostratigraphy (Fig. 1) (Finney et al., 1999).
The bottom of the section (0-9.8 m) covers the upper part of the
Katian D. ornatus biozone (~447.87-446.20 Ma) and consists of in-
terbedded siltstone and periplatform limestone mud deposited by

density currents in lower slope to basin-margin settings (Finney et
al.,, 2007). The overlying 9.8-17.0 m strata cover the upper Katian
P. pacificus biozone (~446.20-444.68 Ma) consisting of organic-rich
interbedded black shale and siliceous ooze. Previously, this spe-
cific interval has been interpreted as reflecting a development of
an OMZ in overlying waters on the outer shelf during sea-level
highstand (Finney et al., 1999, 2007; LaPorte et al., 2009). The tran-
sition to the Hirnantian glacial stage is marked by a pronounced
change from siliciclastic dominated sediments in the upper Ka-
tian to carbonate dominated sediment in the Hirnantian. However,
the Hirnantian transition is complicated by a tectonic fault un-
derlying the Hirnantian M. extraordinarius biozone (Fig. 1A). This
structural feature potentially marks a smaller unconformity and
may additionally be prone to post-depositional fluid flow along
the fracture zone. Above this zone, the M. extraordinarius biozone
(~444.68-444.13 Ma) contains both the first extinction pulse and
the glacial maximum. This interval is characterized by tan-gray
periplatform dolomites and transitions into micritic limestone in
the M. persculptus biozone (~444.68-443.41 Ma). The lithological
transition has been linked to ice house dynamics and a possible
interglacial period in the mid Hirnantian (Melchin et al.,, 2013).
The transition from the Hirnantian- to the Silurian is marked by a
shift to distinct green shale across an unconformity, where the top
of the M. persculptus biozone and much of the lower Llandovery
(lower Silurian) is missing.

3. Methods

In the fall of 2012 and 2013, we collected outcrop and core
samples throughout the Vinini Creek section. Outcrop samples
were recovered every ~10 cm from the bulldozed trench using
a hammer and chisel after removing the top layer of obviously
weathered rock. In addition, we obtained multiple shallow drill-
cores through specific intervals. The boreholes were drilled near
vertically at an oblique angle to the dipping beds covering a total
of ~12.7 m of the total 26 m of measured outcrop. The cores were
obtained using a hand held portable rock drill with a 41 mm di-
amond core bit mounted on a 122 cm long threaded lead with a
water circulation system (Tanka engine drill re-geared from Shaw
Tool’s). Extension core barrels were used, permitting a total ver-
tical drill depth of up to 10 m under ideal conditions (Bjerrum,
unpublished). Core and outcrop samples were correlated to within
decimeter scale precision by both drilling depth and sedimentol-
ogy and further related to previous published data by litho- and
organic carbon isotope stratigraphy (Fig. 1). All comparisons be-
tween core- and outcrop samples are restricted to the top 15 m
of the section and exclude the lower Katian stratigraphy where no
cores have been drilled.

All samples comprise ~1-2 cm?® of rock that were freeze dried
before storage and subsequently split, crushed and homogenized
to powder <125 pm. A tungsten-carbide shatterbox was used to
crush core samples while outcrop samples were drilled using a
coated Ti-Al hardened steel drill for selective sampling to avoid
impurities such as veins and clearly weathered rock.

3.1. Geochemical analysis

The majority of carbon measurements were performed at the
University of Copenhagen and a subset of samples were measured
at Iso-Analytical Limited (UK) using similar methods. Carbonate
content was approximated by mass loss following acid treatment
in 10% HCl heated to 80°C for 1 h. Total Organic Carbon (TOC)
was measured on the basis of CO, (g) released from the decar-
bonized material during combustion using a Metalyt CS-500 and
reported as a percentages of the total mass of the original sample.
Long-term reproducibility of the instrument is better than 30.2%
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Fig. 1. Stratigraphy of the Hirnantian Vinini Creek section. A. Lithostratigraphic column colored by facies and correlated with previous published graptolite biozones (Finney
et al., 1999; LaPorte et al., 2009; Melchin et al., 2013). The length of the D. mirus Subzone is approximated by correlation with LaPorte et al. (2009), but is uncertain due
to faulting across this interval. B. Interpreted sea-level curve during the Late Ordovician (modified from Ghienne et al., 2014; Holmden et al., 2013; Sheets et al., 2016).
C. Stratigraphic variations in the concentration of Total Organic Matter (TOC). D. Variations in carbonate content. E. Variations in (SBCOrg recording the Hirnantian carbon
isotope excursion in agreement with previous measurements of both 513C0rg and F. §'3Ccyp (from LaPorte et al., 2009). G. 834Spy showing a broadly negative trend up
section. H. Variations in Feygr/Fer (diagnostic anoxic threshold ~0.38) and L variations in Fepy/Feyr with diagnostic euxinic threshold ~0.8, indicating persistent anoxia

during the latest Ordovician (Poulton and Canfield, 2011).

for TOC and +0.3% for TS. Organic carbon isotope composition
(613C0rg%o V-PDB) was measured on the decarbonized sediment
and determined with a Thermo Analytical Elemental Analyser cou-
pled to a Micromass IsoPrime isotope ratio mass spectrometer with
a precision of <0.2%.

Paleo-redox conditions were explored using sequential iron ex-
traction techniques. These analyzes were performed according to
the methods of Poulton and Canfield (2005) that partitions iron
into its highly reactive components and its unreactive phases.
Highly reactive iron (Feyr) represents the non-silicate bound iron
that is geochemically and biologically active during early sedi-
ment diagenesis (Poulton and Canfield, 2011). Feygr includes iron
oxide (Feox), carbonate iron minerals such as siderite (Fecap),
iron in magnetite (Femag), and pyrite (Fepy). The concentrations
of the iron species (Fe wt.%) obtained from the chemical extrac-
tion were quantified by Atomic Adsorption Spectroscopy (AAS)
with a long-term reproducibility of the complete extraction pro-
cedure of +0.166% (20, n = 31). Total Fe (Fer) was measured
using an Olympic DP-6000 handheld XRF as detailed below. The
combined wet extraction and XRF measurements yield a Feyg/Fer
precision that is proportional to the statistical uncertainty of the
independent measurements of Feyg and Fet (Fig. S3). We use a
Monte Carlo algorithm to calculate the error propagation by re-
sampling both Feyr and Fer ten-thousand times within the uncer-
tainty range. We find that the 20 confidence level (95%) increases
with lower concentrations of iron (Fig. S3). Five samples have am-
biguous ratios above 1 that cannot be explained by the statistical
uncertainty and are excluded from further analysis. One possible

explanation for these outliers could be the presence of acid volatile
sulphides, which contribute to overestimation of Feyr (Poulton and
Canfield, 2005). Based on the Monte Carlo analysis all samples
with Fer < 0.5% are excluded from further analysis. A similar mini-
mum Fer requirement of <0.5% has previously been established in
carbonate-rich rocks (Clarkson et al., 2014).

Total Sulfur (TS) measurements were included in the measure-
ments of the decarbonized material on the Metalyt CS-500 at
the University of Copenhagen and likewise corrected for carbon-
ate loss. Pyrite sulfur (Fepy) was measured at the University of
Southern Denmark based on chromium reduction, trapped as Ag,S,
followed by gravimetrical determination of pyrite concentration
(Canfield et al., 1986). Acid volatile sulphides were not extracted
separately in this study as this component is expected to represent
a minor sulphide phases in ancient sedimentary rocks. An analysis
of the potential impact of AVS on our results is presented in the
supplementary information.

The sulfur isotopic composition of pyrite (534Spy) was deter-
mined using a Thermo Analytical Elemental Analyser, Flash EA
1112 series coupled via a ConFLo IV interface to a Thermo Delta V
Plus mass spectrometer. Isotope data are reported in terms of per
mill relative to the Vienna Canyon Diablo Troilite (V-CDT), with a
precision of <0.3%.

Major- and minor elements where determined from the pow-
dered rock samples following methods outlined by Dahl et al.
(2013) using an Olympic DP-6000 handheld XRF analyzer (HH-
XRF) with a Rh tube at 40 and 10 kV. The average relative external
precision across all reported elements is 12.9% (Fig. S2). Addition-
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ally, a subset of samples and a range of in-house and international
standards were measured by Inductively Coupled Plasma Mass
spectrometry (ICP-MS) for calibration of HH-XRF measurements
based on a reduced major axis linear regression model (Table S1
and Fig. S2). Specifically with regard to the Fe speciation, the R?
correlation coefficient between HH-XRF and ICP measurements of
total Fe is >0.99. Trace element ICP analysis were performed at
the Geological Survey of Denmark and Greenland, where 100 mg
rock powder was digested in a mixture of hydrofluoric and nitric
acid in closed Teflon vessels on a hotplate at 130°C for a mini-
mum of 24 h. Drying and re-dissolving was performed as above,
before an internal standard solution and Milli-Q water was added.
The vessels were closed and placed on the hotplate at 130°C for a
minimum of 12 h and then diluted to 50 mL. Trace element con-
tent was measured using a PerkinElmer Elan 6100DRC ICP-MS with
an accuracy of better than 11% for USGS certified basalt reference
(BHVO-2).

3.2. Multivariate statistical analysis

The multivariate geochemical dataset from the Vinini Creek sec-
tion holds clues to past local and global environmental changes,
early diagenetic processes, and post-depositional alterations. These
combined signals may be disentangled by isolating specific geo-
chemical trends that are expressed across a range of variables. This
kind of geochemical redundancy can be harnessed to reduce the
dimensionality of the dataset. Detailed inspection of the groups of
variables that respond in concert provides the opportunity to ex-
tract the dominant processes that are recorded in the physical and
chemical stratigraphy (see supplementary material).

Distinct geochemical trends in a multivariate dataset may be
identified by Principal Component Analysis (PCA) (Hammer and
Harper, 2006). These trends are recast as principal components,
constructed by orthogonal linear combinations of the original geo-
chemical variables, ordered based on their contribution to the to-
tal variability of the dataset (Hammer and Harper, 2006; Marden,
2015). In practice, the analysis uses the covariance matrix of the
dataset to calculate the eigenvectors and eigenvalues for each geo-
chemical variable, where the eigenvalues represent the order of
significance for each component (see supplementary information,
Marden, 2015). In extension to PCA, Factor Analysis (FA) is used
to remove less significant components from the dataset (Hammer
and Harper, 2006). This method isolates a few geochemical trends
responsible for a larger part of the variance in the multivariate
dataset. The trends are isolated by fitting a preassigned number
of common factors (vectors) to the dataset and represented in a
multidimensional coordinate system (Marden, 2015). We can use
these combined statistical methods to identify principal compo-
nents that may be interpreted as reflecting underlying geochemical
processes with environmental significance. Furthermore, the resid-
ual unexplained variance may be used to detect latent less signifi-
cant trends in the geochemical expression. The reduced dataset is
from here on referred to as the reduced PCA model (see supple-
mentary information).

In combination with PCA and FA, cluster analysis may illustrate
the finer detailed relationship within characteristic groups (clus-
ters) of variables that respond in concert (Hammer and Harper,
2006). Clusters are computed using the non-parameteric Spear-
man distance, and variables are hierarchically ordered by links
into binary clusters using an average linkage clustering algorithm
(Hammer and Harper, 2006). These clusters are illustrated in a
dendrogram, where the correlation between geochemical variables
is characterized by their standardized distance as represented by
the length of each “branch”. The specific clustering of geochemi-
cal elements may reveal details of the higher-order relationships
among variables within the larger PCA and FA based groupings,
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Fig. 2. Histograms of geochemical variation of 8'3Corg, 834Spy, and Feyg/Fer with
facies distribution. In contrast to §*Spy and Feyg/Fer, the histogram of §'3Corg
illustrates a behavior that visually follows the distribution of facies.

which may be used to identify the underlying geochemical pro-
cesses.

4. Results
4.1. Chemostratigraphy

The Hirnantian carbon isotope excursion is recorded in the up-
per Vinini Fm. (Fig. 1) (Finney et al., 1999; LaPorte et al., 2009).
Variations in 813C0rg appear to visually coincide with distinct sed-
imentological facies that reflect the late Ordovician glacio-eustatic
evolution (Fig. 2): the lower slope setting of the D. Ornatus biozone
has baseline 813C0rg values of ~ —30.5%c. The overlying P. Pacificus
biozone is dominated by black shales with a small —1%o §'3Corg
excursion that has been interpreted to coincide with the late Ka-
tian sea-level highstand (Finney et al., 2007; LaPorte et al., 2009;
Melchin et al., 2013). The overlying glacial interval is dominated
by carbonate deposits and records a positive ~ +2-3%c increase in
513Corg that has been identified as the Hirnantian carbon isotope
excursion (Finney et al., 1999; LaPorte et al., 2009). This interval is
superimposed by a short-lived ~ —1%o excursion that may corre-
late with a brief mid Hirnantian interglacial (Melchin et al., 2013).

This study only reports 813C0rg measurements but for compar-
ison previous published §13Cc,p, measurements from the Vinini
Creek section has been included in Fig. 1 (LaPorte et al., 2009).
Similarly to 813C0rg, the Hirnantian carbon isotope excursion is
recorded in 8§13Ccap, by a ~+2-3%0 increase. Measurements from
the upper Katian P. Pacificus biozone, however, have previously
been determined to be influenced by diagenetic alteration, partly
due to the very low concentrations of carbonate in this interval
(Fig. 1) (LaPorte et al., 2009).

Measurements of 613C0rg reveal a proportional relationship
with the concentration of TOC, such that low values of 813C0rg
correlate with high concentrations of TOC and vice versa (Fig. 3).
The non-linear correlation between 813C0rg and TOC can be sim-
ulated using a simple two component mixing model where two
distinct sediment sources with different concentrations of TOC and
different 813Corg values are proportionally mixed (Johnston et al.,
2012). Samples from the Hirnantian part of the section are better
approximated by the mixing model (R? = 0.46) than Katian sam-
ples (R =0.22) (Fig. 3).

A positive excursion in sulfur pyrite isotopes (634Spy) is widely
observed in parallel with the Hirnantian carbon isotope excur-
sion (Hammarlund et al., 2012; Jones and Fike, 2013). However,
this canonical trend is not expressed in the measured 53451)y from
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Fig. 3. 813Corg, 6%4Spy, and TS demonstrate highly non-linear relationships with
TOC. A. 513C0rg versus TOC can be simulated by simple end-member mixing mod-
els involving different end-members in the Katian samples (end-member 1 hav-
ing TOC ~0.7% and 813C0rg ~—30.64%0 and end-member 2 having TOC 26%
and 8'3C0,g ~ —31.19%0) and Hirnantian samples (end-member 1 having TOC
~0.1% and §'3Corg ~—27.51%0 and end-member 2 having TOC ~20% and 8'3Corg
~29.76%0). B. 634Spy versus TOC can be estimated by a 1st order exponential ki-
netic rate model comparable to laboratory experiments of sulfate reduction rates
in terms of labile organic matter (Leavitt et al, 2013; Sim et al., 2011). C. Cross
plot of TS against TOC indicates a significant difference between the Katian and
Hirnantian compared to normal marine ratios (~0.36; Morse and Berner, 1995;
Raiswell and Canfield, 2012).

the Vinini Creek section. Rather, our measurements reveal gener-
ally enriched 834Spy values (~ +20%o) that weakly anti-correlate
with 613C0rg and TOC and show a broad negative trend up sec-
tion (Fig. 1). The observed non-linear correlation between TOC
and 834Spy can be simulated using an exponential model with an
R% = 0.27. The concentration of TOC, furthermore, correlates with
the absolute concentration of sulfur (TS) in a linear fashion, but
with a distinctly different slope for Katian and Hirnantian samples
(0.79 and 0.16, respectively, Fig. 3C).

Past redox conditions can be characterized by the speciation of
Fe, with anoxic enrichment of Feyr identified by ratios of Feygr/Fer
above 0.38 (Poulton and Canfield, 2011). This threshold is cali-

brated against modern sediments and reflects the anoxic enrich-
ment of authigenic Fe mineral phases in both carbonates and
siliciclastics (Clarkson et al., 2014; Poulton and Canfield, 2011).
The calculated confidence intervals show that all but two samples
from the Vinini Creek section are, within 95% confidence, above
the diagnostic anoxic threshold (Fig. 1). Fe speciation was mea-
sured in both samples from outcrop and shallow cores drilled on
site (Finney et al., 1998). These measurements demonstrate an ex-
cess of Fe oxides in outcrop samples compared to core samples,
and significant differences in the ratio of pyrite (Fepy/Feyr) be-
tween core and outcrop samples (~0.7 to 0.0, respectively) (Fig. 4).
Furthermore, Feyg/Fer is depleted by up to ~30% in outcrop sam-
ples compared to core samples. The differences in Fe chemistry
between core and outcrop increase down core along a decime-
ter thick profile (core-top samples; Fig. 4). The difference between
core and outcrop samples is also expressed in 834Spy. Outcrop sam-
ples are slightly enriched compared to the core, above the natural
scatter of the measurements (Fig. 4). In contrast, there seem to be
no apparent difference between core and outcrop for the remain-
ing measured proxies.

4.2. Multivariate analysis and trace element geochemistry

The Late Ordovician stratigraphy reflects many complex inter-
twined processes such as past biogeochemical cycling, early diage-
netic sedimentary processes, and post depositional alterations. XRF
measurements of major- and minor elements can provide clues
to the interpretation of the sedimentary record across a range of
properties. These measurements thus increase the redundancy in
the combined dataset which result in grouping of specific elements
that potentially tracks individual processes. We use multivariate
statistical models (PCA and FA, see methods) to explore the geo-
chemical dataset and harness patterns that may identify the gov-
erning mechanisms.

PCA is used to group elements into principal components based
on their covariance. The analysis demonstrates that the first prin-
cipal component explains more than 35% of the variance in the
entire dataset and that three principal components explain 65% of
the variance (Fig. 5). These results imply a large redundancy across
the geochemical measurements that may track only a few specific
depositional processes.

FA is used to reduce the dimensionality of the dataset by limit-
ing the analysis to the first three principal components or common
factors, thereby excluding much of the geochemical noise (Fig. 5).
With factor analysis, we can explore how different elements vary
within each component, and use our geological knowledge to iden-
tify the governing processes. The first component in the factor
analysis model is associated with elements that are often related
to detrital input, such as Al, K, Zr, Rb and Ti (Wedepohl, 1971).
In parallel, elements that are often associated with organic matter
(TOC), such as Cu, Ni, V, and Zn demonstrate a strong covariance
within the second component (Tribovillard et al., 2006). This com-
ponent also correlates with the redox sensitive elements Mo and U.
The third component of the model reveals covariance between car-
bonate content, Sr and Mn. Also, 613C0rg has the highest loadings
in this third carbonate-dominated component, which in part sub-
stantiates the observed correlation with facies for 813C0rg (Fig. 5).
Iron speciation, 834Spy, and total S, on the other hand, show little
covariation with any of the components from the common factor
model (Fig. 5).

The redundancy and grouping of the dataset can be further ex-
plored by hierarchical cluster analysis. The specific clustering of
elements reveals details of the higher-order relationships within
each component. These relationships are illustrated in a classical
dendrogram, where the length of each branch reflects the simi-
larity between variables. For example, Al, K, and Rb demonstrate



150 A.-S.C. Ahm et al. / Earth and Planetary Science Letters 459 (2017) 145-156

@ Core samples
® Coretop samples
e  Outcrop samples

0.3 0.5 0.7 0.9 1.1 1.3 1.5

Probability density @

-5 0 5 10 15 20 25 30

34
6 SPy

I Core probability density
[1 Outcrop probability density
I Outcrop sample distribution
[ Core sample distribution
[1 Core top sample distribution

—) Direction of

modern weathering

Probability density @

Fe T/AI
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The probability density curve illustrates the propagation of uncertainty in the mea-
surements, simulated using a Monte Carlo algorithm. C. Histogram illustrating the
difference in 634Spy between core and outcrop, with the probability density curve
showing the Gaussian distribution. D. Total Fe relative to Al is enriched in both out-
crop and core samples compared to average shale.

the strongest relationship in the dataset (shortest branch, Fig. 5C).
The cluster analysis illustrates that the detrital, organic, and car-
bonate related components are grouped into three major clusters.
Furthermore, there seem to be little relationship between Fe spe-
ciation, TS, and these major components. Limiting the analysis to
core samples only does not change the major trends and groupings
of the dataset (Fig. S6).

The grouping of specific elements into each component matches
our general understanding of sedimentary ingredients: one com-
ponent likely represents the detrital input, a second component
represents the input of organic matter, and a third component may
reflect carbonate input. We can test this hypothesis by modeling
the trends in detrital components such as Al, organic matter (TOC),
and CaCO3 by using a three component reduced PCA model (see
methods). The PCA reconstruction demonstrates that the reduced
model to a large degree fits the observed trends for these ele-
ments, with little residual unexplained variability as expressed by
the deviation from the 1:1 identity line (R2 = 0.87,0.87, and 0.84,
respectively, Fig. 6). We can further use the reduced PCA model
to test the correlation between sedimentary mixing, as inferred
from the three major components, and other measured elements.
The unexplained residual components from the analysis may reveal
distinct trends that demonstrate little covariance with sedimentary
mixing and provide further insight into past environmental pro-
cesses.

5. Discussion

The Late Ordovician stratigraphy integrates temporal glacio-
eustatic changes with complex ocean redox and nutrient cycle dy-
namics. This record is complicated by both the spatial progradation
of facies driven by sea-level fall and by further post-depositional
secondary changes in the geochemical expression. We apply a
multi-proxy approach to the deep water strata of the upper Vinini
Fm. to deconstruct the complexity of integrated environmental and
secondary signals.

5.1. Post-depositional diagenetic considerations

Fe speciation measurements from paired outcrop and core re-
veal that reactive Fe is continuously remobilized by modern weath-
ering processes (Fig. 4). These mechanisms are in part captured
in outcrop samples by the progressive alteration of pyrite min-
erals into Fe oxides. The result is a significant differences in
Fepy/Feyr between core and outcrop samples (0.51 & 0.25 vs.
0.04 £+ 0.09, respectively; Fig. 4A). Although these observations
are in line with the general expectation of pyrite weathering, the
rate and amount of pyrite loss is significant larger than previously
assumed (Canfield et al., 2008). The modern alteration of pyrite
has additionally contributed to a loss of total reactive Fe and de-
pleted ratios of Feygr/Fer in outcrop compared to core samples
(Fig. 4B). Such loss of Feyr is unexpected and has not previously
been documented. The increased acidity produced by pyrite dis-
solution would contribute to increased solubility of reactive Fe.
However, we observe no significant difference in Fer between out-
crop and core possibly indicating that remobilized reactive Fe is
incorporated into unreactive phases such as authigenic clay min-
erals (Fig. 4 and S4, Curtis et al, 1985). We speculate that the
simultaneous weathering of pyrite, organic sediments, and carbon-
ates, may cause large fluctuations in pH where more neutral values
would favor precipitation of Fe-rich alumino silicates (Curtis et al.,
1985).

Modern weathering in outcrop clearly alters pyrite concentra-
tions, which potentially may affect 834Spy. Laboratory experiments
suggest that abiotic HS oxidation may result in up to ~5%o en-
richment of S isotopes in the sediment due to continuous faster
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remobilization of the lighter isotope (Fry et al., 1988). We observe
seemingly similar enrichment in outcrop samples, but the large
natural scatter and spread observed in 834Spy may hide much of
the additional isotopic enrichment due to modern weathering pro-
cesses (Fig. 4C).

The combined Fe speciation and §34Sp, dataset indicate the
potential magnitude and direction of change that surface weath-
ering processes may cause in these proxies. Specifically, in our
case, the location of the Vinini Creek section in the central Nevada
high desert may contribute to the substantial extent of modern
oxidative weathering. Previous studies of modern surface weather-
ing in black shales have demonstrated significant loss of total or-
ganic carbon in addition to loss of trace elements, particularly Mn
and elements associated with sulfides (Perkins and Mason, 2015;

Petsch et al, 2000). Despite the significant degree of surface
weathering, these trends are not observed in the Vinini Forma-
tion, suggesting that these elements are quantitatively captured
in oxides or other secondary mineral phases. The differences in
Fe speciation and S isotopes between outcrop and core samples
highlights the need for caution when attempting to catalog past
environmental redox change from purely outcrop based records. In
this study, we interpret the stratigraphic variation in Fe speciation
and S isotope based purely on core samples.

Feyr/Fer in core samples demonstrates constant enrichment
above the diagnostic anoxic threshold throughout the Vinini Creek
section (within 95% confidence interval; Fig. S3). Enrichment can,
however, also occur during later stage diagenesis, where Fe in clay
minerals and iron oxides may be re-mobilized and altered at high
temperatures (Curtis et al., 1985). During this diagenetic process
Fe3* is eliminated from dioctahedral detrital clays and reduced
to Fe2*, which can be incorporated into authigenic triotahedral
clays or reactive non-silicate phases (Curtis et al., 1985). The Vinini
Fm., as part of the Roberts Mountain allochthon, must have ex-
perienced some alteration during the tectonic history of several
orogenic events, but detailed studies of the organic matter thermal
maturity in the Vinini Fm. suggest a relatively low grade thermal
history (LaPorte et al.,, 2009; Poole and Claypool, 1984). Further-
more, ratios of Fer/Al reveal constant Fe enrichment compared
to average shale. Such enrichment suggests a generally high de-
positional influx of Fe decoupled from background detrital levels,
which is unlikely to be caused by later stage diagenesis (Fig. 4D)
(Reinhard et al., 2012). Thus, the Fe speciation measurements from
core samples are likely reflecting past local water column anoxia
that persisted during the Late Ordovician.

5.2. Paleo-basinal gradients in sediment- and water column chemistry

The multivariate analysis of the dataset from the Vinini Creek
section indicates that mixing of detrital, organic and carbonate
sedimentary components correlates with a large degree of the geo-
chemical variance (~65%, Fig. 5). Hirnantian glacioeustasy may
have driven temporal and spatial changes in these sedimentary
components through the progradation of shallow-water facies. We
can explore the expected effect on 813C0rg from mixing of two
spatially separated organic matter reservoirs through the two-
component end-member mixing model (Johnston et al., 2012).
These hypothetical reservoirs may represent lateral points across
a shelf-to-basin transect, where the shallow end-member is a car-
bonate platform with high amounts of carbonate, low concen-
trations of TOC, and enriched C isotopes values. The deep end-
member is an outer shelf oxygen minimum zone with high con-
centrations of TOC, low carbonate content and relatively depleted
C isotopic values. The mixing of these two end-members, with
vastly different TOC contents, can lead to highly non-linear changes
in the average C isotopic value of organic carbon, which matches
the observations from the Vinini Creek section (Fig. 3A) (Johnston
et al, 2012; Oehlert and Swart, 2014). The mixing model indi-
cates that the Katian samples from the Vinini Creek section (and
other sections, Fig. S7) are better approximated using a deep water
end-member with §'3Corg of ~ —31.19%, compared to a Hirnan-
tian deep water end-member with §'3Corg of ~ —29.76%c. On the
other hand, the difference between the Katian and Hirnantian shal-
low water end-members is much larger, at ~3.13%0 (—30.64%0 vs.
—27.51%, Fig. 3A and 7B).

There are two main mechanisms that can drive gradients in
613C0rg from the shelf to deep basin: lateral changes in the tax-
onomic community (different isotopic fractionation during photo-
synthesis), or spatial differences in the local §'3Cpc of sea-water
(Swart and Eberli, 2005; Patterson and Walter, 1994; Peterson et
al., 2014). In the Vinini Creek section, a possible taxonomic shift



152 A.-S.C. Ahm et al. / Earth and Planetary Science Letters 459 (2017) 145-156

Detrital input

®

@ Core
5l e Outcrop .
[ L4 °
9 ° °
5 4f oo
2, e ®
5. o
g, o
("]
'I L
.‘ 8 R?=0.87
N ‘ ‘ J
0 2 4 6
observed Al (%)
25 ¢ Organic input
°e
c 20f
RSl
k9] °®
— ‘I L
ks ° ) %%
o
< 10 ° ()
S 2 %
= . *e®
5t g cee 8
r R?=0.87
0 n n n n ]
0 5 10 15 20 25
observed TOC (%)
@ 100 Carbonate input o
80
=
2 ® ® "i"'
g 8 ®°
2 40t e O
S @
S 0y °
.‘ e o R’=0.84
o2 ‘ ‘ : .
0 20 40 60 80 100
observed CaCo, (%)

Fig. 6. Modeling the dataset in terms of three principal components using the re-
duced PCA model. A. The multivariate model prediction of the concentration of
Al in comparison with observations. B. The multivariate model prediction of TOC.
C. The multivariate model prediction of CaCOs. The model predictions agree with
the observed values with little unexplained variability (deviation from the 1:1 line
indicated by R? value), suggesting that the sedimentary mixing of detrital, organic
matter and carbonate input controls a large degree of the variance in the dataset.

has been recorded by organic biomarkers that indicate that or-
ganic matter in the Katian portion of the section is dominated
by cyanobacterial sourced organic carbon whereas the Hirnan-
tian portion of the section is dominated by algae (Rohrssen et
al,, 2013). Algae tend to have a larger fractionation factor than
cyanobacteria and the inferred Hirnantian increase in algal com-
munities would therefore be expected to cause an independent
negative shift in §'3Corg (—2- —1%0, Hayes, 2001). However, the
observed isotope excursion is positive, which suggests that the
potential taxonomic effect was erased or modulated by more
dominant mechanisms. Alternatively, spatial gradients in seawa-
ter §13Cpic may be argued from the mixing relationship between
813C0rg and TOC. As such, the variation in sedimentary compo-
nents does not directly cause the stratigraphic changes in § 13C0rg.
Rather the variations in 813C0rg may in part be governed by spa-
tial gradients in seawater §13Cpyc, potentially amplified during the
glaciation, and thus occurring in parallel with progradation of

shallow-water facies during the eustatic sea-level fall. Such gra-
dients could explain the difference between the Katian and Hir-
nantian end-member mixing model and further substantiate the
observed large range in 8'3Corg and 8'3Ccyyp across the Lauren-
tian margin during the Hirnantian (Fig. 7) (Jones et al., in press;
LaPorte et al., 2009).

Increased glacio-eustatic restriction of shallow epeiric seas may
contribute to lateral gradients in 813Cpyc as platform water masses
are progressively enriched in '3C due to photosynthesis of the car-
bonate secreting organisms (Panchuk et al., 2005; Swart and Eberli,
2005). Additionally, vertical gradients in §'3Cpic may originate
from the biological pump and the additional glacio-eustatic export
of organic matter to the deeper basin as shelf areas decrease and
rates of organic matter decomposition decline (Curry et al., 1988;
Peterson et al., 2014). Glacioeustasy, therefore, may increase both
lateral- and vertical gradient in 8§'3Cpyc from the shallow shelf to
the deep basin.

Spatial isotopic gradients can also be recorded in the stratig-
raphy of sulfur isotopes. Spatial differences in 834Spy can be re-
lated to local sulfate reduction rates, the availability of reactive
iron and sulfate, and the depth of the zone of sulfate reduc-
tion within the sediment column (e.g. Fike et al.,, 2015; Raiswell,
1982). Shallow sediments may be enriched in §34Sp, compared to
deeper facies, due to partial oxidation of H,S following sediment
reworking or by limited exchange between pore-water and sea-
water sulfate due to rapid sedimentation rates (Fike et al., 2015;
Fry et al., 1988; Raiswell, 1982). These effects may contribute to
the positive 834Spy excursion recorded in multiple sections across
different paleo-continents during the Hirnantian glacio-eustatic
sea-level fall (Hammarlund et al., 2012; Jones and Fike, 2013).

In contrast to the widespread observed positive excursion,
834Spy in the Vinini Creek section is enriched in the deep Ka-
tian TOC rich facies, relative to the shallower Hirnantian periplat-
form facies (Fig. 3B). The observed exponential covariance between
TOC and §34Spy in the Vinini Creek section could indicate that
isotopic fractionation was governed by local microbial sulfate re-
duction rates and the availability of electron donors such as or-
ganic matter (Leavitt et al., 2013; Sim et al., 2011). Higher sulfate
reduction rates result in less fractionation between pore water
sulfate and pyrite (Harrison and Thode, 1957). First order reac-
tion kinetics may thus explain the general enrichment of 834Spy
in the high TOC Katian interval compared to the lighter §34Spy
values in the Hirnantian carbonates (R? = 0.27; Fig. 3B). Further-
more, the degree of scatter in the sulfur isotopic record from the
Vinini Creek section is possibly linked to multiple generations of
pyrite. Pyrite may be present as both framboidal pyrite, precipi-
tating rapidly in the zone of sulphate reduction, and as euhedral
pyrite forming within the sediment with near quantitative con-
sumption of sulfate in closed system conditions (Raiswell, 1982;
Magnall et al., 2016). Overall we conclude that most of the vari-
ability of 834Spy in the Vinini Creek section likely reflects local
redox conditions, either close to or below the sediment-water in-
terface.

5.3. Secular changes in ocean chemistry across the Hirnantian

Multivariate statistical methods suggest that much of the geo-
chemical variation in the Vinini Creek section correlates with mix-
ing of sedimentary end-members and local spatial gradients in
water column chemistry. However, geochemical trends that are
decoupled from these local signals may be inferred from the unex-
plained components of the analysis (see Methods). Specifically, the
cluster analysis indicates that variations in Fe speciation and TS
are largely unrelated to variations in the major sedimentary com-
ponents (Fig. 5C). These proxies are generally expected to respond
to local redox conditions at or near the sediment water interface,
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but the cluster analysis demonstrates little relationship with other
redox sensitive trace elements. While Fe speciation broadly tracks
the euxinic-anoxic-oxic thresholds, it does not necessarily reflect
the more detailed redox zones within anoxia (Raiswell and Can-
field, 2012). Redox sensitive trace elements, on the other hand,
are more sensitive to specific redox boundaries, and may have
high affinities with organic matter accumulation (Tribovillard et al.,
2006).

Sedimentary sulfur appears to predominantly occur in pyrite, as
illustrated by a linear relationship between TS and Fepy (Fig. S4).
Constraints on pyrite formation may be inferred from the ratio of
TS/TOC, where normal marine sedimentary ratios converge around
0.36 (Morse and Berner, 1995). Deviation from this normal ra-
tio indicates limitations on microbial sulfate reduction and pyrite
formation by insufficient labile organic carbon (high ratios) or re-
active Fe and available sulfate (low ratios, Morse and Berner, 1995;
Raiswell and Canfield, 2012). TS/TOC increases significantly across
the Katian-Hirnantian boundary, which may reflect changes in
pyrite formation and redox conditions during this interval (0.16 to
0.79, respectively; Fig. 3C). When considering the abundance of re-
active Fe throughout the section (Feyr/Fer > 0.38), the low TS/TOC
ratios in the Katian suggest that pyrite formation was limited by
available pore water sulfate relative to organic carbon. In contrast,
the high TS/TOC ratios in the Hirnantian may indicate a change
in the limitations of pyrite formation. High ratios of TS/TOC are
generally expected to correlate with a high degree of pyritization
under euxinic conditions, but the ratios of Fepy/Feng fall below the
diagnostic euxinic threshold during this interval (Poulton and Can-
field, 2011; Raiswell and Canfield, 2012). These observations may
suggest that pyritization in the Vinini Fm. was instead limited by
organic matter availability during the Hirnantian.

Changes in the processes controlling pyrite formation are pos-
sibly recorded in §34Sp,. Underlying trends in §34Sp, that are in-
dependent of local sedimentary mixing may be inferred from the
residual component of the reduced PCA model (see Methods). The
structure of the residual component can be visualized by plot-
ting model predictions against observed data and inspecting the
deviation from the 1:1 identity relationship (Fig. 8). The residual
component of 834Spy is structured towards the more depleted Hir-
nantian isotopic values where the model mostly over estimates.
This residual depletion in 834Spy in the Hirnantian samples may

be tied to the Hirnantian shift in TS/TOC, and is consistent with
larger isotopic fractionation caused by decreasing microbial sul-
fate reduction rates limited by organic matter availability (Leavitt
et al., 2013; Sim et al., 2011). Furthermore, redox sensitive trace
elements such as V, U, Zn and Mo, that may distinguish specific
redox conditions, are strongly associated with organic matter vari-
ability in the Vinini Creek section and are generally well captured
by the reduced PCA model (Figs. 5 and S7) (Tribovillard et al.,
2006). This relationship suggests that local organic matter avail-
ability controlled both sulfate reduction rates and redox conditions
during the latest Ordovician.

Trends in 813C0rg that are decoupled from both local sedimen-
tary mixing and lateral gradients in water column §'3Cpjc may be
inferred from the unexplained components of the reduced PCA
analysis. The goodness of fit of the model (R? = 0.72, Fig. 8A)
substantiates the first order spatial and local control on 613C0rg.
However, whereas the Katian samples broadly fit the reduced PCA
model, the residual of the model demonstrates that the absolute
813Corg values are consistently under estimated during the Hirnan-
tian, by an offset of ~1%o (Fig. 8A). It has previously been rec-
ognized that the open oceans experienced a smaller §'3Cpyc shift
than the epeiric seas during the Hirnantian period (e.g. Jones et al.,
2011, in press; LaPorte et al., 2009; Panchuk et al., 2005). These
considerations make it difficult to estimate the absolute magni-
tude of the secular change in 813Cpjc related to the Hirnantian
glaciation. Shallow carbonate platform environments dominate the
Hirnantian stratigraphy, recording up to +7%. apparent perturba-
tion in 813Ccapp. In contrast, deeper water environments, similar to
the Vinini Creek section, record a substantially smaller positive ex-
cursion ~ +1-3% in both §'3Ccarp, and §13Corg (Kump et al., 1999)
(Fig. 7).

Taken at face value, our multivariate analysis leads us to spec-
ulate that the open ocean Hirnantian carbon isotope excursion
may amount to only ~ +1.5%0 §'3Cpjc, with the remainder of the
observed excursion caused by local amplification in shallower car-
bonate platform environments driven by glacio-eustasy. This open
ocean estimate is based on the reduced PCA model, which indi-
cates a +1%o residual in 813C0rg in Hirnantian samples that can be
interpreted as a minimum estimate of the open ocean isotope ex-
cursion isolated from local effects of sediment mixing and lateral
gradients in water column chemistry (Fig. 8A). The two compo-
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of Feygr/Fer in comparison with the reduced PCA model.

nent mixing model further supports this estimate, and indicates
a +1.4% shift in §'3Corg between the deep-water Katian and Hir-
nantian end-members (Fig. 3A). Furthermore, extending the mixing
model to include other Laurentian sections consistently shows a
difference between the relative deep-water Katian and Hirnantian
end-members of approximately +1.6%0, which may be interpreted
to reflect a change in open ocean &'3Cpjc (Fig. $7). The speculation
of a +1.5%¢ secular open ocean excursion in $13Cprc requires a
constant photosynthetic isotope fractionation between 813C0rg and
813Ccamp, as demonstrated in multiple Hirnantian sections (Jones et
al., 2011; Panchuk et al., 2005).

A positive excursion is traditionally modeled by a relative in-
crease in organic carbon burial, forg (the fraction of organic carbon
relative to total carbon burial; Kump and Arthur, 1999). Carbon-
ate carbon burial, at this time, was predominantly constrained by
platform areas due to the lack of a significant deep-sea sedimen-
tary carbonate sink (Ridgwell and Zeebe, 2005). We take this into
account and approximate forg by splitting the carbonate burial
sink into a platform sink (80% + 20% 20 ) and a deep pelagic
sink (20% + 20% 20) with a conservative constant isotopic en-
richment of +2% in platform 8'3Cpjc relative to the open ocean
(cf. Fig. 7 and supplementary information, Bjerrum and Canfield,
2004; Ridgwell and Zeebe, 2005). As such, a steady state +1.5%o
excursion in §'3Cpc from the Katian to the Hirnantian would
amount to ~19% increase in forg (+3.9% 20, Monte Carlo error
propagation). This relatively small increase could be directly driven
through glacioeustasy by shifting organic matter export towards
the deep ocean, as is observed during the Pleistocene (Curry et al.,
1988; Jaccard et al., 2009). The lateral shift in organic matter rem-
ineralization would push oxygen demand towards the deep ocean

where oxygen levels were likely already low (Hammarlund et al.,
2012; Sperling et al., 2015). Low oxygen levels are consistent with
Fe speciation measurements from the Vinini Creek section that
demonstrate persistent local anoxic conditions throughout the late
Ordovician independent of glacioeustasy. The combination of deep
water anoxia and cooler glacial temperatures would increase the
organic carbon burial efficiency over the large deep marine seafloor
area (Finnegan et al., 2012). Together, we argue that these mech-
anisms facilitated an increase in forg and thus provide a causal
relationship between the positive excursion in 813CDIC and the Hir-
nantian glaciation.

6. Conclusion

The Vinini Creek section in central Nevada provides a unique
deep basinal perspective on a sedimentary record dominated by
widespread shallow water carbonate deposits. Despite the Hir-
nantian glacio-eustatic sea-level fall, new evidence from Feyg/Fer
in shallow drill-core samples indicates that the deep water col-
umn remained anoxic throughout the latest Ordovician, in con-
trast to observations from sections deposited at shallower wa-
ter depths (Melchin et al., 2013). In comparison with drill-core
samples, measurements from outcrop demonstrate that modern
weathering clearly alters pyrite concentrations, which affects ra-
tios of Fepy/Fepr, Fenr/Fer and potentially §34Spy.

Multivariate statistical methods indicate that mixing of de-
trital material, organic matter, and carbonate strongly corre-
lates with the geochemical variation in the Vinini Creek section.
Glacioeustasy drove progradation of local sedimentary environ-
ments and increased lateral- and vertical gradients in seawater
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redox chemistry from the shallow shelf to the deep ocean. Such
spatial gradients were amplified by both glacio-eustatic restric-
tion of shallow water environments and increased transfer of or-
ganic matter to the deep basin. These prevailing local effects are
recorded as non-linear end-member mixing between 613C0rg and
TOC. This trend that is also recorded in 834Spy, as sulfate reduction
rates were limited by the local availability of labile organic matter.

In addition to changing local environments, glacioeustasy may
haven driven global changes in ocean chemistry. We attempt to
isolate these secular changes using a two component mixing model
and residuals from a reduced PCA model that captures the control
of local sedimentary processes and spatial gradients in seawater
chemistry. This approach results in an estimated global average
perturbation of ~+1.5%0 in 8'3Cpjc during the Hirnantian, sig-
nificantly less than the up to ~ +7%. perturbation estimated by
previous studies (Kump et al, 1999). Such a relatively small in-
crease in §'3Cpic could be caused by a transfer of organic matter
export to the anoxic basin, which increased the organic carbon
burial efficiency over the large deep seafloor area. This approach
illustrates the applicability of multivariate statistical methods in
disentangling past environmental signals, and highlights the need
to consider combined local and global changes in seawater chem-
istry when interpreting ancient stratigraphy.
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