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Abstract

The Smithian-Spathian boundary interval is characterised by a positive carbon
isotopic excursion in both 8"*C,,,;, and 613C0rg, concurrent with a major marine
ecosystem reorganisation and the resurgence of microbialite facies. While these
8"3C records have been traditionally interpreted as capturing global carbon cycle
behaviour, recent studies have suggested that at least some excursions in early
Triassic 8"°C values may incorporate influences from authigenic or early diage-
netic processes. To examine the mechanistic drivers of Smithian-Spathian bound-
ary geochemistry, the carbonate geochemistry of a core from Georgetown, Idaho
(USA), was analysed using a coupled §*/40Ca, 8**Mg and trace-metal frame-
work. While the 8"*C record in the Georgetown core is broadly similar to other
Smithian-Spathian boundary sections, portions of the record coincide with sub-
stantial shifts in 5*/*’Ca, 8*°Mg and trace-metal compositions that cannot feasibly
be interpreted as primary. Furthermore, these geochemical variations correspond
with lithology: The 8'*C record is modulated by variations in the extent of dol-
omitisation, and the diagenetic styles recognised here coincide with individual
lithostratigraphic units. A primary shift in local sea water 8'*C values is inferred
from the most geochemically unaltered strata, from ca 3%o. in the middle Smithian
to ca 5%o in the early Spathian, although the timing and pathway through which
this occurs cannot be readily identified nor extrapolated globally. Therefore, the
Georgetown core may not directly record exogenic carbon cycle evolution, show-
ing that there is a need for the careful reconsideration of the Smithian-Spathian
boundary—and more broadly, Early Triassic—geochemical records to examine
potential local and diagenetic influences on sedimentary geochemistry.
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1 | INTRODUCTION

The aftermath of the end-Permian mass extinction is
characterised by substantial fluctuations in the geological
carbon cycle: carbonate §"°C values (8"°C_,,,) range from
—2 to 8%o, among the most extreme instability recognised
across the entire Phanerozoic, before stabilising in the
Middle Triassic (Payne et al., 2004; Corsetti et al., 2005;
Cramer & Jarvis, 2020). As conventionally interpreted,
these unusually large and rapid excursions reflect changes
in the 8'C values of dissolved inorganic carbon (DIC) in
sea water, possibly linked to pulses of volcanogenic or
thermogenic carbon release, variations in the burial flux
of organic carbon, unstable carbonate saturation state due
to ocean acidification or elevated alkalinity, and/or authi-
genic carbonate precipitation (Payne et al., 2004; Payne &
Kump, 2007; Meyer et al., 2011; Schrag et al., 2013). One
of the most prominent of these excursions, the Smithian-
Spathian boundary event, is characterised by a pronounced
positive excursion in 8'3C values in the Tethyan, Boreal
and Panthalassan realms, associated with a major ma-
rine biotic crisis, ecosystem reorganisation and episodic
marine anoxia (Brayard et al., 2006; Galfetti et al., 2007a,
2007b; Thomazo et al., 2016; Zhang et al., 2019). This
excursion has been previously linked with a variety of
proposed global palaeoceanographic changes across the
Smithian-Spathian boundary interval, including cooling,
enhanced organic carbon burial, fluctuations in anoxia
and euxinia and variations in carbonate burial (Payne
& Kump, 2007; Meyer et al., 2013; Lyu et al., 2019; Song
et al., 2019; Zhang et al., 2019; Widmann et al., 2020; Zhao
et al., 2020a, 2020b; Ye et al., 2023).

These inferred palaeoceanographic changes across the
Smithian-Spathian boundary, as derived from geochem-
ical records, are based on the principles that (i) the stud-
ied geochemical proxies record primary oceanographic
changes and (ii) the dominant influence on these proxies
is global, rather than local or basin-scale dynamics (Galfetti
et al., 2007b). However, if Smithian-Spathian boundary
geochemical records do indeed capture global, primary geo-
chemical phenomena, then existing records have contra-
dictory implications. For instance, studies have argued for
both expanded (Song et al., 2019) and reduced extents of sea
floor anoxia and oxygen minimum zones (Lyu et al., 2019;
Zhao et al., 2020a) across the Smithian—Spathian transition.
In a similar vein, other works have suggested enhanced
(Zhao et al., 2020b) and decreased (Song et al., 2021; Ye
et al., 2023) carbonate burial across the boundary interval.
An alternative to these primary, global mechanisms was
proposed by Thomazo et al. (2016, 2019) who, based on
records from the North American Thaynes Group, argued
that this excursion reflects authigenic carbonate precipi-
tation linked with a regional late Smithian transgressive

event—a fundamentally local, post-depositional mecha-
nism. These alternative interpretations suggest that the
Smithian-Spathian boundary record may capture varying
proportions of global, local and/or diagenetic drivers, each
of which would have distinct implications for the extent of
environmental perturbation during the Early Triassic. If
Smithian-Spathian geochemical archives largely capture
global signals, then the sheer magnitude of geochemical
change across the boundary interval (3-10%. excursion
in 8'°C values) would suggest that there were profound
shifts in the geological carbon cycle—on a par with some
of the largest inferred to have occurred throughout the en-
tire Phanerozoic (Payne & Kump, 2007; Meyer et al., 2013;
Cramer & Jarvis, 2020). Alternatively, if those same ar-
chives are more driven by local and/or post-depositional
factors, the Smithian-Spathian boundary may capture an
interval of unusual local conditions or post-depositional
evolution that, even if found in globally distributed basins,
does not necessarily imply that marine geochemistry was
uniformly perturbed across the Smithian-Spathian bound-
ary (Thomazo et al., 2016).

A recently drilled core through the Smithian-Spathian
boundary succession in the Thaynes Group in Georgetown,
Idaho (Schneebeli-Hermann et al., 2020), provides an
ideal opportunity to test whether strata in the northern
Thaynes Group capture global carbon cycle evolution
(Zhao et al., 2020b) or, alternatively, diagenetic overprint
(Thomazo et al., 2016). While the organic and carbonate
83C records of this core largely match global Smithian—
Spathian boundary trends (Schneebeli-Hermann et al.,
2020), further work using a carbonate geochemical ap-
proach may help decipher the mechanisms driving the
preservation of the Georgetown record of 8°C values.
In this study, the Georgetown core is investigated with a
multi-proxy geochemical approach (8"°C, 80, §*/40Ca,
5*°Mg, trace-metals) to identify local and diagenetic sig-
natures within a defined lithostratigraphic framework. In
turn, this enables us to test the specific global and diage-
netic hypotheses proposed by previous workers to explain
the geochemical expression of the Smithian-Spathian
boundary interval. These results suggest that the carbon-
ate geochemistry of the Georgetown core does not reflect
either global carbon cycle evolution or authigenic carbon-
ate precipitation, but instead results from a variety of dia-
genetic mechanisms linked to sedimentological variations.

2 | GEOLOGICAL SETTING

The Sonoma Foreland Basin of the western United States is
a key archive of Early Triassic biotic dynamics (Figure 1).
Bounded to the west by the Sonoma orogeny, it occupied a
near-equatorial to mid-latitudinal position in open contact
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FIGURE 1 Early Triassic sedimentation in the Sonoma
Foreland Basin, adapted from Brayard et al. (2013); arrow shows
direction of the Smithian transgression and facies belts at the
peak Smithian transgression, after Lucas et al. (2007), Brayard

et al. (2013), Vennin et al. (2015). Key sections with geochemical
records in the Sonoma Basin are marked: From north to south,
these are the Georgetown core (Schneebeli-Hermann et al., 2020;
this work), the Hot Springs section (Caravaca et al., 2017), the
Spruce Mountain section (Saltzman & Sedlacek, 2013), the Lower
Weber Canyon section (Grosjean et al., 2018; Decraene et al., 2023)
and the Mineral Mountains section (Vennin et al., 2015; Thomazo
et al., 2016, 2019). Note that the ?Spathian-?Anisian Moenkopi
Platform of southern Utah, Nevada and California is not included.

with the eastern Panthalassic Ocean, forming a broad, shal-
low epicontinental basin traditionally subdivided into the
northern and southern sub-basins (Caravaca et al., 2018).
In eastern Idaho, the Lower Triassic is captured within
three stratigraphic units (Kummel, 1943, 1954). The old-
est, the Dinwoody Formation, consists of Griesbachian—
Dienerian calcareous siltstones and limestones. It is
overlain by Dienerian red to maroon calcareous siltstones
of the Woodside Formation, which in turn is overlain by
variably alternating shales and limestones of the Smithian—
Spathian Thaynes Group (Kummel, 1943). Collectively,
these lithostratigraphic units represent a mixed carbonate-
siliciclastic succession, with considerable variations in the
genesis, proportion and stoichiometry of carbonate mineral-
ogy within and between lithostratigraphic units (Caravaca
et al., 2017). Elsewhere in both the northern and southern

subbasins, the Thaynes Group is described with different
lithostratigraphic schemes and rests unconformably on
Middle to Late Permian rocks with a major sedimentary
hiatus corresponding to the Permian-Triassic transition
and the Induan Stage (Goodspeed & Lucas, 2007; Lucas
et al., 2007).

The Early Triassic Sonoma Basin palaeontological re-
cord is rich, including ammonoids (Brayard et al., 2013),
conodonts (Solien, 1979), bivalves (Kummel, 1954), gastro-
pods (Brayard et al., 2015), fish (Romano et al., 2017) and
exceptionally diverse lagerstitte biota (Brayard et al., 2017;
Smith et al., 2021). Despite the plenitude of palaecontologi-
cal studies in the basin, only limited geochemical work has
been conducted, particularly with regard to the Smithian-
Spathian boundary (Figure 1). In the Spruce Mountain
succession, Saltzman and Sedlacek (2013) identified a
positive excursion in 8C_,,, values, which was linked
with the Smithian-Spathian boundary on the basis of ra-
diogenic strontium isotope stratigraphy. In the Mineral
Mountains, Thomazo et al. (2016) developed a multi-proxy
83Carty 613C0rg, 51%0, 834Spyﬂte and trace element record,
which they used to conclude that the Smithian-Spathian
carbon isotopic excursions recorded in the Thaynes Group
resulted from a reduction of the sediment mixed layer and
authigenic carbonate formation, rather than capturing
secular evolution of the exogenic carbon cycle (see also
Thomazo et al., 2019). In Lower Weber Canyon, Decraene
et al. (2023) observed that 634Spyrite and £‘334Fepyﬂte records
likely reflect variations in the sedimentary and post-
depositional environments, rather than capturing the
global redox state of the ocean. Subsequent paired carbon
isotopic studies (613Ccarb-613corg) in the Hot Springs section
(Caravaca et al., 2017) captured the Smithian-Spathian
carbon isotope variations recognised globally. However,
while Caravaca et al. (2017) excluded significant diage-
netic influence, they postulated that local environmental
controls may have played an important role in modulating
the observed 8'*C record.

The Georgetown core was recovered along the west-
ern bank of the Bear River in 2016 (42°28'41.0” N,
111°24'50.1"" W), encompassing ca 150 m of ?Dienerian—
Spathian stratigraphy (Figure 2; Schneebeli-Hermann
et al., 2020). From bottom to top, it is composed of inter-
calated red siltstone and grey limestone beds attributed to
the Dinwoody and Woodside formations (Unit I), thin al-
ternations of laminated and bioturbated limestone of the
Woodside Formation (Unit II), thickly laminated and bio-
clastic limestones of the Meekoceras Limestone (Thaynes
Group; Unit III), argillaceous limestone of the Lower
Shale (Thaynes Group; Unit IV) and palaeokarstified
limestones of the Spathian Tirolites Limestone (Thaynes
Group; Unit V) (all units after Schneebeli-Hermann
et al., 2020). Previous work by Schneebeli-Hermann
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FIGURE 2 Stratigraphy and geochemistry of the Georgetown core. The stratigraphic section, lithostratigraphy, palynostratigraphy,

chronostratigraphy, 8'*Ce,y, 8'°C,y, and 8'°0 data are adapted from

et al. (2020) established a robust palynological framework;
reported rare, stratigraphically important conodonts and
ammonoids; and presented a coupled 613ccarb-513corg re-
cord. In combination, their study provides a coarse chro-
nostratigraphic scaffold, with 8°C.,,, and £‘313C0rg data
interpreted as broadly reflecting global carbon cycle dy-
namics modulated to some extent by local bathymetry.

3 | METHODS

In this study, carbonate geochemical measurements were
conducted on 47 powdered samples that were previously

Schneebeli-Hermann et al. (2020).

analysed for 613C0rg values, 8"°C,,, values, 8'%0,, val-
ues and palynology by Schneebeli-Hermann et al. (2020),
spanning the extent of the Georgetown core. As summa-
rised by Schneebeli-Hermann et al. (2020), samples were
selected from bulk micrite and finely ground, avoiding
diagenetic calcite veins, cracks, stylolites and large skel-
etal particles.

3.1 | Sample preparation

For each sample, 10 mg of bulk powdered sample was dis-
solved in 10mL of a buffered 0.1 M acetic acid solution
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in a 15mL centrifuge tube and allowed to react in an ul-
trasonicator for 4-8h to ensure complete carbonate dis-
solution. It has been previously demonstrated that this
protocol readily dissolves limestone and dolomites, but
leaves less soluble sedimentary components, such as clays
and iron-manganese oxides, largely unreacted (Husson
et al., 2015). After dissolution, each sample was centri-
fuged, and the upper 3-8 mL of supernatant was pipet-
ted into a fresh centrifuge tube. This supernatant formed
the basis for the isotopic and elemental analyses detailed
below.

3.2 | Ionchromatography

Dissolved sample aliquots were prepared, purified and col-
lected for calcium and magnesium isotopic analyses via a
Thermo/Dionex ICS-6000 ion chromatography (IC) sys-
tem using a methanesulphonic acid eluent, following pre-
viously published methods (Razionale et al., 2022). Splits
for calcium and magnesium were isolated from samples
by collecting the eluent in timed windows. An in-line con-
ductivity detector was used to quantify the mass of calcium
or magnesium in each sample by calibrating the size of the
calcium and magnesium peak areas with peaks produced
by known calibration standards. Additionally, these peak
areas were used to calculate molar Mg/(Mg+ Ca) ratios.
Once collected, samples were dried, treated with concen-
trated HNO; to oxidise and volatilise column-derived or-
ganic compounds, redried and dissolved at appropriate
concentrations for isotopic analysis in 2% HNO;.

3.3 | Major and trace element analysis

A suite of routine major element and trace element abun-
dances were measured using a Thermo Scientific iCAP RQ
inductively coupled plasma mass spectrometer (ICP-MS)
atthe University of Chicago. Kinetic energy discrimination
(KED) mode was used to measure magnesium, calcium,
manganese, iron, strontium and uranium abundances. In
brief, small aliquots of the dissolved samples were sub-
sampled, adjusted to approximately 10 ppm calcium in 2%
HNO; prior to analysis, spiked with an appropriate inter-
nal standard solution containing scandium, yttrium and
indium and quantified against a matrix-matched standard
calibration curve. External reproducibility is estimated at
5-7% (1o) for most elements, based upon replicate analy-
sis of NIST reference materials RM-8301 (coral), RM-8301
(foraminifera) and an in-house carbonate standard. All
data are reported as metal to calcium+ magnesium ra-
tios to standardise across samples with variable dolomite
abundance.

3.4 | Multi-collector mass spectrometry:
§*/*Ca and §**Mg

All cation isotopic analyses were carried out using a
Thermo Neptune XT multi-collector inductively coupled
plasma mass spectrometer (MC-ICP-MS) at the University
of Chicago. Calcium isotope analyses (5**/*°Ca) were
performed using an ESI Apex-Q desolvating nebuliser,
which reduces hydride interferences to a considerable
extent (Razionale et al., 2022). To avoid further interfer-
ences, a medium-resolution slit was used to avoid major
polyatomic interferences, such as ArH,*, by maintaining
a position on the low-mass shoulder. Sample-standard
bracketing was used to correct for instrumental mass
fractionation. Sample and standard solutions were di-
luted to the same concentration (ca 1ppm calcium) to
minimise concentration-dependent isotope effects, and
known linear concentration-dependent effects within a
10% deviation from 1ppm calcium were corrected using
a concentration calibration. Strontium interferences
were corrected by monitoring the double-charged ¥’Sr**
beam (m/z=43.5). The **Ca, **Ca and **Ca beams were
measured; after correction, §*/4°Ca values were calcu-
lated using established kinetic fractionation laws (Young
et al., 2002), assuming no radiogenic 40Ca excess. Triple-
isotope plots (6**Ca vs. 5**?Ca) were used to ensure the
mass dependence of strontium-corrected raw data prior
to concentration correction. Data are reported relative
to International Association for the Physical Sciences of
the Oceans (IAPSO) sea water, and the long-term exter-
nal reproducibility of this calcium isotope measurement
protocol is +0.12%. (20) (Bryant et al., 2022; Razionale
et al., 2022).

Magnesium isotope analyses (5°°Mg) were introduced
using a dual-path glass cyclonic chamber using a low-
resolution slit and corrected for instrumental mass bias via
sample-standard bracketing (Bryant et al., 2022). As with
calcium, sample and standard solutions were diluted to
the same concentration (ca 150 ppb magnesium) to mini-
mise concentration-dependent isotope effects, although no
concentration-dependent effect was observed during ana-
Iytical runs. Triple-isotope plots (§2***Mg vs. §2**Mg) were
used to ensure the mass dependence of raw data. Data are
reported relative to Dead Sea Magnesium 3 (DSM-3), and
the long-term external reproducibility of this magnesium
isotope measurement protocol is +0.10%o (20).

3.5 | Gas source mass spectrometry:
813C and 8'%0

Most samples analysed in this study have existing
8"3C,yp and 80 data reported by Schneebeli-Hermann
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et al. (2020), but 8**C,,;, and 5'0 measurements for sam-
ples (n=4) without reported isotopic data were conducted
at the University of Chicago Stable Isotope Ratio Facility,
using a GasBench II coupled to a Thermo-Finnigan Delta
V Plus isotope ratio mass spectrometer in continuous-flow
mode. Powdered samples (ca 150-200pug of carbonate)
were reacted with 103% phosphoric acid in helium-purged
vials at 25°C. The evolved CO, gas was analysed against
in-house tank CO, gas and calibrated against a suite of
working in-house and external (NBS-18 and NBS-19)
standards. Data for both §"°C_,,;, and &'®0 are reported
relative to V-PDB (Vienna-Pee Dee Belemnite), and the
long-term external reproducibility for 8°C is +0.08% (26)
and for 8'%0 is+0.14%. (20).

4 | RESULTS

The results of this study are presented stratigraphically
in Figure 2. Following the framework of Schneebeli-
Hermann et al. (2020), the core is subdivided into Unit I
(?Dinwoody Formation), Unit II (?Woodside Formation),
Unit III (Meekoceras Limestone), Unit IV (Lower Shale)
and Unit V (Tirolites Limestone).

4.1 | Major, minor and trace elements
The Mg/(Mg+ Ca) ratios range from 0.03 to 0.38 mol/mol
(Figure 2), ranging between low-magnesium calcite [Mg/
(Mg+Ca)<0.04] and variable mixtures of dolomite and
calcite [Mg/(Mg+Ca)>0.04], although most samples
have Mg/(Mg+ Ca)>0.04. In general, Mg/(Mg+Ca) ra-
tios are the most variable in the lower part of the core, are
high at the base of Unit IV before progressively declining
upwards in the unit and remain relatively low in Unit V,
especially in its uppermost portion.

Measured Mn/(Mg+Ca) and Sr/(Mg+Ca) ratios
range from 1.0-8.0 and 0.19-1.0mmol/mol, respectively
(Figure 2). There is a significant positive correlation be-
tween Mn/(Mg+ Ca) and Mg/(Mg+ Ca) ratios (R*=0.32,
p=3.8x10""; Figure 3A) and a significant negative cor-
relation between Sr/(Mg+ Ca) and Mg/(Mg+ Ca) ratios
(R2=0.SO, 3.5x107%; Figure 3B), both of which are par-
ticularly clear in Units IV and V. Stratigraphically, Mn/
(Mg+ Ca) ratios are high and variable in Units I-III, pro-
gressively decline through Unit IV and remain low and
relatively stable in Unit V (Figure 2). Correspondingly, Sr/
(Mg + Ca) ratios are quite low in Units I-III, before sharply
increasing in the middle of Unit IV to approximately
1.0mmol/mol (Figure 2). Above, Sr/(Mg+ Ca) ratios re-
main relatively stable at ca 0.6 mmol/mol throughout Unit
V. The Mn/Sr ratios broadly parallel Mn/(Mg+ Ca) ratios:

Mn/(Mg+Ca) (mmol/mol)

0.4+

Qo
0.8 1 A
| o Zap T
2

Sr/(Mg+Ca) (mmol/mol)

02 ¢ ¢

0.0 T T T
0.0 0.1 0.2 0.3 04

Mg/(Mg+Ca) (mol/mol)
Unit @ 1 @ 1 @ A v g v

FIGURE 3 Co-variation of trace-metal ratios with Mg/
(Mg + Ca) ratios in the Georgetown core. (A) Mn/(Mg+ Ca)
ratios versus Mg/(Mg+ Ca) ratios (R*=0.32, p=3.8x107°);
(B) Sr/(Mg + Ca) ratios versus Mg/(Mg+ Ca) ratios (R*=0.50,
p=3.5%x107%).

They are comparatively elevated (average=10mol/mol)
and variable in Units I-1II, progressively decrease through
Unit IV and remain comparatively low (average =3.5mol/
mol) and stable in Unit V (Figure 2).

4.2 | Magnesium isotopes

Measured 8*°Mg values range from —2.35 to —1.55%o,
with an average value of —1.93%. relative to DSM-3. In
general, 8*°Mg values broadly capture a significant posi-
tive correlation when plotted against Mg/(Mg+ Ca) ratios
(R*=0.30, p=7.6x107"): This is especially apparent in
Unit IV and to a lesser extent in Units I-1I (Figure 4A).
Stratigraphically, 5°°Mg values are comparatively variable
in Units I-1I, low and stable in Unit III (average = —2.1%o),
reach a maximum at the base of Unit IV before progres-
sively declining through the unit and stabilise in Unit V
(average=—1.9%o) (Figure 2).

43 | Calcium isotopes

In a similar vein, measured 8***Ca values range from
—1.34 to —0.72%0, with an average value of —1.04%o.
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FIGURE 4 Co-variation of cation isotope ratios with Mg/
(Mg + Ca) ratios in the Georgetown core. (A) 8°°Mg values versus
Mg/(Mg + Ca) ratios (R*=0.30, p=7.6x107); (B) 5*%Ca values
versus Mg/(Mg + Ca) ratios (R*=0.01, p=0.55).

Stratigraphically, §*/%0Ca values are relatively low (aver-
age =—1.22%o) and stable until the top of Unit III, where
they sharply increase at 107.5m to —0.88%. (Figure 2).
Above, §*/4°Ca values decline until the middle of Unit IV
(90.5m), where they again sharply increase to —0.72%o.
There, 8***°Ca values decline above to the topmost por-
tion of Unit IV (72.05m), where they stabilise at approxi-
mately —0.95%.. Unlike the geochemical properties above,
there is no strong connection between §**/40Ca values and
Mg/(Mg+ Ca) ratios (R*=0.01, p=0.55; Figure 4B), or
between §*°Ca and 626Mg values (R*=0.05, p=0.14).
However, in Unit IV, there is a substantial negative cor-
relation between §*/*°Ca and Sr/(Mg+ Ca), especially
above 90.5m (R*=0.43, p=8.6x107°).

4.4 | Comparison of §**Mg, 5*/*°Ca and
trace-metal ratios with existing records

Existing 8'°C.,,, and 613C0rg records for the Georgetown
core (see Schneebeli-Hermann et al., 2020) are broadly
similar to each other, although differences in their expres-
sion emerge in the upper portion of the recovered core
(Figure 2). Relatively invariant 8"°C,,,, and 8" Corg values
are recorded in Units I-1I1, followed by a sharp decrease in
both records near the top of Unit IIL. In Unit IV, §°C,,,,

values progressively increase from a nadir of —0.9%o at the
base of Unit IV to 4.9%o at the top of Unit IV; in contrast,
while 613C0rg values also increase from the base of Unit IV,
they peak at 86.0m and remain stable throughout the rest
of Unit IV. In Unit V, 8"°C_,,;, values dramatically drop
20m above the base of the unit (at 47.5m) to —0.8%0 and
slightly decline upwards to the top of the core. However,
613C0rg values are highly variable in Unit V, decreasing
to —31.5%0 before rising to —27.7%. and again falling to
—31.9%o at the top of the measured core.

Sample 8°C,,,, values show correlations with sev-
eral of the geochemical proxies measured here, although
the exact nature of those relationships is not consistent
throughout the Georgetown core and, instead, are piece-
wise correlated within individual lithostratigraphic units.
In Units I-I1I, there exists a clear negative correlation be-
tween 8°C,,,;, and §*/*°Ca values (R*=0.62, p=1.8x107%;
Figure 5B), although there is no clear correlation with
the extent of dolomitisation (i.e. Mg/(Mg+Ca) ratios;
R?>=0.00, p=0.93; Figure 5A). Above, in Unit IV, there
are significant negative correlations between §"°C_,, and
5*°Mg values (R*=0.81, p=1.0x10"%; Figure 5C), Mg/
(Mg + Ca) ratios (R*=0.75, p=1.9x1077; Figure 5A), Mn/
(Mg + Ca) ratios (R*=0.51, p=1.8x 10~*) and Mn/Sr ratios
(R*=0.71, p=1.9%107>; Figure 6A), along with a signifi-
cant positive correlation between §"C_,,;, values and Sr/
(Mg + Ca) ratios (R*=0.77, p=8.8x10~®). Finally, in Unit
V, there is a significant positive correlation between 8Bc-
carb Values and Mn/(Mg+ Ca) ratios (R*=0.59, p=0.025).

5 | DISCUSSION

Below, the geochemical behaviour of the Georgetown
core is linked with lithologic variations, enabling an
investigation of the extent to which local and/or post-
depositional factors may have influenced the carbon-
ate geochemistry of the Georgetown core. Based on
the absence of co-variation between §'°C_,; and 5'%0
values in the Georgetown core, Schneebeli-Hermann
et al. (2020) concluded that the 8"°C_,,, values in the
Georgetown core were not overprinted by diagenesis,
and instead reflect the evolution of global oceanic DIC.
While co-variation between §'°C.,; and 80 values
may be indicative of certain diagenetic mechanisms,
such as meteoric or late-burial diagenesis, co-variation
is not necessarily expected in other diagenetic settings
(Swart, 2015), and so this absence of covariation does
not necessarily exclude the possibility of extensive post-
depositional alteration. Moreover, carbonate 830 values
are particularly prone to diagenetic resetting through-
out their entire post-depositional trajectory, especially
compared to 8"°C,,, values (Banner & Hanson, 1990;
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FIGURE 6 Traditional indices of diagenesis: (A) Mn/Sr ratios
versus 8'*C_,, values and (B) 613COrg values versus 8"°C,,,;, values
in the Georgetown core. The red line on (A) marks Mn/Sr=1mol/
mol, which often serves as a ‘threshold value’ to detect extensive
post-depositional alteration (Derry et al., 1992). The black line on
(B) is a 1:1 line, with 5" Corg values offset by e=30%o relative to
813C ap values.

Ahm et al., 2018). Therefore, even if §'°C_,, and 5'*0
values developed a co-variation during early diagenetic
stages (e.g., meteoric diagenesis), 5'°0 values may have
been subsequently reset during later post-depositional
stages, disrupting any existing correlation. To this end,
additional geochemical proxies are explored that suggest
other diagenetic mechanisms may have been significant
in the Georgetown core.

5.1 | Geochemical evidence for
diagenetic alteration

51.1 | Manganese/strontium ratios
Manganese-to-strontium ratios (Mn/Sr) have often been
used as a diagenetic tracer within the geological record
(Derry, 2010), since Mn/Sr ratios in modern sea water are
very low while those in diagenetic fluids can be signifi-
cantly higher (Derry et al., 1992). In general, manganese is
more soluble under anoxic conditions, due to the dramatic
difference in solubility between the reduced Mn(II) and
oxidised Mn(IV) species (Tebo, 1991). Elevated manga-
nese concentrations in pore fluids are thus often associated
with anoxia and organic carbon remineralisation—which,
in turn, can lower 8C,,,;, values of carbonate minerals
recrystallised under such conditions, leading to a nega-
tive correlation between Mn/Sr ratios and 5"°C,, values
(Brand & Veizer, 1980; Klinkhammer, 1980). In contrast,
strontium tends to decrease in diagenetically stabilised

85UB017 SUOWILIOD 3A1IR1D 3(cedl|dde au Aq peusenob afe Sapie O ‘88N JO SN 1oy AReiq 18Ul UO A8 ]I UO (SUORIPUOD-PUE-SWLBH LD &3] 1M Afeiq1BU UO//STY) SUORIPUOD Pue SWB L 38U 89S *[720e/TT/.2] uo Arigiauluo AB|im ‘0Beaiyd JO AisieAun Ad Tze'2dep/z00T 0T/10p/uoo 3| im Azeiq iUl |uo//sdny wouy papeojumoq ‘0 ‘£.8¥SS0C



TODES ET AL.

| 9

carbonates because (i) the strontium partition coefficient
is larger in aragonite and biogenic calcite (K =0.2-1.1)
than in low-magnesium calcite (K=0.03-0.1) or dolo-
mite (Kp=0.02-0.06), and aragonite undergoes alteration
to low-magnesium calcite or dolomite during diagenetic
stabilisation (Banner & Hanson, 1990; Banner, 1995;
Zhang & DePaolo, 2020), and (ii) there is a strong kinetic
dependence for strontium incorporation into carbonates,
and the rate of primary carbonate precipitation is more
rapid than the rate of diagenetic recrystallisation (Tang
et al., 2008b; DePaolo, 2011).

In the Georgetown core, the clear negative co-
variation between Mn/Sr ratios and §'°C,,, values in
Units I-IV suggests that the 8°C_,, values were in-
fluenced by an anoxic diagenetic fluid whose elemen-
tal composition varied significantly from sea water
(Figure 6A). Diagenetic recrystallisation under anoxic
conditions was most important in Units I-IIT and be-
came progressively less influential throughout Unit IV,
throughout which Mn/Sr ratios decrease. Independent
evidence for anoxic pore water conditions during the
deposition and diagenetic stabilisation of the Lower
Shale comes from its laminar, non-bioturbated sed-
imentary fabrics (Schneebeli-Hermann et al., 2020).
Therefore, any systematic changes in carbonate redox
proxies throughout this interval should be interpreted
through the lens of an anoxic diagenetic environment,
and so are likely not directly related to secular Earth
system evolution. Most samples lie well above the often-
cited Mn/Sr threshold value of 1mol/mol above which
diagenesis is traditionally interpreted to have influenced
carbonate geochemistry (Derry et al., 1992) (although
note that lower Mn/Sr ratios do not inherently exclude
certain diagenetic styles, especially in carbonate plat-
forms; see Swart et al., 2014; Higgins et al., 2018).

5.1.2 | Dolomitisation

The presence of extensive—if incomplete—dolomitisa-
tion in the Georgetown core additionally suggests that
diagenetic processes were influential in shaping the car-
bonate geochemistry of the Georgetown core. While repla-
cive dolomitisation inherently entails a major reset of the
major cation carbonate geochemistry, this process does
not necessarily translate to dramatic changes in associated
trace-metal and §'°C.,,, signatures (Mueller et al., 2020).
Under conditions with lower water:rock ratios, where the
availability of magnesium ions may be the limiting factor
for dolomitisation, 8'3C ratios in a dolomite may reflect
the influence of the precursor carbonate mineral (more
‘sediment-buffered dolomitisation’). On the other end of
the spectrum with very high water:rock ratios, dolomites

may instead capture the 8"°C value of largely unevolved
regional sea water DIC (‘fluid-buffered dolomitisation’)
(Bléttler et al., 2015; Higgins et al., 2018; Ahm et al., 2021).
These different modes have distinct implications for the
genesis of 8°C,, signatures. More sediment-buffered
dolomites tend to preserve original, or early diagenetic,
8"C_ . values that can be decoupled from secular sea
water DIC evolution, whereas in fluid-buffered dolomites
the exchange of carbon between the original sediment
and the diagenetic fluids is generally sufficient enough
to reset associated 8"°C_,;, values towards the diagenetic
fluid—which is often, but not always, unevolved sea water
DIC (Bold et al., 2020; Crockford et al., 2020; Nelson
etal., 2021).

In the Georgetown core, strong correlations between
the extent of dolomitisation [Mg/(Mg+ Ca) ratios] and
trace-metal, 5°°Mg and 5'°C.,,,, values (Figures 3, 4A and
5B), collectively suggest that the dolomitic fraction cap-
tures a geochemical signature that is distinct from the
calcitic fraction. These co-variations are especially prom-
inent in Unit IV and coincide with the largest excursion
in 8"°C_,;, values observed in the Georgetown core, sug-
gesting that the geochemical record of this interval may be
modulated more so by mineralogical variations than secu-
lar palaeoceanographic change. In particular, the positive
association with Mn/(Mg+ Ca) ratios (Figure 3A), and
the negative association with §"°C,;, values (Figure 5A),
suggests that the dolomitisation process was anoxic and
associated with organic carbon remineralisation in a rel-
atively closed system. This process, in turn, would lead
to increased pore water manganese concentrations and
decreased local DIC 8"°C values and is quantitatively ex-
plored below in Section 5.2.2.

5.1.3 | Calcium and magnesium
isotope ratios

Early marine diagenesis in carbonate rocks can be dif-
ficult to identify petrographically or with traditional
geochemical indicators, although it is capable of altering
even the most resistant chemical and isotopic signatures
(Shinn et al., 1983; Higgins et al., 2018; Ahm et al., 2021).
The calcium and magnesium isotope systems can be sen-
sitive to this process and help determine the extent to
which carbonate geochemistry is controlled by the origi-
nal sediment chemistry (reflecting ‘sediment-buffered’
conditions) or the diagenetic fluid chemistry (‘fluid-
buffered’ conditions). Fluid- and sediment-buffered are
defined with respect to a particular elemental or isotopic
system, due to mass balance considerations: for instance,
a sample can be fluid-buffered with respect to 8'*0 while
being sediment-buffered with respect to 5'°C,,,, due to
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the different concentrations of oxygen and carbon for
the original sediment and diagenetic fluid. In general,
the range of sediment-buffered to fluid-buffered con-
ditions has been defined with respect to §'°C,,, (Ahm
et al., 2018). In this context, calcium isotope ratios serve
as an effective tracer for the extent of early marine di-
agenesis, with 8*/*°Ca values increasing as diagenetic
alteration transitions from more sediment-buffered
to more fluid-buffered. This relationship emerges be-
cause 8*/%Ca values of primary carbonates are largely
dictated by mineralogical and kinetic controls (Tang
et al., 2008a; DePaolo, 2011), whereas the diagenetic
environment promotes reactions close to equilibrium,
and the equilibrium fractionation («) between carbon-
ates and diagenetic fluid is approximately 1 (Fantle &
DePaolo, 2007; Jacobson & Holmden, 2008). Since sea
water 8*/4°Ca values are invariably higher than marine
carbonate 5**/*°Ca values, and the diagenetic fluid dur-
ing early marine diagenesis is derived from sea water,
sedimentary §**°Ca values should increase as early ma-
rine diagenesis progresses. The magnitude of diagenetic
§*/*Ca change is usually significantly larger than what
can be produced by perturbations to the global marine
calcium reservoir such as from increased weathering
rates and/or ocean acidification (Komar & Zeebe, 2011,
2016), as results from fully coupled calcium and carbon
cycle models show that carbonate compensation effec-
tively stabilises calcium concentrations in response to
such perturbations, limiting global marine §**/°Ca ex-
cursions to an effective maximum of ca 0.3%. in response
to forcing events.

In turn, coupled §*/4Ca and 626Mg ratios are useful
for examining dolomitisation styles. Open system, fluid-
buffered marine dolomites (see Section 5.1.2) have §*°Mg
values that are approximately 2%o lighter than contem-
poraneous sea water and §*/40Ca values that approach
contemporaneous sea water (Ahm et al., 2018; Higgins
et al., 2018). Where magnesium supply is limiting, more
sediment-buffered dolomites have 5°°Mg values that can
be variably heavier than fluid-buffered dolomites due to
Rayleigh distillation of the magnesium during dolomitisa-
tion and §**/*°Ca values that can be inherited from the pre-
cursor carbonate (Blittler et al., 2015). Anti-correlation
between §*/*°Ca and §?°Mg values can therefore signal
variably open-/closed-system pore fluid behaviour, which
directly impacts magnesium supply; for example, these
conditions could occur if diffusion is the limiting factor for
authigenic dolomite formation (Blittler et al., 2015). This
anti-correlation can be associated with negative 8"*C.,,
values if dolomite formation is associated with bacterial
sulphate reduction. Together, these patterns may enable
us to test the hypothesis of Thomazo et al. (2016) that the
expression of the Smithian-Spathian boundary excursion

in the Thaynes Group is due to widespread authigenic car-
bonate precipitation in the boundary interval.

In the Georgetown Core, there is a clear negative
co-variation between &“C_,, and §*49Ca values in
Units I-III, which is interpreted as reflecting a shift
from sediment-buffered to fluid-buffered diagenesis as
the major control of 8"*C_,,, values in the lower part of
the core (Figure 5B). Samples with relatively high pro-
portions of dolomite have relatively light §*/%Ca and
relatively heavy 5°°Mg values compared to what would
be anticipated from fluid-buffered dolomitisation,
given estimates of Triassic sea water §*4Ca and 5*°Mg
(about —0.2 and 0.3%., respectively; Farka$ et al., 2007;
Li et al., 2015), supporting previous interpretations that
the dolomitisation in the Georgetown core is compara-
tively sediment-buffered (see Section 5.2.2 for further
discussion). However, the absence of a strong negative
co-variation between 8**/*°Ca and 5*°Mg values suggests
that authigenic dolomite precipitation under anaerobic
conditions (e.g., bacterial sulphate reduction, methano-
genesis) was not a major contributor to the carbonate
budget of the Georgetown core.

514 | Paired 8°C,,y and 8'°C,,, analyses

Paired 8'°C,,y, and 8'°C,,,, records of the Georgetown core
(Figure 6B) also suggest that diagenetic processes shaped
the carbonate geochemical record of the Georgetown
core. In principle, these two measurements ought to co-
vary if both records are primary and there are no signifi-
cant changes in the isotopic fractionation between DIC
and organic matter within the studied interval and region
(see Knoll et al., 1986; Oehlert & Swart, 2014). While
8"Cyp and 613C0rg records broadly co-vary in Units I-III,
613C0rg values are largely stable in Unit IV despite a con-
siderable range in §'°C,,,,, (Figure 6B). The reverse is true
in Unit V, where 8"°C_,,, values largely do not change
despite considerable variation in 613C0rg values. Noting
this, Schneebeli-Hermann et al. (2020) argued that the
613C0rg record may have been influenced by changes in
the constitution of organic matter, paralleling changes
in regional eustasy and local depositional environment,
and so to some extent captured changes in the isotopic
fractionation between DIC and organic matter rather
than the evolution of regional DIC. While there is cer-
tainly some evidence for changing organic matter com-
position (see Schneebeli-Hermann et al., 2020), another,
non-mutually exclusive cause of this relationship may be
that the 8"*C_,;, record is influenced by post-depositional
alteration, due to the extensive co-variation between
8"C.,y, values and carbonate diagenetic tracers, as dis-
cussed above.
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52 | Lithostratigraphic variation in
diagenetic style

As outlined above, the carbonate geochemical record of
the Georgetown core was mediated to some degree by
post-depositional processes, although patterns of diagen-
esis are not uniform in either style or extent throughout
the Georgetown core. Below, the different diagenetic
modes and processes that predominated throughout the
core are outlined on a lithostratigraphic unit-by-unit
basis, and linked to the sedimentological evolution of the
Georgetown core.

5.2.1 | Units I-III: Dinwoody Formation,
Woodside Formation and Meekoceras
Limestone

The lower Georgetown core generally reflects early ma-
rine diagenetic behaviour, rather than global §C_,,,
evolution, based on the clear co-variation between
813C .,y and 8*/#°Ca values (Figure 5B). In an early ma-
rine diagenetic framework, the decline in §'*C_,,, values
linked with a concurrent positive shift in §*/%Ca val-
ues captures a modest transition from more sediment-
buffered conditions at the base of the core towards
more fluid-buffered conditions towards the top of Unit
III (Figure 2). Additionally, the Meekoceras Limestone
is largely composed of nodular limestones, which have
been proposed to form via the early diagenetic disso-
lution of aragonite and subsequent re-precipitation of
calcite (Jenkyns, 1975; Kennedy & Garrison, 1975).
Diagenetic stabilisation in the lower Georgetown core
likely occurred under predominantly anoxic condi-
tions in both the sediment-buffered and fluid-buffered
endmembers, given that elevated Mn/(Mg+ Ca) ra-
tios are observed throughout the lower Georgetown
core (Figure 2), and that the formation of nodular car-
bonates is commonly promoted by anoxic conditions
(Jenkyns, 1975; Kennedy & Garrison, 1975).

In general, Units I-III capture a gradual transition from
the more siliciclastic Woodside and Dinwoody forma-
tions to the limestone-dominated Meekoceras Limestone
(Figure 2). This change from siliciclastic to carbonate-
dominated facies is associated with a shift from closed-
system to open-system diagenetic behaviour, in which the
siliciclastic layers preferentially restricted early-diagenetic
fluid migration in Units I-II, similar to the mechanism
proposed by Nelson et al. (2021) to explain Cryogenian
8"3C_,yp, variability in the Panamint Range. Furthermore,
as 8"°C_,y,, values are stable in the sediment-buffered in-
terval (ca 3%o; 155-125m), this value is interpreted as
capturing the 8"°C value of local DIC, modified by the

fractionation associated with carbonate precipitation. The
subsequent decrease in 8'°C,,,,, values is largely attributed
to early marine diagenesis, possibly driving carbonate
geochemistry towards the carbon isotopic composition of
an evolved, anoxic diagenetic fluid.

5.2.2 | UnitIV: Lower Shale

In the Georgetown core, the carbonate geochemical record
of the Lower Shale is pervasively affected by dolomitisa-
tion, with no clear co-variation between co-occurring
§*4Ca and 5*°Mg values. The extent of dolomitisation is
greatest at the base of Unit IV and progressively decreases
throughout the unit. Furthermore, the sharp negative
co-variation between 8°C_,, values and 6*°Mg values,
Mg/(Mg+ Ca) ratios and Mn/(Mg+Ca) ratios in the
Lower Shale suggests that "°C_,,, values were strongly
influenced by the dolomitisation process. Therefore, the
geochemical record of the Lower Shale is interpreted as
heavily influenced by relatively sediment-buffered anoxic
dolomitisation, with the extent of dolomitisation decreas-
ing from the base to the top of the unit.

To examine how partial dolomitisation may have in-
fluenced the geochemistry of the Lower Shale, a simple
model—assuming that the Mg/(Mg+ Ca) ratios reflect lin-
ear mixing between calcite and dolomite fractions—was
constructed, from which mixing trends were calculated
for 8°C 1, 5°°Mg, Sr/(Mg + Ca) and Mn/(Mg+ Ca) values
(Figure 7). There was no attempt to model §*/40Ca val-
ues: given the interpretation of the dolomite as partially
‘sediment-buffered’, the §*/°Ca values of the dolomitic
fraction may be partially and/or variably retained from
the precursor carbonate mineral (Blittler et al., 2015;
Nelson et al., 2021), and the implications of the §*/40Ca
record are explored below. The 82C,,, Sr/(Mg+ Ca)
and Mn/(Mg+ Ca) values for endmember calcite [Mg/
(Mg+Ca)=0.03] and dolomite [Mg/(Mg+ Ca)=0.50]
were determined using an orthogonal linear regression
between the respective geochemical parameters and Mg/
(Mg + Ca) ratios through all data points in Unit IV. Since
Mg/(Ca+Mg) ratios are stoichiometrically dominated by
the dolomitic fraction, endmember 626Mg values were
determined using a orthogonal linear regression between
observed 6*°Mg values and 1/[Mg/(Mg+Ca)] ratios.
These regressions yield a calcite endmember with §'°C-
carb="5.3%0, 8°Mg=—2.3%0, Sr/(Mg+ Ca)=1.00mmol/
mol and Mn/(Mg+ Ca)=0.3mmol/mol. In turn, the
dolomite endmember would have &7Cgy,=—2.2%o,
8*°Mg=—1.6%o, Sr/(Mg+ Ca)=0.01 mmol/mol and Mn/
(Mg+ Ca)=7.1mmol/mol. As a consistency check, these
modelled isotopic values are compared to independent
constraints on Triassic sea water compositions.
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FIGURE 7 Mixing model of a
modelled primary calcite endmember
with a modelled secondary dolomite
endmember as described in the

text, compared to Georgetown core
observations (Unit IV highlighted). (A)
81C,,p, values versus Mg/(Mg + Ca) ratios;
(B) 8*°Mg values versus Mg/(Mg + Ca)
ratios; (C) Mn/(Mg+ Ca) ratios versus
Mg/(Mg+ Ca) ratios; (D) Sr/(Mg+ Ca)

C

ratios versus Mg/(Mg+ Ca) ratios.

The dolomite endmember §*°Mg value (—1.6%o) is slightly
heavier than would be predicted based on Triassic sea
water 8°°Mg estimates (approximately 0.0-0.3%o) de-
rived from existing Triassic dolomite (Geske et al., 2012;
Li et al., 2015; Hu et al., 2017, 2021) and fluid-inclusion
(Xia et al., 2020, 2024) 626Mg data. Under ambient ma-
rine conditions, the fractionation factor between sea water
and dolomite is @=0.998, leading to a 2.0%. offset between
sea water and fully fluid-buffered dolomites (Higgins &
Schrag, 2010; Li et al., 2015). Given this discrepancy, the
52°Mg value of the dolomite endmember is interpreted as
driven by limited Rayleigh distillation of magnesium dur-
ing dolomitisation. The modelled endmember value rep-
resents the furthest progression of magnesium distillation
within the Georgetown Core. Several samples have §*°Mg
values that lie beneath the mixing curve in Figure 7B,
which are interpreted as reflecting dolomitisation from
fluids that had experienced less Rayleigh distillation with
respect to magnesium. Furthermore, given the near-linear
decrease in 8*°Mg values throughout Unit IV (Figure 2),
the progression of Rayleigh distillation in the dolomitis-
ing fluids is proposed to decrease up-section, resulting in
the observed discrepancy between the mixing model and
the observed data. In contrast, the calcite endmember
8*°Mg value (—2.3%o) aligns well with predictions for cal-
cite precipitated from estimated Triassic sea water 5°°Mg.
While modern carbonate sediment §**Mg values occupy
a fairly broad range (—5.5 to —1.5%o, with considerable
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mineralogical dependence), the average offset between
ambient sea water and modern carbonates (A =—2.2%0)
is broadly comparable to the observed offset between the
modelled calcite endmember and estimates of Triassic sea
water (Saenger & Wang, 2014; Higgins et al., 2018).

A similar mixing model was used to explain the ob-
served 5°°Mg record of the Middle Triassic Geshan sec-
tion, and derived near-identical values for 5*°Mg,.;,. and
8% Mgoiomite: SUPpOrting prior estimates of Triassic sea
water composition and suggesting that dolomitisation
from sea water-derived fluids in a partially magnesium-
limited setting may be relatively common (Hu et al., 2017).
Furthermore, several prior studies have observed anoma-
lously heavy 8*°Mg records from dolomitic Early Triassic
successions, which have been attributed to local basin
and/or pore-water restriction with respect to magnesium
concentrations (Geske et al., 2012; Hu et al., 2021).

Carbon

The modelled calcite 8"°C_,, value lies within the range
of estimated Smithian-Spathian sea water DIC based on
well-preserved articulate brachiopods (Korte et al., 2005),
but the modelled dolomite §'°C,,, value lies well below
this range. This phenomenon can be readily explained
by the remineralisation of sedimentary organic matter,
lowering 8'°Cp;c values of the dolomitising fluid. Any
dolomitisation occurring within these fluids would have
reduced 8"°C_,,, values, while 613C0rg values would be un-
affected, as observed in the Lower Shale. This mechanism
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would be supported under increasingly anoxic conditions,
which would imply more closed-system behaviour and
the retention of organic-matter derived DIC—the same
conditions that would lead to elevated pore water manga-
nese concentrations and elevated Mn/(Mg+ Ca) ratios in
dolomite (Derry, 2010). The end-member calcite §°C,,,,
value (5%0) may also be a suitable record of regional DIC
8"3C values during the deposition of Unit IV, especially
near the contact of the Lower Shale and the Tirolites
Limestone.

Calcium

The mixing model proposed here does not adequately ex-
plain the §**/40Ca record of the Lower Shale which is tenta-
tively interpreted as inherited from the pre-dolomitisation
carbonate material, although there is a negative correla-
tion between §*/*°Ca values and Mg/(Ca+Mg) ratios
above the limestone bed in Unit IV (90.5-70 m; R*>=0.40,
p=0.01). However, the prominent positive excursion in
§*/40Ca values in the middle of Unit IV (90.5m) is associ-
ated with the appearance of a grey laminated limestone
with abundant dissolution surfaces (Schneebeli-Hermann
et al, 2020), and 8*/*°Ca values return to the pre-
excursion values slightly above the top of the limestone
bed. Several non-mutually exclusive mechanisms could
explain this excursion. First, carbonates in the limestone
bed may have experienced more fluid-buffered early di-
agenesis than the surrounding shale beds. Generally,
shales have relatively low permeability, which can favour
sediment-buffered conditions. In contrast, bioclastic lime-
stones are often porous, which can promote recrystallisa-
tion under fluid-buffered conditions. Alternatively, if the
limestone bed represents a hardground, the associated ex-
cursion in */*°Ca values may reflect processes associated
with extensive cement precipitation during hardground
formation (Shinn, 1969; Erhardt et al., 2020). While these
mechanisms cannot be distinguished at the present time,
either could satisfactorily explain the §*/*°Ca record of
the Lower Shale.

5.2.3 | UnitV: Tirolites Limestone

The geochemical record of the Tirolites Limestone is in-
terpreted as dominated by meteoric diagenetic processes.
Geochemically, such processes are typified by (i) depleted
trace-metal concentrations due to lower cation concen-
trations in fresh waters relative to sea water or sea water-
derived fluids, (ii) lower §'*C_,;, values driven by DIC that
partially originates from remineralised organic matter and
(iii) lower 8'30 values inherited from precipitation, rather
than sea water (Gross, 1964; Swart & Oehlert, 2018). In the
Georgetown core, the Tirolites Limestone captures a sharp

drop in 8"C,,,;, values and several trace-metal ratios, par-
ticularly above 50m (Figure 2). While 613C0rg values do
decline at this level, they quickly rebound and remain de-
coupled from §'°C,,, values to the top of the Georgetown
core. This variation has previously been interpreted as re-
sulting from changes in the composition of sedimentary
organic matter, rather than secular sea water DIC evolu-
tion (Schneebeli-Hermann et al., 2020). Given that this
8"C.,yp, decline is not associated with large changes in
§*/40Ca or 5?°Mg values, is not considered a global chem-
ostratigraphic marker, but is associated with a well-known
regional early Spathian regression (Vennin et al., 2015;
Caravaca et al., 2017; Grosjean et al., 2018), meteoric di-
agenesis of the carbonate minerals is favoured as an ex-
planation for this pattern. Some dolomite is also present
in the Tirolites Limestone, but it is generally less abundant
than in Units I-IV (Figure 2). These observations suggest
that the dolomitisation process in the Tirolites Limestone
preceded the onset of meteoric diagenesis.

While meteoric diagenesis is commonly associated
with positive co-variation between 8°C,;, and §'%0 val-
ues, no associated decline in §'®0 values is observed along
with the §"°C_,,;, decline. However, carbonate 8'*0 values
may reset by a variety of post-depositional processes. In
the Georgetown core, 8'°0 values were likely reset during
subsequent burial diagenesis, which would significantly
decrease carbonate 5'®0 values. All Georgetown &'°0
values are lighter than Plio-Pleistocene carbonates that
have clearly experienced meteoric diagenesis (Swart &
Oehlert, 2018), as well as many time-equivalent carbon-
ate successions (Payne et al., 2004). Sedimentologically,
meteoric diagenesis is often associated with extensive
karstification (Moore & Wade, 2013), which is observed
throughout the Tirolites Limestone, providing an addi-
tional degree of support to the interpretation of a meteoric
diagenetic control in the Tirolites Limestone.

52.4 | Summary

In the Georgetown core, the initial §"°C_,,;, decline in the
Meekoceras Limestone appears to reflect a transition from
sediment-buffered to fluid-buffered early marine diagen-
esis, and the subsequent 8°C_,,, recovery and peak in
the Lower Shale appear to capture a progressive decrease
in the extent of dolomitisation. Likewise, the sharp drop
in 8'°C,,,, values in the Tirolites Limestone captures the
influence of meteoric diagenesis. In short, the first-order
control on the major excursions in §'°C_,,, values in the
Georgetown core appear to be differing diagenetic styles,
rather than secular change in the global carbon cycle. Even
so, there are intervals in the Georgetown core that are less
affected by post-depositional overprint than others—in
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particular, the more sediment-buffered intervals at the
base of Units I-1I11, and calcite-dominated samples in Unit
IV. Based on those intervals, regional §'°Cp;c values in
the northern Sonoma Foreland Basin can be interpreted
to have increased from ca 3%o in the middle Smithian to ca
5%o in the lower Spathian, although the timing and path-
way through which 8"*Cpy;. evolved cannot be definitively
established within the core.

5.3 | Regional and global implications
for the Smithian-Spathian boundary
excursion

In the Georgetown core, the carbonate geochemistry
of the Smithian-Spathian boundary interval appears to
reflect variable diagenetic styles and processes, rather
than global oceanic-atmospheric behaviour. While the
paired 613ccarb-613corg records of the Georgetown core
are broadly comparable to others in the northern Sonoma
subbasin (e.g., Hot Springs; Figure 1), they vary con-
siderably from those in the southern Sonoma subbasin
(Thomazo et al., 2016; Caravaca et al., 2017; Thomazo
et al., 2019), suggesting that the presented interpretation
of the Smithian-Spathian boundary excursion is applica-
ble only to the northern Sonoma subbasin. Geochemical
records and interpretations of the Smithian-Spathian
boundary excursion also differ between the Panthalassan-
influenced Sonoma Basin and other Tethys-influenced
sections (Thomazo et al., 2016; Lyu et al., 2019; Zhang
etal., 2019). Given their varied depositional settings, strati-
graphic expressions and palaeoceanographic interpreta-
tions, several potential inconsistencies are outlined that
may be re-assessed given the developing understanding
of carbonate geochemistry across the Smithian-Spathian
boundary interval.

53.1 | The Smithian-Spathian transition
in the Sonoma Basin

In the northern Sonoma subbasin, the Hot Springs succes-
sion (Figure 8; Caravaca et al., 2017) serves as the main
point of comparison for the Georgetown core. It is diffi-
cult to directly correlate Hot Springs to the Georgetown
succession due to potential lithostratigraphic diachrony
and/or stratigraphic contortion, along with considerable
covered intervals in the former (see Caravaca et al., 2017;
Schneebeli-Hermann et al.,, 2020 for further details).
However, the Hot Springs sedimentological and paired
613Cmb-813corg record is largely comparable to the
Georgetown record. In the absence of carbonate-phase
trace-metal and cation isotopic data from Hot Springs, it is

hypothesised that its §'°C_,,;, record may be driven by the
same diagenetic processes as in Georgetown, suggesting
some degree of regional consistency in diagenetic pathway
and events throughout the northern Sonoma subbasin.

In contrast, differences emerge between the
Georgetown succession and the southern Sonoma sub-
basin (Figure 8). There, Thomazo et al. (2016, 2019) ex-
amined a suite of geochemical proxies in the Mineral
Mountains (Figure 1), where they recognised the char-
acteristic Smithian-Spathian excursion in §"°C,,y, values
with no associated excursion in 613C0rg values. Based on
'S values from carbonate and pyrite phases, along with
bulk trace-metal measurements, these workers suggested
that the Smithian-Spathian boundary excursion primarily
captured the cessation of bioturbation and associated au-
thigenic carbonate precipitation, and in turn interpreted
their observed 8°C_,,,, trends as fundamentally local. In
a similar vein, Decraene et al. (2023) employed coupled
634Spyrite and <‘556Fepyrite values in Lower Weber Canyon
(Figure 1, see also Grosjean et al., 2018) to suggest that
a transition from open-system, oxic conditions to closed-
system, anoxic conditions across the Smithian-Spathian
boundary was again linked to changes in local depositional
facies and authigenic carbonate precipitation, rather than
global sea water evolution.

There is no direct geochemical evidence of anaerobic,
authigenic dolomite precipitation (see Section 5.1.3) in
the Georgetown core, although other styles of authigenic
carbonate precipitation cannot be excluded. However,
the most parsimonious interpretation of Georgetown
carbonate geochemistry (see Section 5.2.4) does not in-
voke authigenic carbonate precipitation as a primary
mechanistic driver. The sedimentological context of the
Mineral Mountains and Georgetown successions may
provide insight into why authigenic carbonate precipita-
tion was more influential in the Mineral Mountains. The
emergence of authigenic carbonate precipitation in the
Mineral Mountains was linked to a transition from micro-
bial and bioclastic-packstones to microbially-influenced
mudstones, which Thomazo et al. (2016) linked to a re-
duction in the sedimentary mixed-layer. The sedimen-
tary expression of the Thaynes Group, however, varies
with palaeolatitude, and this sedimentological transition
is not observed in the more-siliciclastic rich Georgetown
succession. Therefore, widespread authigenic carbonate
precipitation—at least of a consistent mechanistic style—
is unlikely to satisfactorily explain the geochemical ex-
pression of the Smithian-Spathian boundary excursion
throughout the entire Sonoma Basin. However, the geo-
chemical expression of the Smithian-Spathian boundary
excursion in the Sonoma Basin does appear to be largely
influenced by diagenetic processes, even if diagenetic
styles vary from section to section.
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FIGURE 8 Chemostratigraphic 8"*C,y, profiles of regional Smithian-Spathian boundary successions in the Georgetown core, Hot

Springs and the Mineral Mountains; refer to Figure 1 for section localities. Correlative lines between the Georgetown core and the Hot

Springs section are based on lithostratigraphy. The dashed correlative lines between the Hot Springs and Mineral Mountains sections

are based on ammonoid biostratigraphy, and do not imply lithostratigraphic equivalence. The absence of the Bajarunia Limestone in the

Georgetown core is probably due to the lack of recovered diagnostic fauna, rather than a true unconformity, which may partially explain the

observed diachrony at the basal Tirolites Limestone. In Hot Springs, stratigraphic and geochemical records are from Caravaca et al. (2017),

but omitting the Permian portion of the succession. In the Mineral Mountains, stratigraphic and geochemical records are from Brayard

et al. (2013), Vennin et al. (2015) and Thomazo et al. (2016, 2019).

5.3.2 | Global expression of the
Smithian-Spathian transition

A variety of mechanisms have been proposed to explain
the geochemical record of the Smithian-Spathian bound-
ary interval, including changes in carbonate precipitation
rates (Zhao et al., 2020b; Song et al., 2021; Ye et al., 2023),

enhanced organic carbon burial (Galfetti et al., 2007b;
Widmann et al.,, 2020), oceanic redox state (Algeo
et al., 2019; Lyu et al., 2019; Zhang et al., 2019; Zhao
et al., 2020a) and temperature (Goudemand et al., 2019;
Song et al., 2019; Du et al., 2022). Here, our understand-
ing of the carbonate record across the Smithian-Spathian
boundary interval is assessed by focussing on studies with
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calcium isotopic measurements and re-examining their
proposed interpretations in view of the diagenetic frame-
works outlined here.

In the Jiarong and Shitouzhai sections of southern
China (Figure 8), Zhao et al. (2020b) observe that §*40Ca
values increase by 0.5-0.7%. across the Smithian-
Spathian boundary, concomitant with a 4-6%. excursion
in 8"°C_,,;, values, which they suggest could reflect either
a local shift from 80% aragonitic to 80% calcitic primary
minerology, or a 10-25x increase in global carbonate
burial. They exclude the possibility of extensive early ma-
rine diagenesis due to the presence of a positive, rather
than negative, co-variation between 8°C,,,;, and */*°Ca.
However, positive 613ccarb-644/ “Ca co-variation is not
inherently inconsistent with early marine diagenesis, as
such trends exist in the geological record and are readily
explained by early diagenetic models (Ahm et al., 2021;
Busch et al., 2022). While a major shift in carbonate min-
eralogy across the boundary in the Jiarong and Shitouzhai
sections cannot be excluded, the possibility that these
sections record a transition from sediment-buffered to
fluid-buffered diagenesis across the Smithian-Spathian
boundary—rather than a global increase in carbonate
burial—should be reconsidered.

Different 8*/*°Ca behaviours across the Smithian—
Spathian boundary interval have been observed in other
localities. For instance, in the Guryul Ravine section of
Kashmir, Ye et al. (2023) observed that §*/*°Ca values
decrease by 0.2%o across the Smithian-Spathian bound-
ary, concomitant with a 10%o excursion in 8°C,,,, values
(Figure 8). Again, they suggest the geochemical record is
not diagnostic of early marine diagenesis due to the ab-
sence of strong co-variation between §*4Ca values and
Mn/Sr, Mg/Ca or §'®0 values. They propose that this neg-
ative excursion in 8*/*°Ca values is associated with an up
to 40% decrease in the carbonate burial flux across the
Smithian-Spathian boundary, coupled with the spatially
variable upwelling of acidic, anoxic water masses along
the Palaeotethyan shelf (see also Song et al., 2021). These
mechanisms rely on an assumption that the oceanic cal-
cium reservoir was incompletely mixed on a regional scale,
which seems unlikely in the absence of brackish conditions.
However, that spatial variability in primary carbonate frac-
tionation factors and/or diagenetic conditions due to vari-
able palaeoceanographic conditions could drive observed
§*40Ca heterogeneity in the Smithian-Spathian boundary
interval. While the suggested mechanisms of §*%Ca evo-
lution in the Georgetown core are different, they are con-
sistent with Ye et al.'s (2023) suggestion that the regionally
diverse §**°Ca geochemical excursions recorded across
the Smithian-Spathian boundary likely reflect spatially
diverse conditions, capturing local geochemical dynamics
rather than a globally-integrated signal.

The correlation and timing of the excursions in 8*#*°Ca
values across the Smithian-Spathian boundary also chal-
lenge previous interpretations that their '°C records are
associated with the evolution of the global DIC reservoir
(Figure 9). In Jiarong, there is a sharp drop in §**°Ca
values across the Smithian-Spathian boundary, followed
by a steady increase that is smaller than the magnitude
of the pre-boundary 5***°Ca variability. In Shitouzhai,
a steady increase in §*/%°Ca values begins immediately
before the Smithian-Spathian boundary, concurrent with
the Smithian-Spathian boundary excursion. In Guryul
Ravine, there is a very modest decline in §*/4°Ca that be-
gins before the boundary in association with the begin-
ning of a positive excursion in 8'°C values, although the
§*/40Ca variability is much more muted than elsewhere.
Finally, in the Georgetown core §*/%0Ca values increase
well before the Smithian-Spathian boundary in associa-
tion with lithologic changes and the nadir of the §"°C,,,,
curve, with a second increase before the boundary asso-
ciated with the recovery phase of the §'°C,,,, curve. The
conodont biozonations in the Jiarong (Chen et al., 2015)
and Guryul Ravine (Lyu et al., 2021) sections are based on
extensive biostratigraphic sampling, and are considered to
be stable. In contrast, the biostratigraphy of the Shitouzhai
succession (Zhang et al., 2015) and the Georgetown core
(Schneebeli-Hermann et al., 2020) are based on limited
samples and, in the latter case, regional lithostratigraphic
correlation, such that the biozone boundaries are some-
what uncertain and may be subject to change. However,
the associated uncertainty in biostratigraphic correlation
is relatively modest and unlikely to dramatically impact
the implications of this study.

Taken as a whole, these observations suggest that car-
bonate geochemical records of the Smithian-Spathian
boundary interval are substantially influenced by local
controls, at least with regard to §*/40Ca values. Calcium
is the major cation in carbonate rocks, is well-mixed
throughout the ocean, and accordingly is considered
to be one of the most resistant element to early marine
diagenesis (Ahm et al., 2018; Lau & Hardisty, 2022).
Consequently, the spatial and temporal heterogeneity of
§*/4°Ca values suggests that other carbonate-associated
proxies across the Smithian-Spathian boundary tran-
sition are likely to be influenced by local and post-
depositional conditions, and so may not necessarily
capture a globally consistent signal of palaeoceano-
graphic evolution. Given the wide variation in timing
and magnitude of the Smithian-Spathian boundary ex-
cursion, the §'3C records of this interval were likely mod-
ulated by local and post-depositional factors, as has been
proposed in the Georgetown and Mineral Mountains
successions (Thomazo et al., 2016). Careful, systematic
work on carbonate geochemistry, coupled with a careful
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FIGURE 9 Stratigraphic comparison of '*C,,,;, and 5*40Ca profiles of notable Smithian—-Spathian boundary successions in Jiarong,

Shitouzhai, Guryul Ravine and the Georgetown core. The 8'°C,,;,, 5**/*°Ca and conodont records in Jiarong are from Lyu et al. (2019), Zhao

et al. (2020b) and Chen et al. (2015), respectively. In Shitouzhai, §'*C,,, records and conodont biozonations are from Zhang et al. (2015),
while §**/*°Ca are from Zhao et al. (2020b). In Guryul Ravine, 8'°C,,;, 5**/*°Ca and conodont records are from Wang et al. (2019), Ye
et al. (2023) and Lyu et al. (2021), respectively. The biostratigraphy of the Georgetown Core is based on palynology, scattered conodont and

ammonoid recovery and lithostratigraphic correlation to regional sections with firm ammonoid zonation (Schneebeli-Hermann et al., 2020).

understanding of local depositional environments and
post-depositional processes, is necessary for a complete
mechanistic understanding of the geochemical evolu-
tion of the Smithian-Spathian boundary interval.

6 | CONCLUSION

The Smithian-Spathian boundary interval captures a
pronounced positive excursion in 8'C values, in concert
with the widespread re-emergence of anachronistic fa-
cies, benthic ecological crises and pronounced extinction
events across several major marine invertebrate clades.
In this study, the geochemical evolution of the Smithian—
Spathian boundary interval in the northern Sonoma
subbasin is linked to local diagenetic processes—early
marine diagenesis, anoxic dolomitisation and meteoric

diagenesis—rather than directly reflecting global sea
water evolution. Moreover, the style of diagenesis coin-
cides with lithologic patterns, pointing to potential sedi-
mentological controls on carbonate geochemistry and
diagenesis. Based on a consideration of likely diagenetic
mechanisms, a primary shift in local sea water DIC §**C
values is inferred from the most geochemically unaltered
strata, from about 3% in the middle Smithian to 5% in
the early Spathian, although the timing and pathway
through which this occurs cannot be readily identified nor
extrapolated globally. Given the variable geochemical ex-
pression of the Smithian-Spathian boundary interval be-
tween individual sections and across depositional basins,
and previous recognitions that aspects of this excursion
may reflect local influences, the careful reconsideration of
Smithian-Spathian boundary records to examine poten-
tial local and diagenetic influences is encouraged.
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