View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Woods Hole Open Access Server

Thallium isotopes in early diagenetic pyrite — a

paleoredox proxy?

Sune G. Nielsen'?, Matt Goff*, Stephen P. Hesselbo®, Hugh C. Jenkyns®, Doug E. LaRowe**

and Cin-Ty A. Lee’

!Department of Earth Sciences, University of Oxford, South Parks Road, Oxford, OX1 3AN,
UK

Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods
Hole, 02543 MA, USA

¥School of Earth and Atmospheric Science, Georgia Institute of Technology, Atlanta, GA
30332-0340, USA

*Faculty of Geosciences, Department of Earth Science - Geochemistry, Utrecht University, PO
Box 80021, 3508 TA Utrecht, The Netherlands

>Department of Earth Science, MS-126, Rice University, 6100 Main St., Houston, TX 77005,
USA


https://core.ac.uk/display/4169364?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Abstract — This paper presents the first study of Tl isotopes in early diagenetic pyrite.
Measurements from two sections deposited during the Toarcian Ocean Anoxic Event (T-OAE,
~183Ma) are compared with data from Late Neogene (<10Ma) pyrite samples from ODP legs
165 and 167 that were deposited in relatively oxic marine environments. The Tl isotope
compositions of Late Neogene pyrites are all significantly heavier than seawater, which most
likely indicates that Tl in diagenetic pyrite is partially sourced from ferromanganese oxy-
hydroxides that are known to display relatively heavy Tl isotope signatures. One of the T-OAE
sections from Peniche in Portugal displays pyrite thallium isotope compositions
indistinguishable from Late Neogene samples, whereas samples from Yorkshire in the UK are
depleted in the heavy isotope of Tl. These lighter compositions are best explained by the lack
of ferromanganese precipitation at the sediment—water interface due the sulphidic (euxinic)
conditions thought to be prevalent in the Cleveland Basin where the Yorkshire section was
deposited. The heavier signatures in the Peniche samples appear to result from an oxic water
column that enabled precipitation of ferromanganese oxy-hydroxides at the sediment—water
interface.

The TI isotope profile from Yorkshire is also compared with previously published
molybdenum isotope ratios determined on the same sedimentary succession. There is a
suggestion of an anti-correlation between these two isotope systems, which is consistent with
the expected isotope shifts that occur in seawater when marine oxic (ferromanganese minerals)
fluxes fluctuate.

The results outlined here represent the first evidence that Tl isotopes in early diagenetic
pyrite have potential to reveal variations in past ocean oxygenation on a local scale and

potentially also for global oceans. However, much more information about Tl isotopes in



different marine environments, especially in anoxic/euxinic basins, is needed before TI

isotopes can be confidently utilized as a paleo-redox tracer.



1. Introduction

Through Earth’s history, oxygenation of the oceans has played a central role in the
evolution of life and has also, through the intimate link with the carbon cycle, been a factor in
controlling climate. Several geochemical proxies are useful indicators of past marine oxygen
levels, for example abundances of total organic carbon (TOC) and redox-sensitive trace metals
(e.g. Fe, Re, U, Mo, V) in sediments (Emerson and Huested, 1991; Kendall et al., 2010) as well
as nitrogen isotope ratios measured in organic carbon (Altabet and Francois, 1994). Most of
these proxies, however, are better suited to studies of local or regional redox conditions either
because the marine residence time of the element may be too short or because the elemental
flux into the sediment is not exclusively controlled by large-scale or global seawater
oxygenation.

With the advent of multiple collector inductively coupled plasma mass spectrometers
(MC-ICPMS) it has become possible to study the stable isotope systematics of redox-sensitive
trace metals (Beard et al., 1999; Miller et al., 2009; Nielsen et al., 2011b; Siebert et al., 2003;
Stirling et al., 2007). In theory, stable isotope variations of redox-sensitive trace metals with
long marine residence times offer the opportunity to look past local effects and provide
information related to changes in average oxygenation of the global oceans. Recently, this
potential has prompted the emergence of new redox-sensitive metal isotope proxies such as
molybdenum (Mo) and uranium (U), which have produced the first attempts to determine
global levels of anoxia during ocean anoxic events (OAEs) (Archer and Vance, 2008;
Montoya-Pino et al., 2010; Pearce et al., 2008) and these have suggested that OAE2 (at the

Cenomanian-Turonian boundary, ~93 Ma) and T-OAE (Toarcian oceanic anoxic event, ~183



Ma) coincided with threefold and tenfold expansions, respectively, of the area of anoxic
sediment deposition.

Another element with potential to reveal information about past oceanic anoxia is thallium
(T1), which has two isotopes, “®*TI and %*TI, that are both stable. The distribution of Tl in
natural environments on Earth is controlled in part by its large ionic radius, which is akin to the
alkali metals potassium (K), rubidium (Rb) and cesium (Cs) (Heinrichs et al., 1980; Shannon,
1976; Wedepohl, 1974). Its large ionic radius renders Tl highly incompatible during igneous
processing and it hence concentrates in the continental crust (Shaw, 1952). Thallium can take
on two different valence states: TI* and TI**. The oxidized form is uncommon in natural
environments because of the high redox potential, but it is likely that this form of Tl plays a
significant part in the observed strong adsorption onto authigenic ferromanganese phases and
clay minerals in aqueous environments (Hein et al.,, 2000; Matthews and Riley, 1970;
McGoldrick et al., 1979; Turner et al., 2010).

Modern seawater is depleted in 2Tl compared with average continental crust and mantle,
and the isotopic composition is homogenous (Nielsen et al., 2006; Rehk&mper et al., 2002)
with a marine residence time of ~20kyr (Baker et al., 2009; Rehkdmper and Nielsen, 2004)
(Fig. 1). Temporal changes of the marine Tl isotope ratio are most likely controlled solely by
the ratio between the two marine output fluxes (Nielsen et al., 2009a), which display highly
fractionated and contrasting Tl isotope compositions (Nielsen et al., 2006; Rehkamper et al.,
2004; Rehkamper et al., 2002). The two output fluxes are 1) scavenging by authigenic
ferromanganese (Fe—Mn) oxy-hydroxides and 2) uptake of Tl during low temperature (low-T)
alteration of oceanic crust. All types of authigenic Fe—-Mn deposits (hydrogenous/diagenetic

nodules and crusts and coatings on pelagic sediments) except high-temperature hydrothermal



precipitates are enriched in the heavy isotope (*®TI) (Rehkamper et al., 2004; Rehkamper et
al., 2002). The isotope fractionation appears to be related to surface oxidation of Tl when
adsorbed onto low-temperature Mn oxides (Bidoglio et al., 1993), while isotope fractionation
is absent during Tl adsorption onto the predominantly high-temperature Mn oxide todorokite
(Peacock et al., 2009). Altered oceanic crust exhibits light Tl isotope compositions with the
shallowest portions characterized by the highest Tl concentrations and lightest isotope
compositions (Coggon et al., 2009; Nielsen et al., 2006). The mechanism controlling the
incorporation of isotopically light Tl during alteration of oceanic crust is yet to be explained,
but could be kinetic in nature (Nielsen and Rehkadmper, 2011). Thallium is supplied to the
oceans by rivers, high-temperature hydrothermal fluids, volcanic emanations, mineral aerosols,
and pore-water fluxes from continental-margin sediments, all of which show essentially
identical TI isotope compositions (Fig. 1). Importantly, Tl isotopes do not exhibit any
resolvable overall fractionation during any of the processes supplying Tl to the ocean (Baker et
al., 2009; Nielsen et al., 2009a; Nielsen et al., 2005; Nielsen et al., 2006). Input fluxes are,
therefore, unlikely to drive significant changes in the Tl isotope composition of seawater
(Nielsen et al., 2009a).

From the perspective of oceanic anoxia, the marine Tl isotope cycle is interesting because
authigenic Fe—Mn oxy-hydroxides only precipitate in a relatively oxygenated environment.
Therefore, it might be expected that widespread ocean anoxia would result in significantly
diminished Tl outputs associated with Fe—Mn minerals, resulting in heavier seawater TI
isotope compositions. The magnitude of such changes might, however, be difficult to predict
because the general mechanism controlling the Tl isotope fractionation of low-temperature

alteration of oceanic crust is currently unknown.



Here, we report the first investigation of the utility of Tl isotopes as a paleoredox proxy.
To this end, we have measured the Tl isotope composition of early diagenetic pyrite in shales
collected at Port Mulgrave in Yorkshire, North England and Peniche, Portugal that both record
the T-OAE. In order to put our results into a modern framework we compare the measurements
of Toarcian samples with a number of pyrite specimens separated from sediment cores
recovered during ODP leg 165 at site 1000A in the Caribbean (0.3-0.8% TOC) and ODP leg
167 at sites 1020B (0.4-1.2% TOC) and 1021B (0-0.6% TOC) in the Northeast Pacific on the
continental shelf off Oregon.

Early diagenetic pyrite precipitates from reducing sediment pore waters, which source
their major and trace elements from seawater and minerals such as Fe and Mn oxides and
hydroxides that are soluble under reducing conditions (Berner, 1984; Canfield et al., 1992).
Hence, the Tl isotope composition of early diagenetic pyrite should depend to some degree on
the isotope composition of seawater as well as the make-up of the components that supplied Tl
to the pore water from which the pyrite precipitated.

The T-OAE is characterized by a diagnostic negative carbon-isotope excursion in
carbonate and organic matter interrupting an overall positive trend (Hermoso et al., 2009a;
Jenkyns and Clayton, 1997). The excursion has now been recognized in both the northern and
southern hemispheres (Al-Suwaidi et al., 2010; Hesselbo et al., 2007; Jenkyns, 2010), which
clearly documents the global nature of this event. The Yorkshire section was deposited in a
geographically restricted segment of the Jurassic north European seaway where sediments
include coarse- and fine-grained clastics and limestones (Hesselbo and Jenkyns, 1995; Jenkyns,

2010); the Peniche section was deposited on an open shelf and is dominated by clay-rich



hemipelagic carbonates interbedded with sandstone turbidites (Hermoso et al., 2009b;

Hesselbo et al., 2007).

2. Samples and methods

2.1. Sample descriptions and pyrite separation

The reason for choosing to measure pyrite instead of bulk samples is that the TI
concentration of detrital sedimentary grains is relatively high at around 0.2-0.7ppm (Heinrichs
et al., 1980; Matthews and Riley, 1970; Rehkdmper et al., 2004). Since we are only interested
in the labile TI pool, which is ultimately sourced from seawater, it was necessary to perform a
relatively efficient separation of pyrite from the host sediment. It is important to note that some
of the pyrite from Yorkshire may be framboidal in origin, some of which is formed in the water
column instead of in the sediment. However, framboidal pyrite is most commonly <10um in
diameter (Wilkin and Barnes, 1997). Because the grain sizes we work with here are on the
order of mm, we believe that only an insignificantly small fraction of the pyrite investigated
here is framboidal in origin. This distinction is important because we want to be able to
compare directly the Tl isotope composition of pyrite formed in the sediment at the two T-
OAE sites. Authigenic framboidal pyrite may not be characterized by the same isotope
composition as early diagenetic pyrite.

The samples from Port Mulgrave were collected with a stratigraphic resolution of ~20cm
or wherever macroscopic pyrite was visible in the exposed sediments. Hand specimens were
disaggregated with a hammer and mm- to cm-sized chunks of pyrite-rich material were
manually separated. The chunks were further crushed, sieved and rinsed in water and ethanol,

before 0.5-2mm sized crystals of pure pyrite were separated using a binocular microscope.



Prior to digestion, samples were ultrasonicated several times in MQ water and dilute HCI to
remove any potential surface contamination and sedimentary particles still associated with the
pyrite. Twenty-three samples were analyzed, collected through a 6.5 m stratigraphic section
covering the negative carbon-isotope anomaly of the T-OAE.

Samples from Peniche did not contain large macroscopic pyrite minerals. In these
samples, pyrite was finely disseminated within fossilized wood that occurs commonly
throughout the ~37 m thick T-OAE section. Attempts to separate pyrite mechanically from
fossilized wood proved to be impractical for more than a few samples, and it was decided to
process the pyritized wood directly. Chips of wood (mm-sized) were therefore picked with
tweezers and ultrasonicated for 30 minutes in MQ water to remove sedimentary particles
before digestion. A total of 29 samples covering the entire T-OAE as well as some of the time
periods pre- and post-dating the event were investigated.

The geologically young (Late Neogene) pyrite samples were even more difficult to isolate
because the sediment cores had experienced significant oxidation while in storage since they
were recovered in the late 1990°s. Sediment cores containing large yellow-red patches, which
had also originally been described as containing abundant pyrite, were targeted (Lyle et al.,
19984, b; Sigurdsson et al., 1997). The sediments were dried, sieved and washed and thereafter
rusty aggregates were picked under binocular microscope. Sample 165-1020B-3H-2, 68-70cm
contained some dark grains that resembled pyrite, which were not entirely oxidized. Therefore
two separate samples were isolated, one of which contained the least oxidized grains and one
that was similar to the other reddish oxidized pyrite samples.

Sample 165-1021B-15H-3, 89-91cm was a piece of pyritized wood, which was treated in

the same manner as were the Peniche samples. Sample 201-1227D-4H-2, 40-42cm was a



pyrite-free sample, which was analyzed in order to compare with samples that contained pyrite.
The core from Hole 1227D has high TOC (1.2-10.6%) and pyrite is present in some sections
(D'Hondt et al., 2003). Via macroscopic inspection we determined that there was no

appreciable pyrite in the sample analyzed.

2.2. Chemical treatment of samples

After ultrasonification, the Port Mulgrave samples were digested in a 1:1 mixture of
distilled concentrated HNO3; and HCI with small amounts of MQ water added to contain the
exothermic reaction of pyrite dissolution. Samples were then evaporated to dryness and
dissolved in 1M HCI. Small amounts of residual solids still remained after dissolution, which
most likely was silicate material. These residues were discarded as they could potentially
contaminate the pyrite-bound TI.

Due to the disseminated nature of the Peniche pyrite, a somewhat less aggressive digestion
technique was employed. The pyritized wood was submerged in ~5ml 3M HNO3 overnight at
~130°C. Thereafter, samples were evaporated to dryness and re-dissolved in an appropriate
volume (2-5ml) of 1M HCI. Significant amounts of organic material and sedimentary particles
were still present after this treatment. Similarly to the Port Mulgrave samples, these solids were
discarded. Because it was thought that the organic material from the fossilized wood could
potentially create artificial isotopic effects in the Peniche samples, one sample (PW69) with
adequate material was also processed mechanically whereby pyrite was isolated by crushing,
sieving and handpicking under binocular microscope. In this way we could evaluate whether

the two techniques of pyrite separation yielded consistent results.
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The Late Neogene pyrite samples were digested in 2ml ~8M HNOg3 overnight at ~130°C.
Thereafter, samples were evaporated to dryness and re-dissolved in 1M HCI. After acid

digestion, a detrital residue was again present, which was discarded.

2.3. Chemical separation of thallium and mass spectrometry

After dissolving samples in 1M HCI, ~50-100ul of MQ water saturated with Br, was
added in order to oxidize all Tl to the trivalent state (Rehk&mper and Halliday, 1999). Thallium
was separated from dissolved sample matrix in teflon mini-columns with 100 pl resin beds
using a previously described technique (Nielsen et al., 2004). For the Neogene pyrite, the
sample matrix was also collected for subsequent major- and trace-element analysis. These
matrix samples were evaporated on a hotplate and re-dissolved in 100ml 2% HNOj3 with a trace
of HCI in order to keep iron stable in solution.

Major- and trace-element concentrations, except for TI, were measured on a Thermo
Finigan Element2 ICP-MS at Rice University using In as an internal standard and calibrated
against the USGS rock standards BCR-2, BHVO-2 and BIR-1. Major and some trace elements
(Fe, Mg, Ca, Na, K, Mn, Co, Ni an Cu) were analyzed in medium mass resolution mode,
whereas the remaining trace elements (Li, Rb, Sr, Cs, Ba, Hf, Pb, Th and U) were analyzed in
low-mass resolution mode. Trace-element concentrations are accurate and precise to better
than £10% (1sd). Thallium concentrations were calculated assuming 100% yields during TI
separation for isotope analysis (Nielsen et al., 2004). A known quantity of NIST SRM 981 Pb
was added to the sample Tl and the measured 2®TI/*®Pb ratios were converted into TI
abundances by assuming that Tl ionises 5% more efficiently than does Pb. These

concentrations are precise and accurate to about +10% (1sd).
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Thallium isotope ratios were measured at the University of Oxford on a Nu Plasma HR-
MC-ICPMS operated in standard low-resolution mode. Previously described techniques that
utilize both external normalization to NIST SRM 981 Pb and standard-sample bracketing were
applied for mass-bias correction (Nielsen et al., 2004; Rehk&mper and Halliday, 1999).
Thallium isotope compositions are reported relative to the NIST SRM 997 Tl standard in parts
per 10,000 such that

e2°T1 = 10,000 X C®T1”% Tlsample-> " TI*® Tlsrm 097)/ COTIP® Tlsrm 997) (1)

The uncertainty of the Tl isotope measurements is estimated to be ~0.5 ¢”®Tl-units

(Nielsen et al., 2004). Thallium procedural blanks were <3 pg throughout this study, which is

insignificant compared to the amounts of TI processed (>5 ng).

3. Thallium isotopes in Pyrites of the Caribbean and the Northeast Pacific

3.1. Confirmation of pyrite in sample solutions

The thallium isotope and chemical compositions of the Late Neogene pyrite samples are
listed in Table 1. Even though the sediment cores targeted were described as containing
abundant pyrite (Lyle et al., 1998a, b; Sigurdsson et al., 1997), the oxidized nature of the
samples precluded macroscopic verification that the separated material was, in fact, pyrite.
However, a comparison of the chemical compositions of the supposed pyrite and non-pyrite
reference sample reveals several significant indications that the oxidized material was
originally pyrite. Firstly, it is evident that all pyrite samples are enriched in Fe by more than a
factor of 20 compared with the non-pyrite sample (Table 1), which is consistent with the
presence of an easily dissolvable Fe-bearing mineral. Secondly, all pyrite samples are

significantly enriched in cobalt (Co), nickel (Ni) and, to some degree, copper (Cu). Co, Ni and
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to a lesser extent Cu have been shown to become incorporated significantly into early
diagenetic pyrite (Huerta-Diaz and Morse, 1992; Morse and Luther, 1999) and are thus good
indicators of this mineral. Co and Ni are also highly enriched in Fe-Mn oxy-hydroxides and
there is generally more Mn in the pyrite samples than the pyrite-free reference sample (Table
1). However, there is no correlation between Mn and Co or Ni contents as would be expected if
Mn oxides were controlling the budget of these trace elements. For example, sample 165-
1000A-45x-2, 84-86cm exhibits almost the same Mn abundance as the reference sample,
whereas Co and Ni are highly enriched. Thallium is also highly enriched in Fe—-Mn oxy-
hydroxides (Hein et al., 2000; Rehkamper et al., 2002), and these minerals could hence account
for some of the TI recovered. However, as is the case for Ni and Co there is no correlation
between Mn and TI concentrations (r* = 0.1, Table 1) and we infer that Fe—Mn minerals were
no longer present in the sediment hosting the pyrite samples.

There is also no systematic difference in the abundances of Ni and Co between the least
oxidized pyrite samples from ODP Site 1020B and ODP Site 1021B (pyritized wood) and the
other more oxidized samples, suggesting that little element mobilization occurred in storage
during the oxidization process. This is also the case for Tl concentrations recorded for the two
samples from Hole 1020B that are variably oxidized. We therefore conclude that most of the

Fe, Co, Ni and Tl observed for each of the oxidized samples originated from pyrite.

3.2. Potential Tl contamination during sample digestion
The present study is the first to report Tl concentration and isotope data on early
diagenetic sedimentary pyrite. Because most of the Late Neogene pyrite samples contained

significant detrital material that could have been partially digested in the 8M HNO; used to
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extract the pyrite, it is difficult to ascertain how much of the Tl in each of the sample solutions
was from pyrite as opposed to other minerals. Geochemically Tl is similar to the alkali metals
K, Rb and Cs (Shaw, 1952), which bring about strong Tl enrichments in micas and K-feldspar.
On the other hand, Tl is highly depleted in biological material such as carbonate (Nielsen and
Rehkadmper, 2011). The amount of Tl leached from the host sediment during the pyrite
digestion procedure will therefore be strongly dependent on the lithological composition of the
sediment that hosted the Late Neogene pyrite as well as the mass ratio between pyrite and the
other minerals after mechanical separation. Because the lithostratigraphy (especially the
relative proportions of biogenic and detrital material) of the sediments at ODP Sites 1000A,
1020B and 1021B can vary substantially (Lyle et al., 1998a, b; Sigurdsson et al., 1997) we will
not attempt to estimate the amount of Tl contamination from host sediment. However, in the
following we outline five arguments that indicate that the Tl isotope compositions measured in
the Late Neogene pyrite separates closely resemble true pyrite compositions.

1) Labile sediment components (e.g. Fe-Mn oxy-hydroxides) that could have been
dissolved with the pyrite during the acid treatment of the samples were most likely
mobilized into sediment porewaters during diagenesis and subsequently partially re-
precipitated as pyrite. These components are therefore unlikely to be present in large
guantities in the sediments hosting pyrite. This inference is supported by the lack of
correlation between Tl and Mn, which indicates that Fe—Mn oxy-hydroxides are no
longer present in these sediments.

2) Partial dissolution of residual detrital grains would be characterized by Tl ~ -2

(Nielsen et al., 2005). Therefore, mild (<20-30% of total Tl extracted from each sample)
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3)

4)

5)

contamination with this component would not shift the measured Tl isotope compositions
significantly.

Samples from the ODP Hole 1020B exhibit a large range in Fe concentrations (5.7% to
37%). Pure pyrite contains ~46% Fe and hence the most iron-rich samples must contain
little else except pyrite, while the depleted sample could potentially have a large
component from the host sediment. However, there is no discernible Tl isotope difference
between these samples, which indicates that the potential contaminant did not
significantly alter the pyrite Tl isotope composition.

All three ODP Sites from which we have analyzed pyrite contain abundant biogenic
material through most of the cored intervals (Lyle et al., 1998a, b; Sigurdsson et al.,
1997). Because biogenic sediments contain very little TI (Nielsen and Rehkamper, 2011)
it is unlikely that dissolution of carbonate and leaching of biogenic silica contributed
significant amounts of this element. The dilution with biogenic material could also go
some way to explain the lower Fe contents in some of the pyrite samples (Table 1).
Potential remobilization of Tl during oxidation in storage appears to be relatively minor
(see section 3.1.). In addition, no isotope difference is observed between least and most
oxidized samples (Table 1), which strongly indicates that if Tl was somewhat
remobilized during storage then it was not associated with any isotopic fractionation.

It is notable that the TI isotope composition of the pyrite-free sample is significantly

lighter than the value of ¢TI ~ -2 that would be expected for partial dissolution of detrital

material (Table 1). This effect could be explained if stable isotope fractionation occurred

during the partial dissolution process. Such a process, however, is not very likely as previous

silicate acid leaching procedures were found to cause limited Tl isotope fractionation (Nielsen
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et al., 2009b). In addition, Schauble (2007) has shown that any significant equilibrium TI
isotope fractionation can only occur in environments where the two TI valence states (TI" and
TI**) are present. In these cases, oxidized Tl is always isotopically heavier than reduced TI.
Since the leaching procedure was conducted using a highly oxidizing solution (8M HNO3), and
univalent Tl is dominant in silicate minerals (Shaw, 1952), stable isotope fractionation should
manifest itself through positive €2 Tl-values in the leachate. Such a circumstance is opposite
to the observed effect and thus we conclude that little isotope fractionation occurred during the
sediment leaching procedure. More likely, the light isotope composition in the non-pyrite
sample is due to dissolution/mobilization of sediment component(s) enriched in 2°*TI. The
pyrite-free sample did not contain large amounts of Tl so even though biological material has
low TI concentrations (Nielsen and Rehkamper, 2011) it is conceivable that this component
could have contributed to the TI isotope composition of this sample. The high Ca
concentrations (Table 1) and abundant diatoms reported for this site (D'Hondt et al., 2003) may
explain at least some of the recovered TI. In addition, Tl initially sorbed onto clay minerals
while suspended in the water column (Matthews and Riley, 1970) could also have been
released during the leaching procedure. It is unclear what the Tl isotope compositions of the
two above-mentioned components are. The ultimate source of Tl is seawater in both cases
(e?®TI ~ -5.5) and, because neither process is likely to be associated with a change in TI
oxidation state, it follows that the Tl isotope composition of both components are expected to
be similar to seawater.

Given the arguments (1-5) outlined above it appears that contamination of the pyrite
samples with biological and clay-bound TI was relatively minor. The lower value of ¢TI = -1

recorded for sample 1000A 19H7 40-42cm also coincides with the lowest Tl concentration,
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which would make it the most prone to minor amounts of non-pyrite Tl added through the
pyrite dissolution procedure. Pyrite from this sample may thus be characterized by a somewhat
heavier isotope composition, which would make it more similar to the other Neogene pyrite
samples. In general, we cannot exclude the possibility that some of the samples were
contaminated by minor amounts of lithogenic, biogenic or clay-sorbed TI, which, based on the
isotope composition measured for the pyrite-free sample, could indicate that the true pyrite
isotope compositions are slightly heavier than what is recorded in Table 1. Combining all the
above arguments, we conclude that the Tl isotope composition of Late Neogene early

diagenetic pyrite from oxic depositional environments is in the range of £2°TI ~ 0 to 3.

3.3. Sources of thallium in Neogene pyrite

The major constituents of marine early diagenetic sedimentary pyrite (Fe and S) come
from labile iron associated with sedimentary particles (for example Fe-oxy-hydroxides) and
reduction of seawater sulfate (Berner, 1984). Since the Tl concentration of seawater is only
~10-15 pg/g (Flegal and Patterson, 1985; Nielsen et al., 2006; Rehkdmper and Nielsen, 2004) it
is unlikely that pyrite acquires much Tl directly from seawater. Instead, it is well known that Tl
is strongly adsorbed onto Fe—-Mn oxy-hydroxides and also somewhat onto clay minerals
(Matthews and Riley, 1970; Shaw, 1952; Turner et al., 2010). These phases are very common
in marine sediments and may, during burial and subsequent bacterial reduction of the sediment
pore waters, dissociate or desorb some of the adsorbed elements. It is therefore most likely that
the Tl enrichment in pyrite originates from these minerals.

This interpretation is also consistent with the isotope compositions inferred for Late

Neogene pyrite. Authigenic Fe—-Mn oxy-hydroxides that precipitate from seawater are highly
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enriched in TI and display very heavy isotope compositions of ¢2°°TI ~ 5-15 (Rehkamper et al.,
2002). Most other materials, for example dissolved and particulate Tl in rivers, display a
relatively uniform value of ¢TI ~ -2 (Nielsen et al., 2005). Continental margin sediments are
likely to contain riverine labile Tl (2Tl ~ -2), Fe~Mn mineral associated Tl (¢?®TI ~ 5-15)
and potentially also seawater Tl adsorbed onto clay minerals (2Tl ~ -6), though Tl only sorbs
weakly onto clay minerals in normal marine conditions (Turner et al., 2010). Based on these
arguments, we conclude that sediment pore waters from which pyrite would precipitate most
likely display £2°°TI > -2. Such values are fully consistent with the current measurements.

It cannot be ruled out that some TI isotope fractionation occurs between pyrite and
sediment pore waters. As discussed in section 3.2., both valence states of Tl are required to
generate substantial equilibrium TI isotope fractionation (Schauble, 2007) and, since TI** is
highly unlikely to exist under the reducing conditions required for pyrite precipitation, isotope
fractionation between pyrite and sediment pore water is probably a minor effect. All the
thallium isotope variation observed in the young pyrite samples may be explained via
differences in the relative proportions that each of the three components outlined above have
contributed to the pyrite. Such variations could be caused by changing the sediment
provenance, for example via increased deposition of riverine particles that have labile TI with
¢?®Tl ~ -2 (Nielsen et al., 2005). Another mechanism could be variations in sediment
depositional rates, whereby low sedimentation rates may result in a larger relative proportion
of Tl bound to Fe—-Mn minerals if the authigenic flux to the sediment remains unperturbed.
However, in the present samples there does not appear to be any relation between sediment

accumulation rate and Tl isotope composition of pyrite (Table 1).
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3.4. Effect of wood on the thallium isotope composition and concentration of pyrite

In the following section we discuss the potential effect that lack of separation between
pyrite and the wood with which it is associated may have on the Tl isotope analyses. This
matter is important for the discussion of the Toarcian pyrite because all the samples from
Peniche (except one) were processed as a mixture of wood and pyrite, whereas the Port
Mulgrave samples were pure pyrite. Hence, if the presence of wood in the Peniche samples
induced an isotope effect, an artificial systematic difference between the Peniche and Port
Mulgrave samples could have been generated. First we can compare the modern sample from
ODP Site 1021 that contained wood with the other Late Neogene pyrite samples (Table 1). It is
evident that the Tl concentration in the wood sample is about an order of magnitude higher
than the other samples, suggesting that somehow organic matter may serve to accumulate large
quantities of TI. Importantly, however, this relative enrichment has not generated a
significantly different Tl isotope composition because the wood sample shows &2°°Tl
indistinguishable from the other Late Neogene samples.

Secondly, as described in section 2.2, we were able to separate pure pyrite mechanically
from one Peniche sample (PW69) and compare the isotope composition to that obtained for
pyrite disseminated in wood. The results of this test are outlined in Table 2. It is clear that,
within the estimated uncertainty of +0.5 £2°°Tl-units there is no detectable difference between
the two separation methods. Similarly to what is observed for the Late Neogene pyritized wood
sample, the concentration of Tl in the PW69 pyrite is very high again suggesting that organic
matter could be responsible for Tl accumulation in the sediment. A further comparison with the
Tl concentrations in the remaining wood-rich samples from Peniche is not possible because no

attempt was made to quantify the Tl concentrations in these pyrite samples due to the large
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amounts of wood. However, based on a qualitative assessment of Tl yields for the samples
from Peniche, all samples have Tl contents significantly higher than 2 ppm. Thus, there is
some evidence to suggest that TI may accumulate in sediments when associated with organic
matter. Whether this implies that Tl is more efficiently incorporated into pyrite or perhaps

precipitated as a thallium sulfide is not possible to determine at the present time.

4. Thallium isotopes in Toarcian pyrite
4.1. Results

The thallium isotope compositions of Peniche and Port Mulgrave pyrite are shown in
Tables 3 and 4, respectively. Potential contamination with Tl from non-pyrite material during
sample dissolution is not likely since the pyrite was relatively simple to isolate from the
sediment matrix (except for fossil wood in the Peniche samples). All isotope compositions of
the T-OAE samples are therefore assumed to represent pyrite.

At Peniche, large variations in €2°°T| are apparent throughout the section with a total range
of ¢TI = -5.4 to +6.4, though most of the samples cluster around values between ¢°®TI = -1
and +2. The average isotope composition of the section is €Tl = +0.3. Port Mulgrave pyrite
samples have significantly different and less variable Tl isotope compositions. All samples
display low £°®Tl-values, ranging from 2Tl = -7.8 to -1.9, with an average value of ¢TI = -
4.2.

Figure 2 shows the TI isotope profiles for Peniche and Yorkshire as well as the
concomitant positive and negative carbon isotope excursions (CIE). In both profiles, the Tl
isotope variation occurs throughout the Early Toarcian CIE. Since we have not analysed

significant numbers of samples bracketing the T-OAE it is unclear whether or not the event is
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characterized by a Tl isotope anomaly, but the few samples analysed from Peniche, which pre-
date the event, show no particular offset from T-OAE samples (Fig. 2A).

We can correlate the two sections stratigraphically by using the four horizons identified by
Hesselbo et al. (2007) as present in both Yorkshire and Portugal, based on biostratigraphy and
carbon isotope stratigraphy. By assuming constant sediment deposition rates in between each
horizon we can define the stratigraphic position of all samples (Tables 3 and 4). We have also
fixed the stratigraphic positions to an absolute time scale by implementing the orbitally tuned
model of Suan et al. (2008) for the duration of the T-OAE, while utilizing 183Ma as the age of
the Pliensbachian-Toarcian boundary (Ogg et al., 2008), which is defined as horizon 1
(Hesselbo et al., 2007). It should be noted that the assumption of constant sedimentation rate
between each horizon is an approximation. With this in mind, it is evident that cross correlation
of the two sections is most reliable close to each of the four horizons (dashed lines in Fig. 2)
and most uncertain mid-way between horizons. Hence, it is possible that the relative
stratigraphic positions could be offset somewhat from values outlined in Tables 3 and 4.

The main observation for the correlated sections is that for large parts of the T-OAE the Tl
isotopes in Peniche are offset to values ~4-6 ¢?%°T1 units heavier than Port Mulgrave (Fig. 3).
But considering the uncertainties in the stratigraphic correlation between the two sites in
combination with the relatively coarse sampling density, it is not possible to determine if the

two Tl isotope records co-vary or not (Fig. 3).

4.2. Origin of Thallium isotope signatures in T-OAE pyrite
The observed TI isotope signatures could either be a primary signal incorporated during

pyrite formation or due to some form of alteration that occurred much later, which presumably
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caused the systematic offset in average Tl isotope composition between the two sets of pyrite.
For example, it is conceivable that fluids percolating through the sediments during tectonic
displacement could have caused such late-stage alteration. Accompanying the Tl isotope shift
in the pyrite, it might be expected that this process would also have affected other geochemical
parameters, in particular molybdenum isotopes, which are strongly associated with pyrite.
Other geochemical indices that could be altered are iron and manganese concentrations, which
may also easily be mobilized by fluid flow. However, there is no indication that any of these
geochemical parameters were significantly altered at either Yorkshire or Peniche (Hermoso et
al., 2009b; Pearce et al., 2008). It, therefore, seems unlikely that alteration processes caused
significant resetting of the T isotope compositions of the investigated pyrite samples.

Due to the most likely limited isotope fractionation occurring between sediment pore
water and pyrite (as discussed in section 3.2), the Tl isotope variation was probably controlled
either by changes in the isotope compositions or relative importance of the components
supplying Tl to the pyrite. For the Late Neogene pyrite, we inferred that the former presence of
authigenic marine Fe—Mn oxy-hydroxides with heavy TI isotope compositions caused the
pyrites to inherit €2 Tl-values between 0 and +3. This range of values encompasses almost all
samples from Peniche and since there is no other known terrestrial Tl reservoir with heavy TI
isotope compositions, it is reasonable to conclude that the paleoenvironment at Peniche
supported significant precipitation of Fe—Mn oxy-hydroxides at the sediment-water interface.
These minerals were released diagenetically into the sediment pore waters under reducing
conditions, thus giving rise to the observed heavy Tl isotope compositions in the pyrite. This

proposed model is consistent with a previous study, which concluded that almost the entire
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section at Peniche was deposited from a water column whose redox environment was not
oxygen depleted enough to cause reduction of oxidized Mn species (Hermoso et al., 2009b).

If interpreted similarly to the Peniche section, the very low £2°°Tl-values recorded for the
Port Mulgrave pyrite are consistent with sediment deposition occurring with little or no
authigenic Fe—Mn oxy-hydroxide precipitation. This effect would result in pyrite acquiring a Tl
isotope composition somewhere between continental input fluxes (¢°®TI ~ -2) and seawater,
which at present has an isotope composition of ¢?%Tl ~ -5.5 (Nielsen et al., 2004; Nielsen et
al.,, 2006; Rehkamper et al., 2002). Lack of authigenic Fe-Mn oxy-hydroxide mineral
precipitation is also in agreement with the inferred sulfidic conditions in the water column at
Yorkshire (Bowden et al., 2006; Wignall et al., 2005), because Fe—Mn oxy-hydroxides require
significant oxygenation at the sediment-water interface in order to precipitate. The light isotope
composition for the Yorkshire pyrite is therefore considered a local effect caused by the highly
anoxic/euxinic conditions at this site during the Toarcian OAE. The offset between the two
records was then caused by the different redox conditions whereby initial Fe-Mn oxy-
hydroxide precipitation at the seafloor was only supported at Peniche.

In this context, it is interesting to note that there are three samples from the top of the
Peniche section that do not display the consistent positive Tl isotope offset from Port Mulgrave
(Fig. 3). At present, we cannot explain these one-sample excursions to negative Tl isotope
compositions that are very similar to those observed in Yorkshire. However, one of these
samples comes from the top of strata that display a combination of elevated total organic
carbon content and a fabric of small horizontal burrows, interpreted as an interval of dysoxic
conditions in the water column (Hesselbo et al., 2007). It is therefore possible that the lower TI

isotope composition is the result of lowered or absent Fe—Mn mineral precipitation during
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these time periods. It should be noted that the four samples below this stratigraphic level also
occur within the interval of inferred lower water column oxygenation (Hesselbo et al., 2007).
Although these samples are still positively offset from the Port Mulgrave record, the offset is
smaller than for the lower sections (Fig. 3), which might suggest that progressively smaller
amounts of Fe—-Mn minerals were deposited during sedimentation. Alternatively, since
sediment porewaters can migrate vertically it might also be expected that some smoothing of
the isotopic offset between the oxic and anoxic Tl isotope boundary occur. This effect could
also apply to the other sections of the T-OAE where TI isotope changes are observed, and
underlines the fact that the temporal Tl isotope variations recorded by T-OAE pyrite should be
seen as qualitative. There does not appear to be any other Tl isotope shifts that can be directly
related to lithological changes in the sediments at either site (Fig. 2) and thus this feature is

unique to our current data set.

5. Implications for paleoceanographic processes during the T-OAE

5.1. Residence time of Tl during T-OAE

One of the greatest challenges of interpreting chemical data from an OAE is to
differentiate between global and local processes. Under normal marine conditions many
elements have such long residence times that they display almost complete isotopic
homogeneity in the oceans. Registration of isotopic perturbations in these elements can
therefore be inferred as global in nature. However, during OAES, the speciation and hence net
solubility of redox-sensitive elements is likely to change, possibly modifying substantially the

residence time of such elements in the ocean. This phenomenon complicates the inference of
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global isotope signatures even for elements such as Mo and U that have very long residence
times in the modern, oxic ocean (Algeo, 2004).

As outlined in the introduction, the modern marine residence time for Tl is ~20kyr (Baker
et al., 2009; Rehkamper and Nielsen, 2004), which results in a near-hnomogenous TI isotope
composition of seawater because present-day ocean mixing timescales are on the order of ~1
kyr. During an OAE, the residence time of thallium is not expected to shorten because TI" is
the main oxidation state in the modern oceans (Nielsen et al., 2009a) and therefore TI does not
have a major redox change when oxygen levels in the oceans decline. Thallium could
potentially precipitate as a sulfide under reducing conditions but, as shown in Figure 4, the
solubility of TI,S is so high that it would require Tl concentrations more than three orders of
magnitude higher than present-day seawater to begin TI,S precipitation, which is unrealistic.
Stabilization of Tl sulfide also depends on the T-OAE seawater sulfur abundance (assuming all
SO4% is converted to HS’), which we do not know. However, since pyrite framboids were
forming in the water column of the Cleveland Basin where the Yorkshire section was deposited
(Wignall et al., 2005) it might be more reasonable to expect total sulfur concentrations
(predominantly in the form of HS") to be lower than the total S concentrations observed in the
modern open ocean. We therefore use modern sulfur concentrations as an upper limit for the
Cleveland Basin water mass.

Input and/or output fluxes for TI may have been significantly different in the Jurassic
compared with the present day, which would have perturbed the marine residence time. For
example, hydrothermal fluid fluxes may have been greater due to higher rates of ocean crust
generation (Jones and Jenkyns, 2001) and the warm climate inferred for this period may also

have caused increased weathering fluxes from the continents (Cohen et al., 2004). In addition,
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it is possible that lowered seawater oxygenation during OAEs resulted in decreased Fe—Mn
oxy-hydroxide precipitation. All of these factors would have increased the Tl concentration of
seawater and thereby lengthened the marine residence time.

It is also possible that authigenic precipitation of pyrite could draw down significant
amounts of Tl and thereby alter the marine residence time. We can investigate this by
combining the average S/TI ratio of Yorkshire pyrite (S/TI ~ 2x10°) with average Jurassic
pyrite sulfur burial rates (~1x10" g S/yr) (Berner and Raiswell, 1983). Assuming that all pyrite
was authigenic (which is clearly not realistic) this would result in a total Tl flux associated with
pyrite of ~5x10° g/yr or 0.025 MMol/yr. Since current Tl input fluxes are on the order of 4
MMol/yr (Fig. 1) and Tl input fluxes may have been even larger during the Jurassic it is very
unlikely that authigenic pyrite precipitation affected the marine residence time of TI
appreciably.

Considering these arguments, all evidence points to the conclusion that the Tl isotope
composition of seawater was homogenous during the T-OAE and therefore similar at Peniche
and Yorkshire. This conclusion underlines the supposition that the observed isotopic offset
(Fig. 3) is unlikely to have been caused by different isotope compositions of the water columns

at the two sites.

5.2. Control of seawater Tl isotopes during T-OAE

Because the Tl supplied to the pyrite at Port Mulgrave is probably a mixture of only two
components, namely continental (e2°°TI ~ -2) and marine, we can use the pyrite to put bounds
on the TI isotope composition of Early Toarcian seawater. Most importantly, Tl isotopes at

Port Mulgrave do not increase above a value of €Tl = -2, suggesting that that at no point
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during the T-OAE did seawater increase above this value. Additionally, it is possible that
seawater imparted a large portion of the semi-cyclical Tl isotope pyrite variations recorded in
the Port Mulgrave pyrites (Fig. 3). This observation indicates that the Tl isotope composition
of seawater changed significantly and possibly systematically during the T-OAE. As shown in
previous studies, seawater Tl isotopes are most likely controlled by the equation (Nielsen et al.,
2011a; Nielsen et al., 2009a):
esw = €N - Aau + (Aau - Ans)/(( Fau/ Fag) + 1) (2)
Where gsw and gy are the isotope compositions of seawater and the total input fluxes,
respectively; Aau and Aag are the isotopic differences between seawater and authigenic phases
and seawater and low-T altered basalts, respectively; and Fay, and Fag are the authigenic and
altered basalt output fluxes, respectively. Since g is a constant (Fig. 1) and the isotope
fractionations between seawater and the two outputs most likely remained constant over time
(Nielsen et al., 2009a; Rehkamper et al., 2004), it is evident that ¢TI of seawater is controlled
primarily by Fau/Fag. Altered basalt fluxes are determined by low-T hydrothermal fluid
circulation in cool submarine oceanic crust, which in turn is controlled by the long-term
average ocean crust production rate. This parameter can be assumed to be constant on the
timescales of an OAE because short-term increases in oceanic crust production such as
extrusion of large igneous provinces would only affect low-T hydrothermal circulation during
an OAE to a small degree. Therefore, it appears reasonable to conclude that the TI isotope
composition of seawater during the T-OAE was perturbed almost exclusively by variable
global Fe—-Mn oxy-hydroxide precipitation rates.
Although the TI isotope composition of seawater was likely homogenous during the T-

OAE, the TI isotope composition of pyrite is not identical to seawater and so we cannot
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directly use the isotope compositions for Port Mulgrave pyrites to quantitatively assess the
changes in marine authigenic precipitation. However, the inferred seawater Tl isotope
variations of up to 6 £®Tl-units would imply that large changes in authigenic Fe-Mn
precipitation fluxes during the T-OAE occurred. Specifically, we would predict based on
equation (2) that decreasing Tl isotope values, as observed from approximately 182.4 Ma to

182.3 Ma (Fig. 3), correspond to decreasing Fe—Mn fluxes.

5.3. Comparison with Mo isotopes

Recently a high-resolution Mo isotope profile was published for the same T-OAE section
from Yorkshire (Pearce et al., 2008) as that analysed here for Tl isotopes. The Mo isotope
profile reveals four cycles of systematic variations through the Yorkshire section (Fig. 5),
which were interpreted to reflect changes in the Mo isotope composition of the global oceans.
These cycles of global seawater Mo isotope perturbation were used to calculate that the area of
anoxic/euxinic sediment deposition during the T-OAE expanded and contracted, at times
covering a total seafloor area more than ten times that of present day. Subsequently, it was
shown that the lightest Mo isotope compositions in Yorkshire were indistinguishable from
modern riverine input fluxes (Archer and Vance, 2008), which could imply short periods of
almost total anoxia/euxinia throughout the global oceans during the T-OAE. Both models
would require that for longer or shorter periods during the T-OAE the entire continental shelf
suffered euxinic conditions. Such a conclusion is evidently incompatible with our findings here
as well as those of Hermoso et al. (2009b), who concluded that the depositional environment at
Peniche remained sufficiently oxic for continuous precipitation of Mn oxides to occur for

almost the entire T-OAE.
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Here we compare the Tl and Mo isotope records (Fig. 5) in order to investigate if these
isotope proxies responded to common processes and to possibly assess the inference of the
very large expansions in anoxic sediment deposition. Based on the comparison shown here,
(Fig. 5) it is in principle possible that Tl and Mo isotopes are anti-correlated in the Yorkshire
section. Due to the comparatively poor sampling density for Tl isotopes, however, this is
difficult to evaluate because several of the cycles evident for Mo isotopes are only covered by
a couple of samples in the Tl isotope record.

The marine isotope budgets of Mo and Tl are not controlled by the same external forcing.
As shown in section 5.2., the Tl isotope composition of seawater during the T-OAE was
perturbed almost exclusively by variable global Fe—-Mn oxy-hydroxide precipitation rates. The
marine Mo isotope composition is generally inferred to record changes in the ratio between
oxic (Fe-Mn minerals) and anoxic sediment deposition fluxes (Arnold et al., 2004). It is
important to note that the areas of oxic and anoxic sediment deposition are not necessarily
directly proportional to their respective fluxes. For example, increased marine inputs of Fe and
Mn may cause elevated oxic output fluxes that are unrelated to the area of deposition. In this
manner Tl and Mo may complement each other very well because Tl only responds to changes
in oxic outputs, while Mo responds to both oxic and anoxic outputs.

If we assume that the suggested anti-correlation is correct in combination with the inferred
homogenous TI isotope composition of seawater, then it would imply that the Mo isotopes
measured at Yorkshire are likely to represent (or at least are heavily influenced by) the global
marine Mo isotope signature. It is still conceivable that the Mo isotope changes are the local
expression of the global phenomenon recorded by Tl isotopes. Ultimately, the global signature

of the Mo isotope record can only be verified by analyses of Mo isotopes from other euxinic
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Toarcian localities. Secondly, the interpretation that a decrease in global seawater oxygenation
and thereby Fe—Mn oxy-hydroxide precipitation caused the Tl isotope composition of seawater

to increase is consistent with the concomitant drop in Mo isotope ratios observed (Fig. 5).

6. Conclusions and outlook

This paper presents the first study of Tl isotopes in early diagenetic pyrite. Measurements
from two sections deposited during the Toarcian ocean anoxic event (T-OAE) are compared
with data from Late Neogene (<10Ma) pyrite samples from ODP legs 165 and 167 that were
deposited in relatively oxic marine environments.

Our results indicate that early diagenetic pyrite precipitated from sediments originally
deposited in an oxic water column display Tl isotope compositions much heavier than
seawater. The 2Tl enrichment is due to contributions in the sediment pore waters from Fe—Mn
oxy-hydroxides known to adsorb preferentially the heavy Tl isotope (Rehkamper et al., 2002).

In contrast, pyrite in sediments from the Toarcian Cleveland Basin (Yorkshire, UK),
which most likely were deposited under euxinic conditions, display Tl isotope compositions
that could be more similar to seawater at that time. This observation is consistent with the
expected absent Fe—-Mn oxy-hydroxide precipitation in a sulfidic water column.

A large TI isotopic offset between T-OAE sections from Yorkshire and Peniche is
interpreted to reflect euxinic and relatively oxic conditions, respectively, during sediment
deposition at these two locations. This interpretation is consistent with previous studies of
water oxygenation for Peniche and Yorkshire. The inferred difference in water oxygenation at
the two sites argues against global marine anoxia during the T-OAE and implies that

significant portions of the continental shelf remained oxygenated to some degree.
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Thermodynamic calculations of the solubility of TI,S and lack of Tl redox change in
waters with low oxygen contents strongly suggest that the residence time of Tl during ocean
anoxic events, as is the case today, was most likely significantly longer than the ocean mixing
time.

Future studies of Tl isotopes in early diagenetic pyrite are needed to confirm whether or
not the inferred TI isotope difference between oxic and anoxic/euxinic environments is indeed
correct. Confirmation could, for example, be accomplished via measurements of sedimentary
pyrite from the Black Sea. It will also be important to determine if the Tl isotope composition
of pyrites are significantly different in oxic and suboxic environments (as is the case for Mo

isotopes).
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Figure captions

Figure 1: Modern marine thallium isotope cycle. Each box represents the magnitude of a major
flux of Tl to the global ocean in millions of moles per year, MMol, and a summary of its
typical isotopic composition, €2 TI. The data for individual fluxes are compiled from Baker et
al. (2009), Nielsen and Rehk&mper (2011), Nielsen et al. (2005; 2006), Rehkamper et al.

(2004; 2002).

Figure 2: Carbon isotopes, Tl isotopes, and Tl concentrations (only for Port Mulgrave) for
samples from Peniche, Portugal (A) and Port Mulgrave, Yorkshire, UK (B). Carbon isotopes

are from Kemp et al. (2005) and Hesselbo et al. (2007).

Figure 3: Correlation between TI isotopes in early diagenetic pyrite from Peniche and Port
Mulgrave. For most of the T-OAE the two sections are offset from each other by ~5 £?°°TI-
units. This relationship would be consistent with different redox conditions at the sediment-
water interface, where the most positive Tl isotope compositions reflect more oxic conditions

(see text for details).

Figure 4: Thermodynamic equilibrium calculations for the reaction 2TI" + HS = H" + T1,S).
Activity coefficients for HS™ (y = 0.68) and TI" (y = 0.63) were calculated using the methods
outlined in Helgeson et al. (1981). Values of the electrostatic Debye-Hiickel terms, electrostatic
and thermodynamic properties of water and Born solvation coefficients were taken from
Helgeson and Kirkham (1974a, b) and Shock et al. (1997), respectively. The HS™ and TI
concentrations plotted for seawater are based on the assumption that total dissolved sulfur and
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Tl in the Cleveland Basin were similar to modern open ocean values. In addition, it is assumed

that all sulfur was present as HS'. See text for additional details.

Figure 5: Comparison of thallium (white squares) and molybdenum (grey squares) isotope
compositions measured for pyrites and bulk shales, respectively, at Port Mulgrave, Yorkshire.
There is a suggestion that the two isotope systems anti-correlate, which may be consistent with
systematic changes in authigenic oxic and anoxic marine outputs. However, the resolution of

sampling for the pyrites used for Tl isotope analyses is too coarse to confirm this trend.
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Table 1: Trace element and TI isotope composition of Late Neogene pyrites

1000A 1000A 1000A 1020B 10208B! 1020B 1021B? 1227D°
19H7 37x4 45x2 3H2 3H2 23x1 15H3 4H2

40-42cm 132-134cm 84-86cm 68-70cm  68-70cm 40-42cm  89-91cm  41-43cm
Age (Ma) 45 8.5 10.5 0.3 0.3 25 0-4 2.5-35
Acc. Rate 55 37 47 113 113 113 20-40 30
(m/Myr)
Fe 126800 114300 95800 375800 367300 57300 na 2300
Mg 17000 6900 4800 14900 2800 1800 na 850
Ca 14100 84400 37800 3100 830 66400 540 179600
Na 14000 7900 7100 12100 1400 1000 na 460
K 2600 2200 2100 20900 3000 840 na 720
Li 104 24 15.4 27 4.3 5.1 4.8 3.7
Mn 59 67 29 524 220 123 na 16.9
Co 12.7 26 21 12.6 3.6 2.7 22 0.5
Ni 91 244 236 75 237 48 178 9.6
Cu 38 22 13.3 143 219 10.3 196 9.4
Rb 6.4 6.3 6.7 26 8.6 4.7 35 4.3
Sr 1260 2200 1300 39 10.6 130 20 800
Cs 0.29 0.4 0.4 1.9 0.7 0.4 0.06 0.8
Ba 136 163 193 281 72 34 63 15.8
Hf 05 05 0.23 0.14 0.06 0.03 0.08 0.02
T 0.14 0.30 0.21 0.22 0.31 0.19 2.7 0.08
Pb 11.4 22 5.5 18.1 2.1 2.2 4.4 1.0
Th 4.0 7.9 62 4.6 0.4 0.28 1.6 0.4
U 3.2 15 23 1.0 0.19 1.0 1.0 1.7
e2°TI -1.0 15 -0.2 0.6 0.8 15 2.0 5.3

All concentrations in ppm

na — not analyzed

! _ least oxidized pyrite sample
2 _ Pyritized wood sample

3 _ pyrite free reference sample
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Table 2: Thallium isotope comparison of pyrite separation techniques

Analysis1  Analysis2  ¢2°Tl (ave) TI (ppm)

PWG69 Chemical -0.1 -0.2 -0.2 nd
PW69 Mechanical 0.3 0.6 0.5 64

nd — not determined
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Table 3: Thallium isotope composition of Peniche pyrite

Strat. Heigth

Rel. Strat.

205 2
Sample e Tl (cm) Height! Age (Ma)
PW111 -2.6 3345 3.81 181.645
PW242 -0.5 3241 3.74 181.698
PW103 -4.7 3106 3.64 181.767
PW98 1.9 2817 3.45 181.877
PW95 1.2 2761 3.41 181.896
PW93 1.1 2703 3.37 181.915
PW74 -5.4 2528 3.25 181.975
PW219 -0.9 2454 3.20 182.000
PWT72 0.1 2389 3.16 182.022
PW69 0.2 2294 3.09 182.054
PW44 05 2196 3.02 182.088
PW88 05 2086 2.93 182.140
PW43 6.4 2086 2.93 182.140
PW82 -0.9 1898 2.75 182.242
PW83 4.4 1891 2.74 182.245
PW85 2.5 1891 2.74 182.245
PW81 2.9 1774 2.63 182.309
PW35 2.4 1691 2.55 182.354
PW31 -2.0 1466 2.33 182.475
PW21 0.4 1269 2.14 182.578
PW23 2.2 1168 2.05 182.627
PW22 1.5 1148 2.03 182.637
PW?2 -2.2 731 1.68 182.774
PW53 0.3 454 1.43 182.856
PW52 -1.1 452 1.43 182.857
PW4 0.7 448 1.43 182.858
PW5 0.7 350 1.34 182.887
PW14 1.6 249 1.25 182.917
PW18 -1.0 39 1.06 182.979

! _ Relative stratigraphic height is based on the four horizons
defined by Hesselbo et al. (2007) that can be correlated between
Peniche and Yorkshire. Linear sedimentation rates were assumed
in between each horizon.
2 _ Ages are based on the orbitally tuned model of Suan et al.
(2008) where the absolute age of the Toarcian-Pliensbachian
boundary (Horizon 1) is fixed at 183Ma (Ogg et al., 2008). In
addition, it is assumed that the intervals between horizons 1 and 2
as well as between relative stratigraphic heights 3.6 and 4 have
durations of ~300 kyr.
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Table 4: Thallium isotope composition of Port Mulgrave pyrite

Strat. Heigth

Rel. Strat.

Sample 2Tl Tl (ppm) (cm) Height' Age (Ma)?
PM2 -1.9 0.62 485 3.91 181.570
PM4 -2.4 0.78 445 3.78 181.664
PM5 -2.5 0.90 425 3.72 181.711
PM6 -2.7 0.16 405 3.66 181.758
PM7 -3.7 0.21 385 3.59 181.803
PM8 -3.8 0.59 365 3.53 181.834
PM11 -3.2 0.17 315 3.38 181.913
PM14 -5.8 0.12 265 3.22 181.991
PM17 -3.4 0.19 215 3.06 182.069
PM18 -3.4 0.12 205 3.03 182.084
PM19 -6.2 0.26 195 3.00 182.100
PM1 -4.5 0.30 180 2.97 182.118
PM24 -6.4 0.12 88 2.77 182.229
PM26 -7.8 0.32 48 2.69 182.277
PM29 -4.5 0.30 8 2.60 182.325
PM30 -5.3 0.14 -12 2.56 182.349
PM31 -3.5 0.23 -32 2.51 182.373
PM32 -3.1 0.21 -52 2.47 182.398
PM33 -2.5 0.22 =72 2.43 182.422
PM35 -3.0 0.20 -102 2.36 182.458
PM36 -5.3 0.36 -112 2.34 182.470
PM37 -5.8 1.44 -132 2.30 182.494
PM39 -6.3 1.54 -172 2.21 182.542

! _ Relative stratigraphic height is based on the four horizons defined by
Hesselbo et al. (2007) that can be correlated between Peniche and
Yorkshire. Linear sedimentation rates were assumed in between each

horizon.

2 _ Ages are based on the orbitally tuned model of Suan et al. (2008)
where the absolute age of the Toarcian-Pliensbachian boundary
(Horizon 1) is fixed at 183Ma (Ogg et al., 2008). In addition, it is
assumed that the intervals between horizons 1 and 2 as well as between
relative stratigraphic heights 3.6 and 4 have durations of ~300 kyr.

41



Figure 1
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