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Abstract Oxidative weathering of organic carbon in sedimentary rocks is a major source of CO, to the
atmosphere over geological timescales, but the size of this emission pathway in Earth's past has not been directly
quantified due to a lack of available proxy approaches. We have measured the rhenium isotope composition of
organic-rich rocks sampled from unweathered drill cores and weathered outcrops in south Texas, whose
stratigraphic successions can be tightly correlated. Oxidative weathering of more than 90% of the organic carbon
and ~85% of the rhenium is accompanied by a shift to lower rhenium isotope compositions in the weathered
outcrops. The calculated isotope composition of rhenium weathered from the initial bedrock for individual
samples varies systematically by ~0.7%o with different fractions of rhenium loss. This variation can be
empirically modeled with isotope fractionation factors of @ = 1.0002—1.0008. Our results indicate that the
isotope composition of rhenium delivered to the oceans can be altered by weathering intensity of rock organic
matter and that the rhenium isotope composition of seawater is sensitive to past oxidative weathering and
associated CO, emissions.

Plain Language Summary Carbon dioxide is emitted into the atmosphere when sedimentary rocks
containing ancient organic carbon are exposed to oxygen. This process, referred to as oxidative weathering, is an
important part of the global carbon cycle that may play a vital role in climate change over geological timescales.
In this study, we have investigated whether it is possible to use the isotope composition of rhenium metal as a
proxy for this oxidation process since rhenium is liberated from rocks alongside organic carbon. Our findings
show that the rhenium removed from rocks during weathering has an isotopic fingerprint that is linked to the
degree of weathering—and thus presumably to the extent of carbon oxidation. There are several important

features of rhenium isotope behavior that are still underconstrained, not least where Re resides in organic rich
rocks, but our findings nonetheless advance an emerging approach to reconstructing the ancient carbon cycle.

1. Introduction

Earth's long-term climate state is regulated by the weathering of crustal rocks. Silicate weathering has the capacity
to remove atmospheric CO, over timescales of 10°~° years and is recognized as the primary negative feedback on
mantle CO, emissions in long-term climate simulations (Archer, 2005; Lenton et al., 2018; Walker et al., 1981).
However, oxidative weathering of organic carbon (OC) in sedimentary rocks—variously referred to as either
kerogen or petrogenic carbon—has been shown to account for CO, emissions to the atmosphere that are similar or
greater in magnitude to global silicate weathering fluxes (Hilton & West, 2020; Zondervan et al., 2023). Modern
day estimates of CO, fluxes from oxidative weathering have been calculated by taking advantage of the close
empirical association between rhenium (Re) and OC concentrations in sedimentary rocks (Dalai et al., 2002) by
measuring the flux of Re transported through rivers and equating this to OC loss using a Re:OC stoichiometry
obtained from measurements of catchment rocks and/or riverine bedloads (Hilton et al., 2014). This approach has
been critical in determining the size of modern oxidative CO, emissions (Dellinger et al., 2023; Hilton
et al., 2021) and their comparison to silicate weathering fluxes (Horan et al., 2019; Zondervan et al., 2023). This
approach cannot, however, be used to quantify emissions in the geological past due to our inability to sample
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rivers from millions of years ago. The lack of proxy approaches to quantify past oxidative CO, emissions means
that the contribution of this flux to global paleoclimate changes is not well known. Recent studies have, however,
attempted to quantify emissions for transient climate events such as the Paleocene Eocene Thermal Maximum
using biomarkers for recalcitrant organic matter reworked into marine sediments (Hollingsworth et al., 2024;
Lyons et al., 2017).

An alternative approach is to use the Re isotope system to reconstruct the weathering intensity of rock OC
(expressed as 8'%"Re relative to NIST SRM 3143: (("*’Re/'®Re /""Re/"® Rexisrsras) — 1)¥1,000). Hints
from a black shale weathering profile (Miller et al., 2015) and the isotope composition of river waters and

sample’

sediments in regions draining sedimentary rocks (Dellinger et al., 2021) suggest that the Re isotope system may be
sensitive to weathering intensity. In this contribution, we explore the relationship between the Re isotope system
and oxidative weathering by determining (a) whether oxidative weathering produces a measurable shift in the
5'8"Re composition of sedimentary rocks, (b) whether the 5'®'Re of Re liberated by oxidative weathering can
vary as a function of weathering intensity (which we define here as the fraction of Re loss) and (c) whether the
magnitude of Re isotope fractionation during weathering has the potential to alter the well-mixed global seawater
Re isotope composition over geological timescales. The sample set we employ for this purpose has been obtained
from the Late Cretaceous age Eagle Ford Group of South Texas (Figure 1). This succession of organic-rich
mudrocks has a highly detailed regional lithostratigraphic framework that allows the correlation of outcrop
samples exposed to variable levels of surface oxidation with unweathered drillcore samples at a bed-to-bed scale
of generally better than 1-2 m (Figure 2, Table 1, Minisini et al., 2018). This framework allows a direct
calculation of the isotopic composition of Re mobilized by oxidative weathering using a mass-balance approach.
Unweathered samples come from the Innes-1 drillcore and weathered samples come from two outcrops (DR5 and
DR12) (Figures 1 and 2).

2. Materials and Methods

Dry rock samples were initially powdered in an agate mill. For concentration measurements, 50 mg powder
aliquots were mixed with a '®°Re spike solution and dissolved completely in 3:1 concentrated HNO; and HCI
acid, then in 2:1 HNO; and HF acid. The residues were redissolved in 2M HNO; and Re was separated for mass
spectrometry using amyl-alcohol extraction (Birck et al., 1997). Rhenium ratios were measured using a Neptune
Plus MC-ICP-MS and corrected for instrumental mass fractionation by addition of 30 ng g=' W (NIST SRM
3163). Concentrations were calculated by isotope dilution using the '®*Re/'®'Re ratios. Samples for §'%'Re
analysis were initially ashed in clean porcelain crucibles at 450°C to remove organic matter.

Sufficient powder mass to obtain several ng Re was then weighed into acid-clean Teflon vials and digested in 2:1
HNO; and HF acid, then 6M HCI for several days to dissolve fluorides. Finally, the sample digests were
evaporated to dryness and redissolved in 1M HCI. Rhenium was separated from matrix elements using a 3-stage
chromatography procedure modified from Dickson et al. (2020) and Dellinger et al. (2020). Stage one columns
utilized 2 ml AG1-X8 anion resin (200400 mesh). Samples were loaded in 1M HCI (10 ml acid per 0.5 g
dissolved rock) followed by 2 X 10 ml rinses of 1M HCI to elute matrix elements. 3 ml of 3M HNO; was
subsequently used to elute transition metals, before 14 ml 7.5M HNOj; to elute Re into clean Teflon. Stage two
and three columns were utilized 200 pl AG1-X8 resin loaded onto Teflon columns. Samples were loaded in 1 ml
IM HCI, followed by 2 X 1 ml additions of 1M HCl and 0.3 ml 3M HNOj;. Rhenium was finally eluted in 5 ml 3M
HNO;.

Purified samples were diluted to between 2 and 4 ppb, doped with 30 ppb W to correct for instrumental mass
fractionation and measured using a Neptune Plus MC-ICP-MS equipped with 10" Q resistors using the same
method of Dickson et al. (2020). Each measurement consisted of 40 X 8.4 s cycles and consumed ~1.3-2.6 ng Re.
NIST SRM 989 was measured throughout the analytical sessions used for this study (June 2021-February 2024)
and had a long-term average of —0.26 + 0.1%0 (2 S.D., n = 69), which is within the uncertainty of the values
presented by Miller et al. (2009), Dickson et al. (2020), and Dellinger et al. (2020). Rhenium procedural blanks
were consistently <20 pg and sample recovery through the column procedure was always >65%, and typi-
cally >80%.
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Figure 1. Location of the studied Innes-1 core (star, 29.831244 lat., —101.626078 long.) and outcrops DRS (filled circle,
29.816835 lat., —101.596273 long.) and DR12 (filled circle, 29.809300 lat., —101.508867 long.). Open circles represent the
locations of the outcrops studied by Minisini et al. (2018). Figure modified from Eldrett et al. (2017). Blue shading indicates
outcrops of the Austin Chalk and green shading indicates outcrops of the Eagle Ford.

3. Results and Discussion
3.1. Loss of Isotopically Heavy Rhenium During Oxidative Weathering

Unweathered core samples from Innes-1 have an average OC concentration of ~3% (Figures 2 and 3). Variably
weathered samples from outcrop sections DRS and DR12 correlate to overlapping parts of the Lower Eagle Ford
succession sampled by Innes-1 and have average OC concentrations of 0.3% and 0.1%, respectively, meaning that
>90% of the organic C has been lost. We infer that Re has been lost alongside the oxidation of OC to CO,, as
suggested by direct field measurements of mudrock weathering (Roylands et al., 2022). The average Re con-
centration of the Innes-1 samples is 80 ng g™, albeit with significant stratigraphic variability (+58ng g~', 1 S.D.)
(Figures 2 and 3). Outcrop samples from DR5 and DR12 have Re concentrations of ~11 and 14 ng g™/,
respectively, meaning that >90% of Re has been lost. Repeating the Re loss calculation using Re/Ti ratios to
account for rock mass loss during oxidation produces an estimate of ~83% total Re loss, which is similar. The
high degree of Re loss observed in the Eagle Ford samples is similar to previous studies of Re mobility in
weathered sedimentary successions, with estimates of 25%—64%, 99% and 93% in the Ohio Shale, Utica Shale and
New Albany Shale, respectively (Jaffe et al., 2002; Miller et al., 2015; Peucker-Ehrenbrink & Hannigan, 2000).
The ratio of Re loss to OC loss is ~2.4 x 107 g g™".

We observed different mean 8'®’Re compositions for unweathered and weathered samples (Figure 3). The
average 5'®'Re of samples from the Innes-1 drillcore is —0.52 + 0.16%0 (1 S.D., n = 16), while the average
5'%"Re of samples from DR5 and DR12 are —0.73 + 0.15%c (1 S.D., n = 8) and —0.86 + 0.36% (1 S.D., n = 16)
respectively. Remarkably, the 0.3 %o shift to lower 8'®"Re in the weathered samples is statistically identical to the
shift observed by Miller et al. (2015) in the New Albany Shale, where unweathered samples had an average
5'8"Re composition of —0.55 =+ 0.05%o and weathered samples were —0.75 =+ 0.14%o. The data are also consistent
with Dellinger et al. (2021), who found a correlation between the fractional loss of Re and 5'87Re compositions of
“gray” shale river sediments from the Mackenzie River catchment, that was taken to indicate a loss of isotopically
heavy Re during oxidative weathering of these rocks. The robust primary observation from this study alongside
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Figure 2. Correlation of the stratigraphic successions recorded in the Innes-1 core and outcrops DRS and DR12. Correlation lines are taken from Minisini et al. (2018)
and are based on limestone (long dashes) and bentonites (solid lines). The ages of key bentonite beds are shown for reference. Rhenium concentrations are in units of
ng g~ and TOC is wt%. The photo shows the similarity between beds exposed at outcrop DR5 (67 m height) and in core Innes-1 (66.75-66.10 m depth). Yellow-
fluorescing facies are bentonite beds that provide clear marker horizons across southern Texas and guide the correlation of laterally extensive limestone beds (Minisini

et al., 2018).

Table 1

Correlation of Samples From the Innes-1 Core and Outcrops DR5 and DRI12

Innes-1 sample depth (m) DRS sample height (m) DR12 sample height (m)
53.65 7.6

54.30 6.8

54.55 6.3,5.6
55.74 52

56.08 52,5.6
59.66 1.0, 2.0, 2.5, 3.7
60.85 13.4 0.0

61.39 12.6 0.0

61.83 11.6 0.0, -1.6
62.88 11.1

63.46 10.6, 9.8

63.59 10.6,9.8

64.32 9.8, 8.5

64.90 8.5

65.85 7.1

66.45 7.1, 8.1
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Figure 3. Relationships between Re concentrations, Re isotope compositions and OC content of sedimentary rock samples
obtained from the Innes-1 core and outcrops DRS5 and DR12. Innes-1 data (gray circles) and outcrop data (orange squares and
diamonds). Stars indicate the means of the weathered and unweathered sample sets. The average weathered and unweathered
compositions of the New Albany Shale (NAS, Miller et al., 2015) are shown for comparison in the left panel. EFS: Eagle
Ford Shale. Green shading shows the location of Eagle Ford surface outcrops, and blue shading indicates outcrops of the
overlying Austin Chalk.

previous efforts, therefore, is that oxidative weathering leads to a preferential loss of isotopically heavy Re in the
mobile, soluble phase, leaving the near-completely oxidized residue isotopically light by a few tenths of per mil.

3.2. 6" Re Composition of Weathered Rhenium Correlates to Weathering Intensity

While the formation-scale observations allow us to conclude on the direction of isotopic fractionation during
weathering, they do not allow us to investigate whether there are systematic changes in the composition of
weathered Re with the degree of Re removal (weathering intensity). The lithostratigraphic framework of the Eagle
Ford Group allows us to determine which outcrop samples are coeval with specific unweathered core samples,
and thus to calculate the fractional loss of Re:

(Remck - Reresidue) (1)
Remck

Fraction of Re loss =

and the 8'®’Re composition of this flux:

(8" Reroek * Reroek ) — ("7 Reresiaue * Re giue)

2
Reweathered

187 _
o Reweathered -

where Reycqmered 15 the weathered flux of Re transported away from the starting rock (Re ), leaving a pool of
unmobilized Re in the rock residue (Re,q,.). Sample pairs were identified by matching unweathered samples
from the Innes-1 core to the nearest 1, 2, or 3 samples (depending on the precision of the correlation framework) in
the correlative interval of outcrops DRS and DR12 (Figure 2, Table 1). Since the Eagle Ford Group is charac-
terized by significant lithostratigraphic and chemostratigraphic variability over length scales of cm to m (Eldrett
et al., 2015; Minisini et al., 2018), this exercise carries inherent uncertainty that affects the detail of the
8"%Re,, camerea Calculations. However, changing the sample pairs by matching to alternative nearest neighbors
does not alter the sense of the results. Additionally, similar trends are obtained by calculating 8'®"Re yeamereq from
formation-scale averages of the data set (Figure 4), and thus the sense of the results are robust even if the fine

details may be subject to small changes.
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Figure 4. Relationship of 8'"8"Re.,crq and oxidative weathering intensity (Re loss) in Eagle Ford sedimentary rocks.
(a) Isotope composition of weathered Re (8'%"Re..,1ereq) calculated using Equation 2. (b) Isotope composition of weathered
Re normalized to the unweathered starting composition (A'*Re.,..erearocr)- Stars are the section averages for the fractional
loss of Re, 8"¥"Re., camered A0d A'*'Re,cahered.rock from this study and from Miller et al. (2015) (NAS: New Albany Shale).
Rayleigh fractionation lines are calculated assuming open-system behavior using @ = R,/R,, where R, is the 187Re/"®Re
ratio of “weathered” Re and R, is the '®’Re/'®°Re ratio of the unweathered rock. Blue circles are the calculated

5'%Re ,and A'"¥Re « values for dissolved Re in the Mackenzie River catchment (Dellinger et al., 2021).

weathere weathered-roc!

The results of the calculations are plotted in Figure 4a, and show a trend from higher 8'8'Re,, .o ereqa COMpOSitions
at lower fractional loss of Re to lower compositions with more complete loss of Re. Since the data set is drawn
from a stratigraphic succession spanning approximately one million years (Eldrett et al., 2015), 8'®Re.cumereq i
Figure 4a is also affected by long-term variability in the 5'8"Re of the unweathered Innes-1 deposits. To correct

for this variability, 6187Rewwhmd compositions are corrected to the §'8’Re of the unweathered sample:

A187Rewealhered—rock = 5187Reweathered - 5187Rerock (3)

where A'®Re., .. mered-rock 18 the corrected weathering flux. These calculations are shown in Figure 4b. They are
notable for A'"¥"Re . hered.rock DeiNg>0.6%o higher than the unweathered rock at Re loss <40% and approaching
0%o at Re loss >90%; that is, the weathered flux has the same composition as the unweathered rock,
8"Re, atmeredorock = 8 °Re, ... This observation hints at an open-system Rayleigh-type behavior, where the
progressive loss of Re to oxidative weathering slowly brings the accumulated weathered flux toward the starting
composition of the unweathered substrate. This behavior can be empirically described by alpha fractionation
factors between 1.0002 and 1.0008 (Figure 4b). While useful for quantitative modeling of Re weathering pro-
cesses, these values carry no assumption of what process(es) may be driving this behavior or indeed what Re
phase(s) may be mobilized during oxidation.

The various possibilities for what process(es) may be driving Re isotope variability during oxidative weathering
have been discussed previously by Miller et al. (2015) and Dellinger et al. (2021) and the main options are briefly
summarized here. Firstly, Re may be fractionated during oxidation, a process which ab initio calculations of
equilibrium Re isotope compositions at different oxidation states (IV and VII) suggest is possible. Specifically,
Re(VID) species tend to have higher predicted &'®’Re compositions than reduced Re(IV) species (Miller
et al., 2015). While it has been proposed that much of the sedimentary inventory of Re may be sourced from
thiolated species derived from ReO, (VII) (Helz & Dolor, 2013; Miller et al., 2015), reduction may nonetheless
occur post-burial in a manner similar to that proposed for molybdenum (Dahl et al., 2013). Secondly, Re may be
liberated from different sedimentary fractions, with the most labile fractions having the highest 8'®’Re compo-
sitions and the more recalcitrant fractions retaining lower compositions. We cannot resolve which of these
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0.2 pRS——— mechanisms explains the observed Re isotope trends at present, although we

T note that organic-rich rocks contain a highly heterogenous mix of sedimentary

— fractions that might lean in favor of the second option, a conclusion also

& 0.0 2% nerece ReO.S. bura reached by Dellinger et al. (2021). We note that the trend of dissolved Re

& o e Reoz S o versus calculated Re loss from the Mackenzie River catchment plots follows a

EIO -0.19 T Cor:posmon slightly different trend from the Eagle Ford data, albeit consistent with the

$ 0o\ T lower fractionation factor of 1.0002 (Dellinger et al., 2021; Figure 4b). This
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0.0 100 200 300 400 500 600 700 800 variation in weathering processes. Regardless, determining the exact mech-

Time (kyrs) anism(s) behind Re fractionation during rock weathering remains a topic for

future investigation.

Figure 5. Box model showing the evolution of seawater 8'®’Re in response to
changes in the composition of Re weathering from continental rocks and due An intriguing observation from the data we present is that calculated

to changes in the burial flux of thiolated Re into seafloor sediments. The 8"8"Re, catmerca fOr near-complete Re oxidation from organic-rich rocks is

modern seawater composition is —0.17%o (Dickson et al., 2020) and the
Mackenzie River composition is —0.28%o (Dellinger et al., 2021), close to
the Re isotope composition of crustal silicate rocks (~—0.33%0, Wang

et al., 2023).

much lower than the composition of dissolved Re in the only river system yet
measured (Dellinger et al., 2021, see Figure 4a). This difference shows that
oxidative weathering may not be currently limited by erosion rate (i.e., supply
of unaltered material), as commonly assumed in some models of Phanerozoic
climate change (e.g., Berner, 2006; Bolton et al., 2006; we note that some incorporate a feedback mechanism to
vary organic carbon weathering (e.g., Lenton et al., 2018)). However, this observation comes with the caveat that
the bedrock Re-isotope compositions of the Eagle Ford and Mackenzie catchments may be dissimilar (e.g.,
weathering may be rate-limited in the Mackenzie catchment but not in the Eagle Ford) or that higher than global
average rates of erosion in the Mackenzie catchment (Carson et al., 1998) are responsible for the relatively
elevated 5'3"Re compositions seen there. Nonetheless, if our results prove to be more widely applicable, they
would imply that modern oxidative weathering is broadly sensitive to weathering kinetics, as demonstrated
experimentally by Soulet et al. (2021), who showed a relationship between CO, emissions from oxidative rock
weathering and temperature.

3.3. Weathering Intensity as a Lever to Alter Oceanic §'%Re

We use a simple box model to explore the effect of changing the isotope composition of the input flux of Re (due
to weathering intensity) to the oceans on seawater &'8’Re (Figure 5). In this model, the 4.3 X 10° mol yr™"' flux of
Re to the modern ocean mainly from rivers (Miller et al., 2011) is given a 8'*’Re composition of —0.28%o, the
mean value of dissolved Re in the Mackenzie River (Dellinger et al., 2021), the only such study published to date.
This input flux is balanced by an equivalent removal into seafloor sediments, which is divided into two types: an
oxic flux, whose magnitude is equivalent to ~30,000 mol yr~" estimated by Sheen et al. (2018); and a “low-
oxygen” flux as either ReOsS or ReO,S,. The size of the thiolated removal term is scaled to completely balance
the input flux. Thiolated Re species were chosen as no direct Re isotope measurements of modern marine sed-
iments exist, yet these species have published ab initio calculations of their isotopic composition (ReO;S:
—0.33%0; ReO,S,: —0.64%0, Miller et al., 2015) and may contribute a large proportion of Re burial in low-oxygen
sediments (e.g., Helz & Dolor, 2013). The model is equilibrated with a modern seawater Re inventory of
5.477 x 10" mol with a §'"*’Re of —0.17%o (Dickson et al., 2020).

Instantaneously changing the riverine input by +0.3%o (i.e., the approximate range observed in Figure 4b) induces a
change in seawater 8'"Re of several tenths of per mil, which gradually equilibrates over ~400 Kyrs. The range of
variation is larger than the typical uncertainty on 8'®’Re =+ 0.05-0.1%. (Dellinger et al., 2020; Miller et al., 2009)
and thus measurable, subject to an appropriate sedimentary or mineral archive of ancient seawater Re being
identified. Changing the size of the “low oxygen” Re removal flux by 20%, a magnitude typical of other redox-
sensitive elements during Phanerozoic deoxygenation events (Clarkson et al., 2018; Dickson, 2017) also in-
duces changes in seawater 5'®'Re, though of a lower magnitude to the variation induced by weathering (Figure 5).
The model indicates that the Re isotope proxy should be able to resolve variations in ancient weathering intensity
even during periods of major environmental upheaval when Re burial fluxes may have become altered.
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4. Conclusions

Our study of Late-Cretaceous organic rich rocks in the Eagle Ford Group allows us to draw three primary
conclusions: (a) Oxidative weathering of organic-rich sedimentary rocks mobilizes isotopically heavy Re that
drives the oxidized rock residue to lighter compositions. (b) Re mobilized from sedimentary rocks at low
weathering intensity appears to be systematically heavier than Re mobilized at higher weathering intensity. This
trend may be explained by either equilibrium fractionation during oxidative weathering and/or incongruent
dissolution. (c) The variation observed in the composition of weathered Re is large enough to alter the global
seawater Re isotope composition over geological timescales that is large enough to be detected by current
analytical approaches. Our study contributes to an emerging picture of the Re isotope system as a potential tool to
reconstruct oxidative weathering intensity, and hence CO, emissions, during ancient climate events, given a
suitable archive of ancient seawater Re isotope compositions can be identified.
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