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Abstract

Thallium (TI) isotopes are a new and potentially powerful paleoredox proxy that may
track bottom water oxygen conditions based on the global burial flux of manganese oxides.
Thallium has a residence time of ~20 thousand years, which is longer than the ocean mixing
time, and it has been inferred that modern oxic seawater is conservative with respect to both
concentration and isotopes. Marine sources of Tl have nearly identical isotopic values. Therefore,
the T1 sinks, adsorption onto manganese oxides and low temperature oceanic crust alteration (the
dominant seawater output), are the primary controls of the seawater i1sotopic composition. For
relatively short-term, ~million years, redox events it is reasonable to assume that the dominant
mechanism that alters the Tl isotopic composition of seawater is associated with manganese
oxide burial because large variability in low temperature ocean crust alteration is controlled by

long-term, multi-million years, average ocean crust production rates.

This study presents new Tl isotope data for an open ocean transect in the South Atlantic,
and depth transects for two euxinic basins (anoxic and free sulfide in the water column), the
Cariaco Basin and Black Sea. The Tl isotopic signature of open ocean seawater in the South
Atlantic was found to be homogeneous with 2Tl =-6.0 = 0.3 (£ 2 SD, n = 41) while oxic
waters from Cariaco and the Black Sea are -5.6 and -2.2, respectively. Combined with existing
data from the Pacific and Arctic Oceans, our Atlantic data establish the conservatism of Tl
isotopes in the global ocean. In contrast, partially- and predominantly-restricted basins reveal Tl
isotope differences that vary between open-ocean (-6) and continental material (-2) €*°Tl, scaling
with the degree of restriction. Regardless of the differences between basins, Tl is quantitatively
removed from their euxinic waters below the chemocline. The burial of Tl in euxinic sediments
is estimated to be an order of magnitude less than each of the modern ocean outputs and imparts
no isotopic fractionation. Thallium removal into pyrite appears to be associated with a small
negative fractionation between -1 and -3 &2 TI, which renders Tl-depleted waters below the
chemocline enriched in isotopically-heavy TI. Due to the quantitative removal of Tl from euxinic
seawater, T1 isotope analyses of the authigenic fraction of underlying euxinic sediments from
both the Black Sea and Cariaco Basin capture the Tl isotope value of the oxic portion of their
respective water column with no net isotope fractionation. Since the Tl isotope composition
of seawater is largely dictated by the relative fraction of Mn-oxide burial versus oceanic crust
alteration, we contend that the Tl isotope composition of authigenic Tl in black shales, deposited
under euxinic conditions but well-connected to the open ocean, can be utilized to reconstruct the

Tl isotope composition of seawater, and thus to reconstruct the global history of Mn-oxide burial.



1. Introduction

The availability of free oxygen in the atmosphere and oceans is thought to be one of the
most critical parameters in determining the range and diversity of complex life and ecosystems.
More than likely, the surficial evolution of (de-)oxygenation has been the dominant factor for the
advancement and restriction of complex life evolution and ecosystems throughout Earths history
including many extinction events in the Phanerozoic. However, directly reconstructing oxygen
levels is impossible due to a lack of preservation. Thus, past [O,] changes must be inferred from
proxy evidence that faithfully tracks and records changes in ocean oxygenation. To-date directly
tracking the initial changes in global oceanic bottom water (de-)oxygenation has proven to be
difficult.

Manganese (Mn) oxides are one of the first minerals to form in the presence of free
oxygen at natural seawater conditions based on electron potential (Rue et al., 1997). Thus,
the global Mn-oxide flux should therefore be a critical parameter for tracking the expansion
or reduction of free oxygen in the global ocean both past and present, making it important to
understand and quantify global Mn-oxide burial fluxes today and in the past (e.g., Johnson et al.,
2016). However, Mn itself has a short marine residence time (Tribovillard et al., 2006), which
prohibits using Mn flux rates from individual sediment cores to reconstruct the global Mn-oxide
burial flux. In addition, Mn only has one geologically stable isotope making it impossible to

track its mass balance.

Importantly, many redox-sensitive trace metals are strongly sorbed onto Mn-oxides
[i.e. V, Ni, Cu, Zn, Mo and T1 (as reviewed in Anbar and Rouxel, 2007; Barling et al., 2001;
Goldberg, 1954; Little et al., 2014; Morford and Emerson, 1999; Nielsen and Rehkdmper, 2012;
Nielsen et al., 2017; Tribovillard et al., 2006; Wang et al., 2016; Wasylenki et al., 2008) to the
extent that Mn-oxides account for a substantial percentage of the global marine burial fluxes of
these elements (Little et al., 2014; Morford and Emerson, 1999; Rehkdmper and Nielsen, 2004).
In addition, these elements have relatively long residence times compared to ocean mixing. The
sorption of Mo, T1 and Zn to Mn-oxides has been shown to impart a large isotopic fractionation
and is a substantial portion of the output flux (Anbar and Rouxel, 2007; Barling et al., 2001; Hein
et al., 1997; Maréchal et al., 2000; Rehkdmper et al., 2002) thus these isotope systems have the
potential to track the global Mn-oxide fluxes.

Thallium isotope ratios obtained from pyrite grains have been proposed as a proxy for
understanding the global burial of Mn-oxide minerals (Nielsen et al., 2011b), but the use of
Tl isotopes as a tracer of past Mn-oxide burial has not been explored in great detail. To-date,

no reliable archive has been identified to reconstruct the TI isotope composition of seawater



accurately and with sufficient stratigraphic age control to allow detailed paleoceanographic

interpretations.

This study aims to expand the utility of TI isotopes to accurately track Mn-oxide burial
by showing that modern organic-rich sediments deposited in euxinic environments capture the
Tl isotope composition of the overlying water column with no net isotope fractionation. This
clear demonstration opens the door to utilizing black shales deposited throughout Earth history
as a direct means of measuring the Tl isotope composition of ancient oceans. In turn, records of
seawater Tl isotope compositions offer the promise of information on the history of Mn-oxide

burial and, thereby, ocean oxygenation.

2. Thallium isotope background

Several recent reviews have given detailed accounts of the geochemical and isotopic attributes
of Tl (Nielsen et al., 2011b; Nielsen et al., 2009; Nielsen et al., 2017); thus, only the salient features
of the marine Tl isotopic cycle are described here (Fig. 1). The TI isotope composition of seawater
has been inferred to be homogenous with an average value of €2T1=-5.8 + 0.6 (2sd) where €Tl =
((205T1/203Tlsample_ZOSTl/ZOSTlNIST 997)/(205T1/203T1NIST 997) ° 1

from the Arctic and Pacific Oceans. More data are available for Tl concentrations in seawater,

0%) based on six open ocean seawater analyses

which yield an average of 13.3 pg/g or 65 pmol/kg (Flegal and Patterson, 1985). The calculated
modern marine residence time of Tl is ~18.5 kyr (Baker et al., 2009; Flegal and Patterson, 1985;
Nielsen et al., 2017; Rehkdmper and Nielsen, 2004).

In the absence of large redox potentials, most environments on Earth have been found to
produce limited (Fig. 1) or negligible Tl isotope fractionation (Nielsen and Rehkdmper, 2012,
and references therein). Therefore, thallium delivered to the ocean by rivers, high-temperature
hydrothermal fluids, volcanic sources and mineral aerosols from continental-margin sediments
have small variations in the input fluxes (Fig. 1; Nielsen and Rehkdmper, 2012, and references
therein) but displays near invariant Tl isotope compositions of €2 T1 ~ -2, which is identical to
values found for continental crust and melts derived from the upper mantle. Pore waters are the
only source that deviates from the -2 input, within analytical error, with values closer to ~0 but

this likely reflects a small amount of Mn-oxide dissolution.

In contrast, in the modern ocean there are only two known significant oceanic sinks for Tl
that impart a fractionation during burial (Fig. 1). These two sinks have been shown to produce
large thallium isotope fractionations (Nielsen et al., 2006; Rehkédmper et al., 2002; Rehkdmper

and Nielsen, 2004). Here, we explore Tl isotope systematics during incorporation and burial



of euxinic sediments with Fig. 1 incorporating data discussed in greater detail below. The two
output fluxes are [1] scavenging by Mn-oxides and [2] uptake of TI during low temperature
alteration of oceanic crust which represent ~68% and 32% of the burial, respectively. The isotope
fractionation associated with Mn-oxides is positive compared to continental crustal material,
€20 of +6 to +12 with an average of +10, which is likely related to surface oxidation of Tl when
sorbed onto the hydrogenous Mn-oxide birnessite (Bidoglio et al., 1993; Nielsen et al., 2013;
Peacock and Moon, 2012). This T1 oxidation reaction causes a strong enrichment in 2°°T1 of
almost 20 €2 Tl-units (Nielsen et al., 2013; Rehkdmper et al., 2002). On the other hand, isotope
fractionation is likely absent and sorption is weaker for the predominantly high-temperature
Mn-oxide todorokite (Peacock and Moon, 2012), which commonly forms at hydrothermal
vents. Here we explore the burial of thallium and the isotopic signature in euxinic basins as an
additional output flux as it has been suggested that Tl is associated with pyrite burial (Heinrichs
et al., 1980; Nielsen et al., 2011b) and the suboxic sink seems to be minimal with 2Tl values
close 0 (Nielsen et al., 2011b). In addition, there has been a study that suggest enrichments of
Tl in surface ocean bacteria (Schedlbauer and Heumann, 2000) and several studies that are
suggestive of enhanced burial of Tl in reducing organic rich sediments (Boning et al., 2009;
Boning et al., 2017; Borchers et al., 2005) though the isotopic signatures are still unknown.
However, a seawater depth transect through a Pacific oxygen minimum zone suggest there is no
discernible concentration or isotopic change (Nielsen et al., 2006), the work described here also
shows no significant surficial variations to date and the current modern inputs and outputs are

well balanced in terms of concentration and isotopes (Nielsen et al., 2017).

Altered oceanic crust is enriched in Tl during circulation of low-temperature (low-T)
hydrothermal fluids and exhibits light T1 isotope compositions, with €2°° values of -6 to -12 with
an average isotopic value of ~-7, with the shallowest crustal portions characterized by the highest
Tl concentrations and lightest isotope compositions (Coggon et al., 2014; Nielsen et al., 2006).
The magnitude of global low-T hydrothermal fluid fluxes is controlled by conductive heat loss,
which is directly related to the average ocean crust production rate over multi-million-year time
scales. Thus, the T1 output flux associated with oceanic crust alteration is not likely changed on
short time scales. The mechanism responsible for the incorporation of isotopically light T1 during
alteration of oceanic crust is yet to be explained, but could be kinetic in nature (Nielsen and
Rehkamper, 2012) and potentially related to partitioning into sulphides (Coggon et al., 2014).
Given the invariant nature of T1 isotopes in global T1 input fluxes, these are unlikely to drive
significant changes in the TI isotope composition of seawater (Nielsen et al., 2009). Therefore,
the T1 isotope ratio of seawater is controlled almost exclusively by the balance between Mn-

oxide burial and low-temperature alteration of oceanic crust (Nielsen et al., 2009).



3. Samples

In this study, we have analysed the Tl isotope composition of seawater samples from
four open ocean depth profiles that were collected as part of GA10E/D357 (R/V Discovery; UK
GEOTRACES 40°S; Fig. 2). The samples investigated were: Twelve samples from Station 3
(all coordinates are latitude, longitude: -36.46, 13.39 with a depth ranging from 5 m to 3930 m,
11 samples from Station 6 (-39.99, 0.92) ranging from 5 m to 4500 m, 6 samples from Station
8 (-34.31, 17.60) ranging from 29 m to 720 m, and 12 samples from Station 11 (-39.29, 7.65)
ranging from 10 m to 5260 m. All GA10E samples were collected using a ‘trace metal-clean’ Ti
rosette with PTFE-coated CTD system and deployed using a plasma rope. Samples were filtered
through a 0.2 um filter capsule and transferred into 1L HDPE bottles in a trace metal clean
container. Samples were acidified at WHOI (Woods Hole Oceanographic Institution) to pH ~ 2
using concentrated distilled HCI. The water column depth profiles at the four stations intersect
numerous water masses including Sub-Antarctic Surface Water, Sub-Tropical Surface Water,
Antarctic Intermediate Water, Upper Circumpolar Deep Water, North Atlantic Deep Water and
Antarctic Bottom Water (Horner et al., 2015). Precision of seawater Tl isotope measurements
was assessed via replicate analyses of SAFe D1, a large-volume sample collected in 2004 at
1,000 m at 30.00 N, 140.00 W during VANC33MYV (Johnson et al., 2007).

Cariaco sediment samples were collected in 1990 as part of the PLUME Leg 7 Cruise
(R/V Thomas Washington). Six separate box core top samples (0-1 cm) from around the basin
including from both sub-basins (Fig. 2) were also collected. All of the Cariaco sediment samples
measured in this study were collected below the permanent chemocline (sulfidic portion) at water
depths between 410 and 1250 meters. Additional background information and long term data
can be found for seawater (Astor et al., 2011) and sediments (Peterson et al., 1990). Seawater
samples were collected in 2014 as part of the Carbon Retention In A Colored Ocean (CARIACO)
seawater time-series collection. Six samples were collected from this location to capture the first
Tl isotope depth profile in the Cariaco Basin from 35 to 400 meters water depth. Water column
oxygen concentrations for this particular cruise were not obtained due to instrument issues but
there is a wealth of previous data to inform this dataset. The decline in oxygen concentration
from many previous sampling campaigns starts at 130 meters depth with a reading of 0 ml/L
around 260 to 300 meters depth (Astor et al., 2011). Three samples were obtained in the oxic

portion of the water column and three samples from the oxic-anoxic transition or below.

Black Sea sediment samples were collected on the R/V Knorr cruise 134 Leg 8 in 1988
and have since been stored frozen at the WHOI Seafloor Samples Laboratory. Five sub-samples

were collected from Station 39 box core 21, which was taken from a water depth of 2092 m (Fig.



2). The box core recovered Unit I, a Holocene finely laminated sapropel (0-25cm), a turbidite
layer (25 to 30 cm) and Unit II, a mostly continuous black sapropel. Generally, Unit I contains
about 1-5% organic carbon, 10-75% carbonate and the rest constituting detrital clays (Arthur et
al., 1994). Unit II generally contains 1-20% organic carbon and 5-15% carbonate (Arthur and
Dean, 1998). When subtracting out the turbidite layer, the transition from Holocene laminated
sapropel Unit I to Unit II occurs at 25 cm for this core. Seawater samples were collected during
Leg 2 of the MedBlack GEOTRACES cruises in 2013 (R/V Pelagia cruise 64PE373). Three
samples were analysed at Station 2 at 30 m, 100 m and 150 m. The oxygen concentration at
Station 2 starts above 200 umol/L and declines to 0 umol/L at ~75 m and remains zero to the
sediments (Rijkenberg M.J.A., 2013). The distance between the sampling site for sediments and

seawater is ~82 km.

4. Methods

4.1 Sample preparation and dissolution

Each seawater sample was filtered and acidified at sea using 2.4 ml of 10 M trace-metal
grade hydrochloric acid per liter. Additional hydrochloric acid was added to achieve a pH of
0.5 and 10 ml of brominated water was added per liter of seawater prior to column chemistry
to oxidize all Tl to the trivalent form. Between 250 and 500 ml of seawater was processed
for samples collected from fully oxygenated water, whereas samples taken from below the
chemocline in the Cariaco Basin and the Black Sea used ~1000 ml to obtain sufficient T1 for a

precise isotopic measurement.

Sediments were dried in an oven at 80°C to ensure all remaining water was evaporated.
Samples were then powdered using an agate mortar and pestle. The mortar and pestle were
cleaned with high purity quartz before each sample and rinsed with deionized water. Bulk
samples were dissolved using a two-step procedure to obtain complete dissolution. First, 50-

100 mg of samples were reacted with ~3 ml of concentrated nitric acid and ~3 ml hydrochloric
acid and placed in quartz vials in an Anton Paar high pressure asher (HPA) to break all organic
molecular bonds below the volatilization temperature of thallium (HPA max of 260°C) and ~100
bars of pressure. The samples were then transferred to Teflon vessels and the remaining silicate
residues were dissolved using a hydrofluoric/nitric acid mixture. All particulates were completely

dissolved prior to anion exchange column chemistry.

Different splits of the same sediment sample and similar weights were also leached using

a technique modified from Nielsen et al. (2011b) in order to separate the authigenic component



from the silicate bound T1. Approximately 50-100 mg of sediment were initially treated with

3 ml of 2 M HNO, and heated at 130°C for ~12 hours to chemically separate the authigenic

and detrital fraction of T1. This treatment dissolves pyrite, which is thought to contain the
authigenic TI fraction (Nielsen et al., 2011b), while the undissolved portion is dominated by
silicate minerals. The two sample fractions were then separated via three cycles of centrifugation,
pipetting off the supernatant (henceforth termed ‘the authigenic fraction’) and rinsing in MQ
water. After separation of the authigenic and silicate fractions, both fractions were digested
separately in the HPA using ~ 3ml of concentrated nitric and ~3ml of concentrated hydrochloric
acid in order to break down organic molecules. After the HPA digestion, authigenic fractions
were prepared for anion exchange separation of TI from the sample matrix; no hydrofluoric acid
treatment was used on the authigenic fraction, thereby reducing possible Tl contributions from
silicates. Residual silicates were dissolved using a hydrofluoric/nitric acid mixture and then

prepared for anion exchange separation (henceforth termed ‘the silicate fraction”).

4.2 Chemical separation and Tl Isotopic Analysis

Thallium purification was done using established ion exchange chromatography protocols
(Baker et al., 2009; Nielsen et al., 2004; Rehkédmper and Halliday, 1999) and was identical for
all samples, seawater and sediments. Briefly, thallium purification was accomplished using two
separate columns, one large and one micro-column, using AG1X8 anion exchange resin from
Biorad. The two columns quantitatively remove lead (Pb) from the sample, which is required
to monitor mass-bias during mass spectrometric analysis. NIST SRM 981 Pb is added to every
sample to monitor for instrumental mass bias. In addition, this allows for determination of T1
concentrations during isotopic analysis because the yield of the T1 column chemistry is within
error of 100% (Nielsen et al., 2011b; Prytulak et al., 2013).

Following purification, samples were analyzed for TI isotopic compositions using a
Thermo Scientific Neptune multi-collector inductively-coupled-plasma mass-spectrometer
(MC-ICP-MS) located in the WHOI Plasma Facility. Thallium isotope analyses utilize
standard-sample bracketing as well as external normalization to the added SRM NIST 981 Pb
(Baker et al., 2009; Nielsen et al., 2011a; Nielsen et al., 2009; Nielsen et al., 2005; Rehkédmper
et al., 2002). Thallium isotope compositions are reported relative to NIST SRM 997. The
uncertainty of the T1 isotope measurements was assessed specifically during this study via repeat
measurements of SAFe D1 seawater sample as well as the USGS shale reference material SCo-1
(Table 1). Eight replicates of SAFe D1 were found to possess a mean £2T1=-6.0 = 0.3 and Tl
concentration of 12.2 + 2.7 pg/g (60 £+ 13 pmol/kg). The authigenic fraction of SCo-1 yielded a



mean Tl-isotope composition of 2Tl =-3.0 = 0.2 and TI concentration of 214 + 74 pg/g (n =
18) with sample dissolutions and measurements from Woods Hole Oceanographic Institution and
Florida State University. The silicate fraction of SCo-1 yielded values of 2Tl =-2.4 + 0.4 and
365 + 199 ng/g (n = 12; all uncertainties are = 2 SD.) For samples with unknown compositions,
we assume that the uncertainty in Tl isotope or T1 concentrations is similar to that obtained for
the respective consistency standard (i.e., reproducibility of SAFe D1 applies to other seawater
samples, etc.), unless a larger uncertainty was warranted. Overall, our uncertainties are similar

to those reported in recent Tl isotope literature (Baker et al., 2009; Coggon et al., 2014; Kersten
et al., 2014; Nielsen et al., 2016). Procedural blanks were <5 pg throughout this study, which is

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

4.3 Pyrite contents

Pyrite sulfur concentrations were obtained on Black Sea sediment samples using
a chromium reduction method (Canfield et al., 1986). This method extracts pyritic sulfur
using a solution of chromium chloride with hydrochloric acid for two hours, a technique
that evolves hydrogen sulfide gas. This gas was precipitated and trapped as silver sulfide
(Ag,S) and quantified using a gravimetric method, which is converted to wt% pyrite-sulfur

stoichiometrically.

4.4 Geochemical modeling

A conventional mass balance box model was employed where the ocean is assumed to be
a well-mixed reservoir—a reasonable assumption given the relatively long residence times for
Mo [~450 kyr; (Miller et al., 2011)] and T1 [~20 kyr; (Baker et al., 2009; Flegal and Patterson,
1985; Rehkédmper and Nielsen, 2004)]. Our model ties the two elemental cycles of Mo and T1
together through the magnitude of global Mn-oxide burial, which represents the ocean reservoir
for dissolved metal concentration with fluxes entering and exiting. This follows the approach for
many other modeling exercises (Gill et al., 2011; Kump and Arthur, 1999; Reinhard et al., 2013).
This time-dependent forward box model (recreating isotopic excursions) was constructed using
STELLA™ software, and the initial boundary conditions were selected using modern or close
to modern values to create a steady-state baseline (Table 2: Anbar and Rouxel, 2007; Nielsen
et al., 2017; Reinhard et al., 2013). The steady-state elemental cycles were then perturbed
by altering the rate of Mn-oxide burial, which enables a quantitative exploration of the links
between the elemental and isotopic cycles of Mo and T1, as well as their respective perturbation

response times. Due to the antithetic isotopic response of Mo and TI during Mn-oxide burial the



modeling aims to demonstrate the general anti-correlated trends observed in Pearce et al. (2008)
and Nielsen et al. (2011b) through the connection of this output parameter. However, our aim is
not to directly recreate the data from Pearce et al. (2008) and Nielsen et al. (2011b). Temporal
changes in the concentration and isotopic composition of a metal in the ocean can be expressed

by the following equation:

OMST _ (FMS + FMS ¢ -oo) — ((FMS, /M) + (FMS, /M) + ) (Eq. 1)

at n

is the mass of the dissolved metal in the ocean reservoir. The oceanic inputs ( and ) delivered

to the ocean for Mo are riverine and hydrothermal. The input fluxes for Tl are riverine,
hydrothermal, dust aerosols, volcanic emissions and sediment porewaters. The sedimentary
outputs ( and ) for the oceanic molybdenum reservoir are based on the burial redox state and
comprise oxic (Mn-oxide burial), reducing (sulfide near the sediment water interface) and
euxinic (sulfidic in the water column) conditions. The outputs for the thallium cycle are from
Mn-oxide burial termed ‘oxic’ and altered ocean crust. The output fluxes are divided by the mass
of the reservoir because the flux of the output is dependent on the size of the current reservoir
(Reinhard et al., 2013), which has been shown in the modern ocean for Mo (Algeo and Lyons,
2006). In equations 1 through 3, the terms have been generalized because each elemental cycle

has different input and output parameters (see Table 2 for input and outputs).

Combining the isotopic compositions for each parameter in equation 1 allows the

simulation of mass and isotopic changes in related reservoirs:
a
5 (M3 851) = (FT80D) + (Fhis603) + ) — ((Fota/Mo"®)80050) + (Fhiia/Mg™®)6ie2) + ) (Eq. 2)

In equation 2, represent the Mo and Tl oceanic isotope compositions. Changes in the isotopic
composition of Mo and TI over geologic time are captured in euxinic organic-rich shales (for
Mo see Anbar and Rouxel, 2007; for T1 see this study). The isotopic offset between the dissolved
metal and incorporation into euxinic sediments is neglected in this model as the fractionation
is small for Mo and non-detectable for TI; thus also describes the isotopic composition of the
euxinic output for both cycles. In the model, represents the isotopic composition of the input

delivered to the ocean.

Substituting equation 1 into equation 2 and utilizing the product rule, the following
expression for the change in the isotopic composition of the ocean over a given time interval can

be derived without an assumption of steady-state behavior (following Kump and Arthur, 1999):

M M M M
BME _ (Fs (Sime—5810)+ Fg (8148 —581€) +- )~ ((Fonssa /MG ) (86, — 881N + (Fovied /M5 ) (8816~ 5370 ++--) (Eq. 3
dt mMe .

The model tracks isotopic changes in the ocean using archived euxinic sediments. The model

is designed to connect the Mo and Tl cycles as they are fractionated in opposite directions



with respect to oxide burial. The Mo and Tl cycles are linked through the global burial of oxic
sediments as this is the only output parameter for which both systems have major burial flux and
isotopic fractionation. When the output of oxic sediments is perturbed, both elemental cycles

are responding to the exact same state change in timing and magnitude, and the values observed
are the reservoir and isotopic response. In the model, the Mn-oxide burial flux was increased for
100 thousand years, then returned to the baseline (modern) value, then decreased at the same
magnitude as the previous increase for 100 thousand years, and again returned to the baseline

value.

5. Results

5.1 Oxic open ocean seawater

The Tl isotope compositions of all 41 samples from the South Atlantic seawater
transect exhibit a narrow range from -5.8 to -6.3 (Fig. 3 and Table 3). Taking into account the
measurement uncertainty from replicates of SAFe D1 of = 0.3 £2*T1 units, the South Atlantic
data show no variation within error with an overall average of €?*T1 =-6.0 £ 0.3 (n =41) and
an average concentration of 11.4 pg/g + 2.1 or 55.8 pmol/kg (n = 36). The seawater data from
the SAFe station displays Tl concentrations and isotope compositions identical to the South
Atlantic samples as well as other existing data from the Pacific and Arctic (Nielsen et al., 2006;
Rehkamper et al., 2002) and suggests that the sample, as opposed to reported issues of Fe
contamination (Cutter, 2013), did not suffer any T1 contamination. These values are identical to
published data from the Pacific and Arctic (Nielsen et al., 2006; Rehkdmper et al., 2002). When
considering only data from the completely oxic stations in this study, the South Atlantic transect
and the SAFe station, the overall average Tl isotope composition and concentration of seawater
obtained are €Tl =-6.0+ 0.1 (n=49) and 11.5 = 1.1 pg/g or 56.2 pmol/kg (n = 41).

5.2 Euxinic basins

Cariaco seawater samples possess homogenous T1 concentrations (12.2 + 0.2 pg/g or 60
pmol/kg) in the oxic upper 130 m of the water column followed by a steady decline to 1.4 pg/g
(6.8 pmol/kg) at 400m depth (Fig. 4 and Table 4). Only the oxic seawater samples were analyzed
for Tl isotopes and were found to display relatively invariant values of 2Tl =-5.5 + 0.7; the

average is slightly heavier than open ocean seawater.

Three water samples from the Black Sea displayed similar behavior to the Cariaco Basin

with the highest concentration observed in the oxic upper part of the water column (7.2 pg/g or



35.2 pmol/kg), followed by a significant drop to 0.3 pg/g (1.6 pmol/kg) at 150m depth (Fig. 5
and Table 4). The isotope composition of the oxic portion of the Black Sea was found to be €
205T1 = -2.2, which is within uncertainty of all known T1 inputs (Nielsen et al., 2011b; Nielsen
et al., 2009; Rehkdmper and Nielsen, 2004); samples within and below the chemocline exhibit

increasing Tl isotope compositions and decreasing T1 content (Fig. 5).

The authigenic analyses of six core top sediment samples from the Cariaco Basin have
an average of € 2°Tl = -5.4 [excluding one value, see discussion below (Table 1 and average
sediment value shown in Fig. 4)] and a concentration range of 300 to 886 ng/g. The five
sediment samples from the Black Sea have an average £?*T1 =-2.3 (Table 1 and Fig. 5) and a
concentration range of 119 to 584 ng/g. The silicate fraction for the Cariaco Basin average was ¢
205T1 = -2.8 (Table 1) and the Black Sea average was 2Tl = -2.0.

6. Discussion and Synthesis

6.1 Modern oxic open ocean seawater

When comparing this oxic seawater data with the existing T1 isotope data (Nielsen et al.,
2006; Rehkdmper et al., 2002), and when combined together with results originating from highly
disparate regions (e.g., South Atlantic and Pacific) and sampling different water masses (e.g.
AABW, NADW, AAIW, PDW in the Pacific), including intersecting an oxygen minimum zone in
the Pacific (Nielsen et al., 2006), the results demonstrate that the open ocean is homogenous with
respect to TI isotopes. In addition, although there may exist some TI concentration variations
outside analytical error (Table 3), there is currently no evidence that Tl concentrations vary
systematically as a function of any physical parameter in the ocean. Thus, the conclusion is that
the concentration profile of T1 in the open ocean is not affected significantly by biological uptake
or other interactions with marine particles. Seawater samples close to continents, and thereby
close to point sources of Tl input to the ocean, do exhibit TI isotope variations outside analytical
reproducibility (Rehkdmper et al., 2002), which may be related to both simple mixing between
seawater Tl and different inputs, as well as Tl speciation potentially related to organic ligands
and/or interaction with other particles (Nielsen et al., 2005; Turner et al., 2010). However, these
effects are relatively minor and do not appear to be translated across large distances within the

ocean.



6.2 Euxinic basin systematics

Both euxinic basins investigated display Tl isotope compositions heavier than open
ocean seawater. In particular, the Black Sea is essentially characterized by what is likely the
riverine input value., This, suggests that the heavier Tl isotope compositions in both the Cariaco
Basin and Black Sea basins are due to the amount of basinal restriction, with thus the riverine
inputs having a greater effect on the more restricted Black Sea. The fact that the Cariaco Basin
is much closer to the open ocean value of -6 €Tl than the Black Sea is expected given its more
extensive exchange with open ocean seawater. Importantly, the isotope composition recorded in
the Black Sea is more positive than expected based on simple mass balance considerations. The
major known inputs to the Black Sea are riverine, precipitation, the Azov Sea and the Bosporus
Strait. It is reasonable to ignore precipitation since it likely contains negligible T1 concentrations.
Thus, the riverine water input flux is ~45% (Jaoshvili, 2002) while the Azov (contributes 12%)
and Bosporus Strait (43%) supply the remaining ~55% of water (Jaoshvili, 2002). No data exist
for the Tl isotope composition or concentration of these two inputs, but it is reasonable to assume
that riverine inputs are similar to the global average riverine value of 2Tl = -2 and 6.6 pg/g (32
pmol/kg). The Azov and Bosporus Tl input values are much more difficult to assess and are likely
both heavier than open ocean seawater. The Azov Sea could have values closer to continental
material and the Bosporus Straight could be a mixture of Atlantic seawater, riverine input to the
Mediterranean Sea but remains unconstrained. However, even if these sources had a combined
T1 isotope mass balance compositions near €*°°T1 ~ -4, the total TI budget of the Black Sea
would still be lighter than the observed value. There is no realistic Tl output from the Black Sea
that is characterized by light Tl isotope compositions, which could explain the heavy Tl isotope
composition of the Black Sea. One possible process that may explain the lack of influence on the
Black Sea Tl isotope composition from marine sources is rapid removal of Tl from saline input
waters when these reach the euxinic Black Sea. This hypothesis, however, should be investigated
further — for example, via measurements of Black Sea water and sediments near to the Bosporus
Strait.

It is clear from the present dataset that Tl is efficiently removed from euxinic seawater.
Thermodynamic calculations have shown that TIS is not stable at the concentrations of T
and HS- present in the Black Sea and Cariaco basins (Nielsen et al., 2011b). This calculation
is supported by the fact that Tl isotopes are not perturbed within the Pacific gyre oxygen
minimum zone, which suggests that low oxygen concentrations do not alter T1 speciation and
concentrations in seawater (Fig. 6). In Nielsen et al. (2011b), Tl isotopes in large pyrite grains
and leachates were compared and showed identical values, which suggests that Tl is associated

with pyrite (Heinrichs et al., 1980; Large et al., 2014). However, detailed studies are needed to



better constrain the enrichment mechanism. The inference is that Tl partitioning into pyrite that
forms in the water column causes the drawdown of Tl in euxinic basins. Thallium is well known
to form sulfides due to its pre-disposition for covalent bonding, and early diagenetic sedimentary
pyrite has previously been shown to contain elevated concentrations of T1 (Nielsen et al., 2011Db).
Since TI deposition in euxinic basins is strongly linked with sulfide precipitation, it is possible to
calculate a global TI1 flux into euxinic sediments based on the TI/S ratio of the authigenic fraction
in modern euxinic sediments. The authigenic Tl fractions in Cariaco and Black Sea sediments
contain 300-900 ng/g (ppb) Tl with an average of ~500 ng/g (used below in calculations), and the
Black Sea sediments analyzed here contain on average 0.65 wt% pyrite S, resulting in an average
T1/S ratio for the euxinic burial flux of 1.2x10~ (mol/mol) using the average Black Sea TI. The
current global pyrite S burial flux is ~3.6x10'" mol/year (Kurtz et al., 2003), and 4.5% (1.6x10'"°
mol/year) of this flux likely occurs into euxinic sediments — dominated by the Black Sea (Neretin
et al., 2001). Combining the TI/S ratio of the Black Sea with the euxinic S burial flux, we obtain
an average T1 euxinic burial flux of ~1.9%10° mol/year. This calculated T1 flux in euxinic burial
is larger than that inferred for anoxic/suboxic sediments of ~2.5x10* mol/year (Nielsen et al.,
2011b). However, the new combined flux of Tl into reduced sediments is substantially smaller
than the two major TI sinks that are both at least an order of magnitude greater at 10° mol/year
(Table 2). Thallium fluxes into reducing sediments are therefore not significant in the modern
ocean but further investigation will be needed to constrain the Tl mass balance during times of

widespread and expansive reducing conditions.

In addition to strong T1 drawdown, seawater TI isotope compositions from the Black
Sea also reveal heavier values with decreasing Tl concentration (Fig. 5). These coupled changes
were modeled using York Regressions in both closed- and open-system isotope reactor models.
A closed system Rayleigh fractionation relationship yields an isotope fractionation factor of a =
0.99992 +£0.00002 during T1 partitioning into pyrite equivalent to an instantaneous fractionation
between dissolved TI and pyrite of -0.8 +/- 0.2 (¢). It can also be modeled assuming an open
system at steady state with a = 0.99971 £0.00008, equivalent to an instantaneous fractionation
between dissolved Tl and pyrite of -2.9 +/- 0.8 (¢). Both values likely represent minimum
estimates since neither calculation accounts for vertical diffusion, though the steady-state model
is likely a more accurate estimation. In the model, errors on & ***T1 are 0.33, 0.25, and 0.30
and the errors on [T1] are 1.3, 0.44, and 0.08 pg/g for the samples from 30, 100, and 150 m,
respectively.

Given the very low Tl concentrations observed in both euxinic basins at water depths far
above the sediment, it is expected that Tl removal from the water column is largely quantitative,

such that the authigenic fraction of euxinic sediments and the oxic portion of the water column



should exhibit Tl isotopic equivalence. Our sediment analyses from the Cariaco Basin (Table 1
and average sediment value shown in Fig. 4) and Black Sea (Fig. 5 and Table 1) confirm this,
suggesting that Tl is transferred quantitatively from the oxic part of the water column to the
authigenic fraction of the sediment. One sample from the Cariaco Basin exhibits 2Tl =-3.9,
which is significantly heavier than the oxic Cariaco water (¢2*T1 = -5.5). This sample possessed
the smallest authigenic T1 fraction (40% compared with 60% or more for the other core top
samples) and thus the heavier TI isotope composition may be attributed to slight dissolution of

the silicate fraction, which would possess €Tl = -2.

Comparing T1 isotope compositions for the authigenic fractions with that of residual
silicates in the core-top sediments for Cariaco sediments show a large offset (~2.5 €2 Tl-units)
between the two fractions, consistent with the authigenic and detrital fractions (Table 1) being
reasonably well separated with the partial dissolution technique. The concentrations in the
euxinic core top samples are generally weighted toward the authigenic fraction, which contains
~60% of the bulk TI except for the one outlying isotopic sample. Calculating the bulk &2*T1
for all of these samples shows that the bulk values record a mixture of these two end members
(Table 1). We therefore conclude that seawater T1 isotope signatures are faithfully recorded in
the authigenic fraction of the sediments but that samples with only slight to moderate authigenic
Tl enrichments should be interpreted with caution. Additionally, this work shows that the basin
needs to be in direct communication with the open ocean, such as Cariaco Basin, to record a
global seawater signal. Independent evidence for restriction is important but observing both

stratigraphic variability and analyzing several basins, if possible, can alleviate such issues.

6.3 Modeling of seawater Mo and Tl isotopes during the T-OAE

Given that the authigenic portion of euxinic black shales record the Tl isotope
composition of the overlying water column, we revisit data from the Toarcian oceanic anoxic
event (T-OAE at ~183 Ma) as these are the only previously published data for ancient euxinic
black shales (Nielsen et al., 2011b). The same sample set has also been investigated for Mo
isotopes (Pearce et al., 2008) where it was concluded that cyclical Mo isotope variations
throughout the T-OAE recorded systematic expansion and contraction of the global extent
of euxinia. The samples and data for Mo and Tl isotopes were collected separately; thus, the
relationships discussed here are a broad context as it is difficult to directly compare exact

stratigraphic relationships. It should be noted that the relatively low resolution Tl isotope data



precludes a statistically meaningful analysis of the correlation between the two isotope systems,
which may either be directly antithetic or document a lead-lag correlation. Nevertheless, we aim
to construct a new coupled Mo and T1 isotope model designed as a framework for understanding
the linked response in these two isotope systems. Using these previously published data to
compare Mo and T1 isotopes is the first study to document a possible antithetic relationship

between the isotope systematics (Fig. 7).

There is a debate as to whether the Cleveland Basin, from which the samples that record
the antithetic Tl and Mo isotope data come, was so restricted during the T-OAE that open ocean
conditions were not recorded in this section (McArthur et al., 2008). This argument is based
on the severe depletion of the local seawater trace metal inventory. To investigate the antithetic
Mo and TI isotope stratigraphy further, our new model aims to generally replicate the seawater
isotope composition of Mo and T1 to explore the coupled relationship between the two systems
and its primary driver. It should be noted that the aim of this model is not to resolve the issue of
possible restriction here, but simply to highlight the mechanisms by which T1 and Mo isotopes

co-vary and under which circumstances they do not.

The marine isotope mass balances of T1 and Mo show that the only known sink to cause
large perturbation to the Mo and Tl isotope composition of seawater in opposite directions is Mn-
oxides (Anbar, 2004; Anbar and Rouxel, 2007; Nielsen et al., 2011b; Rehkdmper and Nielsen,
2004; Siebert et al., 2003). Hence, in our model we test whether the first-order interpretation of
the antithetic Mo and Tl isotope data from T-OAE can be explained by variations in Mn-oxide
burial alone. Additional redox factors could affect Mo isotopes but may play a smaller role in the
T1-Mo relationship. The results of the model show that the general direction of the Tl and Mo
isotope excursions follows from manipulation of the Mn-oxide flux and, importantly, the model
can also recreate the magnitude of the excursions reported in Mo (0.8 %o) and T1 (6 € units)
isotopes (Nielsen et al., 2011b; Pearce et al., 2008) while varying only Mn-oxide burial flux by
+ 50 % of the modern values (Fig. 8a). However, successful model runs that account for both the
direction and magnitude of the isotope excursions require that the marine reservoir size for Mo,
relative to that of T1, was substantially smaller during the T-OAE than today. Specifically, the
Mo concentration of seawater must be reduced to 21.4 nM or lower (Fig. 8b), which is a factor
of five lower than present day (107 nM, Miller et al., 2011), and McArthur et al. (2008) suggest
a reduced Mo seawater reservoir for this basin. We do not model changes in the T1 reservoir
because the T1 sink into reduced sediments in the modern ocean is relatively small; however,
changing the reservoir has a minimal effect on the magnitude of the isotopic excursion and
the response time is faster to a perturbation Although significant expansion of marine euxinia

would contribute to diminishing the marine T1 reservoir, the likely concomitant lowering of the



Mn-oxide burial flux would act to expand the marine TI reservoir. Therefore, the direction and
magnitude of the marine TI reservoir during expansion and contraction of euxinia is not readily

predictable.

Our model of T1 and Mo isotopes during the T-OAE does not represent a unique
solution to the causes and effects of the Mo and Tl isotope variations in the Cleveland Basin.
Interpretations that advocate for strong basinal restriction, for example, could equally explain
the observed data simply by invoking periodic influx of open ocean seawater into the restricted
Cleveland Basin. It is important to stress that the model presented here merely provides a
conceptual framework for interpreting systematic Mo and Tl isotope variations in euxinic black
shales under the proviso that the water column at the time of deposition was well connected to
the open ocean. However, the model shows that Mo and T1 isotopes have the potential to be a
powerful paleoredox tool as Tl can provide independent constraints on the marine oxic burial
flux, which in turn can potentially be used to extract information regarding the size of the Mo

burial flux into reduced sediments.

7. Conclusions

This study has investigated the cycling of T1 from open ocean seawater, through euxinic
basins, and deposited as pyrite in euxinic sediments. Oxic seawater samples from the South
Atlantic, Pacific, and Arctic show no variation with any physical parameter in the ocean, with
2Tl =-6.0 £ 0.7 [n = 57; includes 8 literature samples from (Nielsen et al., 2006; Rehkdmper
et al., 2002)]. Hence despite its short oceanic residence time (= 20 kyr), T1 can be considered a

conservative element in the modern ocean.

Water samples from the euxinic Black Sea and Cariaco Basin show that the concentration
of Tl drops dramatically below the chemocline, which is interpreted to reflect TI partitioning into
pyrite that forms in the water column. Importantly, sediments from these two modern euxinic
basins faithfully record the €*°TI values from the oxic portion of the water column in each basin.
The relatively more open ocean Cariaco Basin seawater €Tl values are indistinguishable from
open ocean values within analytical error whereas the more restricted Black Sea is characterized
by Tl isotope compositions similar to continental runoff, which we attribute to increased basinal
restriction in the Black Sea. We conclude that Tl is quantitatively removed from both euxinic
basins, and the authigenic TI isotope signature in the sediments captures the overlying oxic
seawater value with no net isotope fractionation. Thus, this work shows that the authigenic

fraction of euxinic sediments faithfully record the seawater value. The seawater TI isotope is



dictated by the magnitude of the two output fluxes while geologically short-term events are likely
due to changes in the amount of Mn-oxide burial because shifts in altered oceanic crust burial are
on the order of many millions of years. This work documents that TI isotopes from euxinic basins
with limited restriction have the potential to reconstruct Mn-oxide burial; thus, it is important to
observe stratigraphic trends and to analyze samples from multiple basins where possible, so that
the effects of basin restriction can be evaluated. Studies of TI isotopes in ancient euxinic black
shales have the potential to provide a direct record of the Tl isotope composition of seawater, so

long as the sediment depositional environment was well connected to the open ocean.

We use a simple one-box model to show how Tl isotopes can provide previously unavailable
constraints on the global burial flux of Mn-oxides, which is a critical parameter for understanding
other isotopic and elemental mass balances. Given that many climatic events were likely
accompanied by major perturbations in the global Mn-oxide flux, measurement of Tl isotopes
in black shales—ideally combined with other isotope systems—promises to reveal unparalleled

information regarding the changes in ocean redox over a range of timescales.
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Black Sea
KNR13439-8C2112em | - | 0015 4309 3203 2092 062 20 05 4 291 2| 19 02 4 168 1] 22 1375 1| 19 as8
KNR13439BC2123cm | - | 0025 4309 3203 209 0.84 22 01 2 402 2| 23 02 4 18 2| 27 1463 1 22 sea
KNR13439BC213-4cm | - | 0035 4309 3203 209 0.6 22 01 4 383 2| 18 05 4 164 2| 22 1 375 1| 21 s
KNR13439BC2130-31cm| - | 0305 4309 3203 2092 0.4 24 01 4 119 2| 19 01 4 a1 2| 24 1379 1 20 53
KNR13439BC2148-49cm| - | 0485 4309 3203 2092 0.70 28 01 3 584 2| 20 02 2 & 1] 29 1402 1 27 651
Cariaco Basin
PLO7-228x 1 001 1087 6517 65600 59 01 2 88 2| 30 01 2 43 2 -| 404 1322
PLO7-89Bx 2 001 1066 6486 1342.00 39 03 2 300 2| 31 02 2 4B 2 | 33 m
PLO7-828x 3 001 1069 6497 81800 5.2 01 2 7B 2| 30 07 2 301 1 -| 457 1079
PLO7-105Bx 4 001 1077 6565 1296.00 54 04 2 495 2| 24 03 2 40 2 -| 402 897
PLO7-69Bx 5 001 1077 6461  545.00 - 5.1 00 2 875 . 2| 21 21 2 310 . 2| - - - . -| 431 1ss
PLO7-111Bx 6 001 1084 6578 41100 - 53 02 2 355 - 2| 32 01 2 564 - 2| - - - - -| 401 919

Table 1. Thallium isotope and concentration data for USGS standard SCO-1 sediments, Black Sea, and
Cariaco Basin. The map location for numbers for Caricao Basin are the site locations that match with

Figure 2. The number of replicate sediment digest analyses is identified by n.



Mo (10" moles) 5" Mo (%o) Tl (10° moles) 21|

Initial marine reservior 1.47 1.80 8.6 -6.0
Mo G%Mo Tl Tl
Flux (10’ moles/Ma) (%0)  Flux (10* moles/Ma)
Riverine Input 29.9 0.78 112.5 -2.5
Hydrothermal Input 0.1 0.00 83.2 -2.0
Aerosol Input - - 24.5 -2.5
Volcanic Input - - 181 -2.0
Reducing sediment Input - - 83.2 0.0
Total Input 30 0.78 484.3 -1.8
Oxic Output 8.66 -1.46* 151.7 1671
Reducing Output 19.4 1.70* - -
Euxinic Output 1.94 A - -
Ocean alteration Output - - 332.7 -1.14t
Total Output 30 0.78 484.3 -1.8

Table 2. Initial parameters used in the Mo and Tl model (Anbar and Rouxel, 2007; Nielsen et al., 2017;

Reinhard et al., 2013). Molybdenum fluxes are in 10'* mol/Ma and the reservoir size is 10'* mol. Dashes
indicate phases that do not contribute significantly to the known isotopic mass balance for each element.
The euxinic output for Mo () has been modeled to capture the seawater value with no fractionation. The

Mo (*) and T1 () isotopic fractionation from seawater for each element.



X . Average Data Average Data
Sample Name Depth (m) Latitude Longitude 20571 (&) (2*std) TI (pg/g) (2*std)
GeoTraces 40 ° S Station 3
21-186 4.838 -36.46 13.39 -6.0 - 1 11.7 - 1
19-184 22.6 -36.46 13.39 -5.8 - 1 - - -
17-181 47.427 -36.46 13.39 -5.8 - 1 11.1 - 1
9-178 97.164 -36.46 13.39 -6.1 - 1 - - -
15-175 195.896 -36.46 13.39 -6.0 - 1 - - -
13-172 395.392 -36.46 13.39 -5.8 - 1 12.1 - 1
11-170 594.034 -36.46 13.39 -6.1 - 1 - - -
9-169 989.446 -36.46 13.39 -5.9 - 1 10.8 - 1
7-168 1482.832 -36.46 13.39 -5.9 - 1 13.1 - 1
7-167 1974.651 -36.46 13.39 -5.9 - 1 11.9 - 1
5-166 2955.332 -36.46 13.39 -6.0 - 1 13.6 - 1
5-164 3930.994 -36.46 13.39 -6.2 0.0 2 11.4 - 1
Station Average -6.0 0.27 12 12.0 1.9 12
GeoTraces 40 ° S Station 6
33-451 5.26 -39.99 0.92 -6.0 - 1 11.1 - 1
31-449 22.586 -39.99 0.92 -5.8 - 1 12.2 - 1
25-446 47.276 -39.99 0.92 -6.1 - 2 10.3 - 2
23-443 97.562 -39.99 0.92 -6.2 - 1 9.9 - 1
29-440 198.404 -39.99 0.92 -6.2 - 1 11.9 - 1
21-437 399.259 -39.99 0.92 -5.9 - 1 12.7 - 1
19-434 998.494 -39.99 0.92 -5.8 - 1 11.4 - 1
27-433 1498.258 -39.99 0.92 -5.9 0.1 2 12.2 - 2
13-432 1999.168 -39.99 0.92 -6.1 - 1 11.5 - 1
23-429 3999.614 -39.99 0.92 -6.1 - 1 13.0 - 1
11-428 4500.758 -39.99 0.92 -6.1 - 1 - - -
Station Average -6.0 0.3 11 11.6 2.0 11
GeoTraces 40 ° S Station 8
35-903 29.55 -34.31 17.60 -6.2 - 1 9.2 - 1
33-901 49.465 -34.31 17.60 -6.1 0.4 2 10.3 - 1
31-897 98.873 -34.31 17.60 -6.1 0.3 2 9.5 - 2
7-893 198.181 -34.31 17.60 -6.1 0.3 2 10.2 - 1
23-889 400.494 -34.31 17.60 -6.1 0.1 2 11.4 - 1
9-884 719.388 -34.31 17.60 -6.2 0.0 2 9.2 - 1
Station Average -6.1 0.1 6 10.0 1.7 6
GeoTraces 40 ° S Station 11
21-787 9.889 -39.29 7.65 -6.1 0.6 2 11.0 - 1
19-786 22.669 -39.29 7.65 -6.2 0.3 2 11.5 - 1
17-780 97.047 -39.29 7.65 -6.0 0.5 2 10.8 - 1
15-777 197.037 -39.29 7.65 -5.9 0.6 2 11.5 - 1
37-774 399.734 -39.29 7.65 -5.9 - 1 11.8 - 1
13-772 700.297 -39.29 7.65 -6.1 0.7 2 12.1 - 1
35-771 999.743 -39.29 7.65 -5.8 0.0 1 12.2 - 1
11-770 1501.777 -39.29 7.65 -5.8 0.2 2 10.9 - 1
9-769 1998.859 -39.29 7.65 -6.0 0.4 2 12.5 - 1
7-768 2998.972 -39.29 7.65 -5.9 - 1 11.8 - 1
5-766 5000.322 -39.29 7.65 -6.0 0.4 2 11.2 - 1
3-764 5259.82 -39.29 7.65 -5.9 - 1 11.9 - 1
Station Average -6.0 0.2 12 11.8 1.1 12
SAFe Station
1 (o] 30.00 -140.00 -6.0 - 1 - -
2 (o] 30.00 -140.00 -5.8 - 1 12.2 - 1
3 o 30.00 -140.00 -6.0 - 1 10.2 - 1
4 o 30.00 -140.00 -6.1 - 1 12.5 - 1
5 (o] 30.00 -140.00 -5.9 - 1 - - -
6 o 30.00 -140.00 -5.8 - 1 14.0 - 1
7 o 30.00 -140.00 -6.2 - 1 11.9 - 1
8 o 30.00 -140.00 -6.3 - 1 - - -
Station Average -6.0 0.3 8 12.2 2.7 8



Table 3. All open ocean seawater T1 concentration, isotope and location data. The number of replicate

seawater split analyses is given (n).

Sample Name Depth (m) Latitude Longitude é(:gerage Data n Average  Data n
Tl(e) (2*std) ~ Tl(pg/g) (2*std)
Cariaco Basin
Seawater 35 35 10.5 64.67 -5.4 - 1 121 - 1
Seawater 100 100 10.5 64.67 -5.9 - 1 121 - 1
Seawater 150 150 10.5 64.67 -5.2 04 2 123 - 1
Seawater 255 255 10.5 64.67 - - - 7.1 - 1
Seawater 300 300 10.5 64.67 - - - 53 - 1
Seawater 400 400 10.5 64.67 - - - 14 - 1
Black Sea

Seawater 30 30 42.52 31.40 -2.2 03 4 7.2 13 3
Seawater 100 100 42.52 31.40 -0.8 03 2 2.2 00 2
Seawater 150 150 42.52 31.40 0.4 - 1 0.3 - 1

Table 4. Seawater data for euxinic basins analyzed in this study which includes concentration and isotope

values. The number of replicate seawater split analyses is given (7).

Figure captions



Mineral aerosols
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Hydrothermal fluids
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Figure 1. Updated mass balance modified from Nielsen et al. (2009; 2011b; 2017) and Baker et al. (2009)

Volcanic gasses
e%Tl=-2
1.8 Mmol

Rivers
eTI=-2.5
1.1 Mmol

Suboxic/Anoxic
2%Tl=~0
0.03 Mmol

Ocean crust
alteration
Tl =-12 to -6
3.0 Mmol

with new data from this study (headers underlined to indicate new data). Purple boxes represent the

output fluxes which largely dictate the Tl isotope value of seawater. All fluxes are given in mega moles

per year.
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Figure 2. Map of modern seawater thallium isotope values. In the global ocean black circles represent
previously reported [T1] and isotopes, blue circle, white circle, red circle, orange circle, and grey circle
represent new seawater data presented here, and white boxes are modern euxinic basins for which we
report [T1] and Tl isotopes from seawater and sediment samples. Cariaco Basin inset with numbered
circles documenting core-top sediment sample locations and the square representing the location of the

seawater samples. Inset of the Black Sea with the location of seawater samples and sediment samples.
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Figure 3. Vertical and spatial seawater transect from UK GEOTRACES 40° S cruise in the southern most

Atlantic Ocean (Fig. 1). Error bars are 26 for separate replicate analyses.
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Figure 4. Cariaco seawater depth transect of €2 T1 and [T1] and average core top sediment values
(excluding one outlier). The sulfide concentrations increase at ~160 m marked by the dashed line
indicating typical depth of the chemocline. Error bars are 26 for separate replicate analysis. Vertical
pink bar represents the entire range of Cariaco seawater of £2°T1 seawater values which encompasses
the average €Tl sediment value. Note the [T1] and €2®T1 for seawater (upper panel) is the dissolved

concentration and sediment [T1] and &2*T1 values are from the leached fraction.
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Figure 5. Black Sea depth transect of seawater samples for Tl isotopes and concentration. Chemocline

is at ~90 m at this site. Error bars are 2o for separate replicate analysis. Inset figure is the calculated
fractionation with closed system Rayleigh distillation (dashed line) and open system steady state
fractionation (solid line). Vertical pink bar represents the entire range of Black Sea £2°°T1 seawater values
which also encompasses the range £2T1 sediment value. Note the [T1] and 2Tl for seawater (upper

panel) is the dissolved concentration and sediment [T1] and €2*T1 values are from the leached fraction.
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Figure 6. Depth transect of seawater T1 isotopes and oxygen content from a Pacific oxygen minimum

zone locality.
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Figure 7. Yorkshire isotope values for thallium and molybdenum during the Toarcian Oceanic Anoxic
Event which are replotted from Pearce et al. (2008) and Nielsen et al. (2011b). These data show the

possible antithetic relationship of these two isotopic systems.
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Figure 8. Modeling variation in the global ferro-manganese oxide burial and the antithetic relationship
between thallium and molybdenum isotopes. This model depicts how variations in oxide burial can
control Mo and T1 isotopes in opposite directions. For all runs, the first 0.5 Ma was held at steady

state with an increased burial for 100 thousand years, between 0.5 and 0.6 Ma, values then returned to
background for 100 thousand years, followed by a decrease in oxide burial for 100 thousand years and
lastly burial fluxes were returned to baseline values. Part A. varies oxide burial for each run using modern
starting values for Mn-oxide burial, concentration for Tl and 20% modern for Mo (21.4 nM). Part B.
varies the starting concentration for Mo in each run and keeps for all runs Mn-oxide fluxes the same at

50% modern values. Burial between 1 and 1.25 Ma and starting values returning at 1.25 Ma. For starting

values see Table 1.



