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ABSTRACT

Pedogenic carbonates are valuable tools used to reconstruct atmospheric hydrology in
Earth’s past. Isotopic measurements of siderite occurring in paleosols during intervals of extreme
global warming suggests severe high-latitude depletions in δ18O of precipitation, often attributed
to an amplified hydrologic cycle or intensified atmospheric circulation. Here, Late Permian and
Early Triassic paleosol siderite from Alaska, Antarctica, eastern Australia, Siberia, South Africa,
and southern China indicate similar or greater meridional gradients in siderite δ 18O compared to
other past warm intervals. High-latitude siderite samples feature variable (>10‰) δ18O values,
indicating that the ancient wetlands may have been recharged seasonally or from different
sources; for example, from mean annual precipitation, from depleted, high-altitude rainfall, or
from snowmelt.
An isotope-tracer-enabled version of the Global Environmental and Ecological
Simulation of Interactive Systems (GENESIS) general circulation model (GCM) with specified
paleoatmospheric CO2 concentrations of 12.7X preindustrial atmospheric level (PAL), which
when used to calculate siderite δ18O, matches relatively less depleted high-latitude siderites (-9 to
-10‰). However, when the siderite δ18O data is supplemented with literature-reported
contemporaneous calcite and kaolinite δ18O, converted to precipitation δ18O using GENESIS
temperature estimates, these δ18O-values agree best with the most δ18O-depleted high-latitude
siderites, suggesting that the data-derived meridional precipitation δ18O gradient is significantly
steeper than what GENESIS predicts. This mineral proxy data-derived Permo-Triassic
precipitation δ18O gradient is similar to those calculated from siderite and estimated temperatures
from other hothouse intervals, perhaps suggesting a similar paleoatmospheric phenomenon. This
result supports the conclusions from previous paleosol siderite studies and leads to the question
whether GCMs like GENESIS are able to properly simulate global-scale hydrology during times
of elevated atmospheric pCO2. Other possible explanations for highly depleted high-latitude
siderite include summer-formed siderite from snowmelt-derived recharge, or high altitude
drainage from nearby mountains. Model intercomparison, the utilization of small-scale basin
drainage models with δ18O-tracing capability, and the development of a sample-based modern
soil siderite δ18O meridional gradient will be required to further explain highly depleted highlatitude paleosol siderite from hothouse intervals, and to suggest possible atmospheric
mechanisms that may drive significant high-latitude δ18O depletions.
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INTRODUCTION
The Permian-Triassic boundary (PTB) extinction event is the largest in Earth’s history
(e.g., Erwin, 1995), occurring ~251.941±0.037 Ma (Burgess et al., 2014). Over 82% of all
known genera became extinct (e.g., Yin and Song, 2013). Global warming is the most widely
accepted mechanism for extinction, though multiple causes, both related to extreme warmth and
unrelated, continue to be debated (Shen and Bowring, 2014). Possible causes for global warming
include the release of greenhouse gases from the Siberian Traps (Hannah, 2012; McElwain and
Punyasena, 2007; Retallack and Krull, 1999; Shen et al., 2010; Thomas et al., 2011), burning of
coal deposits via contact metamorphism (Joachimski et al., 2012; Retallack et al., 2006),
methane outbursts from gasification of clathrate deposits (Shen et al., 2010) or from the
opportunistic growth of Methanosarcina (Rothman et al., 2014), an anaerobic methanogenic
archaeon. Marine life faced devastating impacts related to the excessive warmth, such as the
development of ocean anoxia (Bercovici et al., 2015; Isozaki, 1997; Wignall and Twitchett,
2002), euxinia (Grice et al., 2005; Kump et al., 2005), acidification (Montenegro et al., 2011),
and CO2 poisoning (Knoll et al., 1996). Other than global warming, bolide impacts (Becker et
al., 2001; Kaiho et al., 2002), increased incident ultraviolet radiation from ozone layer depletion
(Visscher et al., 2004), acid rain (Visscher et al., 1996), and toxic H2S accumulation in the
atmosphere (Kump, 2014; Kump et al., 2005) are other proposed causes for extinction,
particularly in the terrestrial realm.
Efforts to reconstruct past climates have relied predominately on marine proxy records
such as conodonts, brachiopods, and foraminifera because of their typically superior preservation
and abundance compared to terrestrial proxies. Terrestrial proxies, in particular paleosol
carbonates, can be equally important as they record the oxygen isotopic signatures of
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paleorainfall, a valuable component for understanding atmospheric circulation, precipitation, and
terrestrial temperatures.
Pedogenic siderite (FeCO3) is a reliable paleoclimate proxy due to its resistance to
diagenetic alteration, and by virtue of its formation environment. It occurs in freshwater
depositional environments (Mozley, 1989) in coals (e.g., Faure et al., 1995, 1996; Passey, 2014),
and fossil soils such as smectitic and kaolinitic laterite paleosols (White et al., 2000, 2001), and
gleyed wetland paleosols (e.g., Ufnar et al., 2004) where it precipitates in equilibrium with
meteoric water (Ludvigson et al., 1998). The occurrence of siderite in water-saturated soils
indicates the absence of sulfate, elevated pCO2, low [SiO2 (aq)], and reducing conditions (low
pO2) (e.g., Ohmoto et al., 2004) between -0.2 and -0.3 V at circumneutral pH, in accordance with
the small stability zone of siderite (Lemos et al., 2007). Siderite forms most commonly at redox
and methanogenesis boundaries often facilitated by plant roots (Ludvigson et al., 1998) and
microbes, which catalyze the reduction of ferric iron (Peretyazhko and Sposito, 2005). Biota is
not always necessary if ferrous iron is readily available (Joe et al., 1986; Wiesli et al., 2004).
Typical habits of pedogenic siderite are microcrystalline or spherulitic, occurring as submillimeter- to millimeter-scale isolated spherules or amalgamated masses (Loope et al., 2012).
The saturated conditions that promote siderite growth eliminate the need to consider
evaporative fractionations that are common in calcisols and pedogenic calcite nodules (e.g.,
Gabitov et al., 2012; Kele et al., 2011). Additionally, biotic and abiotic fractionations are
indistinguishable in siderite (Zhang et al., 2001). Therefore, the only non-analytical fractionation
required to consider is the temperature-dependent siderite-water fractionation which has been
derived in experiments by Carothers et al. (1988) (1) and Zhang et al. (2001) (2):

3

1000 ln 𝛼𝑠𝑖𝑑𝑒𝑟𝑖𝑡𝑒−𝑤𝑎𝑡𝑒𝑟 = 3.13 × 106 (𝑇 −2 ) − 3.50

(1)

1000 ln 𝛼𝑠𝑖𝑑𝑒𝑟𝑖𝑡𝑒−𝑤𝑎𝑡𝑒𝑟 = 2.56 × 106 (𝑇 −2 ) + 1.69

(2)

where 𝛼 is the fractionation factor between siderite and water, and 𝑇 is temperature in Kelvin.
Carothers et al. (1988) indicates that experimental and theoretical calculations yield differences
up to 2‰ at temperatures <200°C. Despite this, Zhang et al. (2001) was able to match their
empirical equation with data derived from inorganically precipitated siderite of Carothers et al.
(1988) at temperatures of 45-75°C. Ludvigson et al. (2013) suggests that Equation 2 may be
better representative of temperature-dependent siderite-water fractionation at the temperatures
typical of precipitating pedogenic siderite.
Though pedogenic carbonates can provide valuable records of paleoclimate (e.g., Cerling and
Quade, 1993), utilizing siderite to reconstruct paleotemperature or the isotopic composition of
meteoric water requires making several assumptions:
1. the siderite did not undergo recrystallization or re-equilibration between the period of
precipitation and recovery;
2. the temperature or isotopic composition of meteoric water during mineral precipitation is
known;
3. the soils the mineral precipitated in were saturated with meteoric water, rather than
mixtures of water sources (e.g., marine influences, riverine input, meltwater, etc.).
These assumptions can be substantiated in part by studying the mineralization of each paleosol
sample. For example, samples that contain minerals that may indicate metamorphism (e.g.,
amphiboles) or non-meteoric influence (e.g., associated pyrite or high Mg/Fe ratios in siderite of
marine origin) should be ignored. Samples with pyrite can in some instances be used to
determine a mixing model for estuarine paleosols (see Ufnar et al., 2004, for example).
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Other than mineralogy, isotopic signatures and physical characteristics of the paleosol
siderite can reveal whether there has been any overprinting. Diagenetic alteration caused by
burial or hydrothermal fluids (e.g., Bojanowski et al., 2012), although uncommon in pedogenic
siderite (Mozley, 1989), can be observed as excessively depleted carbonate δ13C (e.g., Macouin
et al., 2012) and δ18O, often in positive correlation (e.g., Odigi and Amajor, 2010), or by visually
inspecting the siderite for signs of recrystallization. Additionally, oxidation is an issue with
siderite that is exposed to the atmosphere, often developing rinds of hematite that can replace the
entire crystal or spherule (Loope et al., 2012). However, oxidation does not alter the isotopic
signature of parent siderite-derived CO2, instead only lowering yields during isotope analysis due
to the lost siderite.
In addition to ensuring the validity of a siderite sample, either the temperature at which
the siderite formed or the isotopic composition of the paleorainfall must be known in order to
reconstruct paleoclimate. An estimation of temperature is often easier to determine, and can be
based on additional paleoclimate proxy data including fossil evidence (see Wolfe and Upchurch,
1987, for development of a Cretaceous meridional temperature gradient based on fossil leaves),
clumped isotope thermometry, and with GCM simulations utilizing age-appropriate boundary
conditions.
Past work on the Paleocene-Eocene Thermal Maximum (PETM) (White et al., 2017) and
the Albian-Cenomanian boundary of the Mid-Cretaceous (White et al., 2001; Ufnar et al., 2002,
2004; Poulsen et al., 2007) has shown that the δ18O composition of paleosol siderite is depleted
at high latitudes (~0.25‰ per degree latitude) in strata from those time intervals. The observed
gradients, if they are representative of global-scale atmospheric hydrology, mimic what would be
expected for siderite formation in climates more similar to the modern. The δ18O content of
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siderite is controlled both by temperature and precipitation δ 18O. Under cool climates, the
fractionation associated with evaporation is large, making precipitation relatively low in δ18O
compared to warmer climates; however, cool climates also have larger siderite-water
fractionation that may offset the depletion associated with evaporation. In warm climates, both
fractionations are smaller. Meridional gradients for cool or modern climates are expected to be
relatively steep because the thermal gradient from equator to pole is significant, thus causing
rainout effects associated with Rayleigh distillation. In warm, ice-free climates, like the PermoTriassic, PETM, and Mid-Cretaceous, temperature changed less between equator and pole, and
Rayleigh distillation was not as dominant. Therefore, a shallow siderite δ18O meridional gradient
is expected for these hothouse intervals. The only way to produce steep meridional gradients on a
warm Earth is to invoke a mechanism that depletes precipitation δ18O without relying on
temperature as the driver for rainout. It has been suggested that the observed high-latitude
depletions in siderite δ18O are related to intensified hydrological cycling during warm episodes in
Earth’s past (e.g., White et al., 2001). Literature data from Permian-Triassic siderite suggests a
similar high-latitude depletion trend, but perhaps at a more significant scale (Figure 1, Table 1).
Cui and Kump (2015) posit that modeling perspectives of the Late Permian have
outpaced the collection of proxy data. In this study, we support paleosol siderite proxy data with
model results. Literature-reported siderite δ18O and previously collected Late Permian/Early
Triassic paleosol siderite samples spanning ~80° of Permo-Triassic paleolatitude were used to
reconstruct the trend of siderite δ18O versus paleolatitude. The sample localities and respective
δ18O-values were then compared to GENESIS climate model simulations in an effort to explain
the siderite δ18O data.
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Past studies have tried to reconstruct PTB paleoclimate with varying complexity and with
different motivations. In general, the basis for modeling the Permo-Triassic climate is to
understand climate response to massive greenhouse gas release to the atmosphere, and to support
collected data and PTB observations with specific climatic boundary conditions. Several types of
uncoupled ocean and coupled ocean-simplified atmosphere models were utilized for Late
Permian simulations before the fully coupled ocean-atmosphere Community Climate System
Model (CCSM3) of Kiehl and Shields (2005). Kiehl and Shields (2005) utilized 12.7X PAL CO2
in their model based on the work of Kidder and Worsley (2004), and argued that previous PTB
simulations with significantly lower atmospheric CO2 concentrations (4-8X PAL) experienced
cold high-latitude temperatures that were inconsistent with the paleosol and palynological data of
Retallack et al. (2003) and Taylor et al. (1992).
Cui and Kump (2015) reviewed PTB modeling perspectives used in the past, including
those post-dating Kiehl and Shields (2005), illustrating that atmospheric CO 2 is the most variable
parameter, given the uncertainty before and at the PTB. Estimates as high as 28X PAL for the
Latest Permian are provided by Retallack (2013), based on stomatal index from Lepidopteris.
Calcic paleosol work from Ghosh et al. (2001) estimates ~2.1-5.4X PAL for the Late Permian
and Early Triassic, with CO2 increasing throughout the Triassic. Royer et al. (2004) suggests a
similar long-term trend of increasing levels in the early Mesozoic, but up to ~9X PAL around the
PTB according to stomatal indices and the upper limit of model calculations based on
GEOCARB III (Berner and Kothavala, 2001). However, these relatively lower levels, as
previously mentioned, are not high enough to promote the high-latitude warmth necessary to
match data and observations according to Kiehl and Shields (2005). Despite this, there are other
ways to increase warming instead of only increasing atmospheric CO 2, including increasing
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levels of other greenhouse gases, such as methane (e.g., Krull and Retallack, 2000; Krull et al.,
2000), or reducing albedo by increasing the transparency of clouds (Kump and Pollard, 2008).
Late-Permian ocean anoxia may have reduced the abundance of marine phytoplankton, a
source of dimethyl sulfide in the atmosphere that may have served as the predominate origin of
cloud condensation nuclei (CCN) in a pre-anthropogenic world (Andreae, 2007; Charlson et al.,
1987). Less atmospheric dimethyl sulfide, and therefore fewer cloud condensation nuclei,
reduces cloud abundance, increases cloud transparency, and greatly reduces the cloud cooling
feedback (Winguth et al., 2015). Kump and Pollard (2008) argue that the CCN effect may
account for the increased global warmth suggested in proxy data for the Cretaceous, where the
observed warmth from proxy data is poorly supported by atmospheric CO2 estimates.
Mid- to high-latitude paleosol siderite has often been shown to be more depleted than can
be explained by theoretical modern gradients or expected hothouse gradients (e.g., Ufnar et al.,
2002). Processes that have been inferred to produce these depletions include amount effects from
increased precipitation rates (Ludvigson et al., 1998; White et al., 2001; Ufnar et al., 2002,
2004), and local variability in climate, topography, and sea level (Poulsen et al., 2007). Errors in
the GCM’s hydrological cycle simulation at high pCO2 may account for the inability to simulate
depleted siderite δ18O with models (Poulsen et al., 2007). Because GCMs in previous work have
not simulated observed high-latitude siderite δ18O well, there may be processes that are unique to
hothouse intervals that can explain highly-depleted water vapor at high-latitudes.
The CCN effect, as introduced above for increasing global temperature, could potentially
also explain high-latitude precipitation δ18O depletions. In a CCN-limited world, storms may be
short-lived because drops would carry more water to offset elevated evaporation rates (e.g.,
Bohren, 1985; Kerminen et al., 2012). This fast CCN effect-derived rainout may produce greater
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fractionations associated with the amount effect, and may increase the meridional δ18O gradient
by depleting precipitation δ18O faster relative to clouds with more abundant CCN and smaller
droplets.
This hypothesis was tested in GENESIS by making cloud droplet sizes 30% larger and
therefore more than doubling the rainout efficiency factor in an effort to increase rainout effects
relative to PTB simulations with normal CCN properties. Different atmospheric pCO2 and CCN
effect simulations were compared to see if modeled siderite δ 18O could match sample siderite
δ18O. The simulation that fit the siderite data best was then investigated in detail to examine and
evaluate the possible causes or mechanisms that lead to high-latitude siderite δ18O depletions
during hothouse intervals.
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δ18Osiderite (‰, PDB)

Figure 1. Literature-derived siderite δ18O data for
the Paleocene-Eocene (White et al., 2017), MidCretaceous (White et al., 2001), and Permo-Triassic
(see Table 1. for references). Gray line is a modern
expected siderite zonal mean δ18O profile generated
from a modern GENESIS model simulation.
Warming the climate tends to reduce meridional
gradients because of the reduction of kinetic
fractionations during evaporation, reduction of the
effectiveness of Rayleigh distillation, and the
reduction of siderite-water equilibrium fractionation.
This is expected for hothouse periods, as suggested
in Ufnar et al. (2002), according to the empirical
relationships between modern temperature and δ18O
from Dansgaard (1964) and Dansgaard et al. (1973).
However, the data suggests enhanced meridional
gradients, with Permo-Triassic data just as or
perhaps more severely depleted than other past warm
intervals.

Latitude (Paleolatitude)
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Table 1. Literature-derived siderite
Location
Paleolatitude1
Waterberg Coalfield,
South Africa
Northern Bowen Basin
(KL11 & DR16 Bores)
Northern Bowen Basin
(GCR Bore)
Galilee Basin, Degulla
Bores
Blackwater Area Bores,
Central Bowen Basin
Baralaba-Theodore Area,
Central Bowen Basin
Brolga No. 1 well, Cooper
Basin
Southern Bowen Basin
Fassifern Seam & Dencan
Bore, Sydney Basin
Southern Coalfield,
Sydney Basin
Tahmoor & Metropolitan
collieries, Sydney Basin
1

Formation

Age

δ18O (‰, PDB)

δ13C (‰, PDB)

-56

Beaufort Fm.

Late Permian

-8.7

-15.1

Faure et al., 1995

-58.8

Rangal Coal

Late Permian

-14.8 ± 0.4

-1.8 ± 0.4

Uysal et al., 2000

-59

Rangal Coal

Late Permian

-13.5

+5.6

Uysal et al., 2000

-59.1

--

Late Permian

-15.7 ± 3.1

+5.7 ± 3.7

Gould and Smith, 1979

-60.5

--

Late Permian

-19.5 ± 2.0

+3.8 ± 5.4

Gould and Smith, 1979

-61.6

--

Late Permian

-17.2 ± 1.9

+5.5 ± 1.3

Gould and Smith, 1979

-61.8

--

Late Permian

-18.4

-1.3

Gould and Smith, 1979

-63.3

Rewan Group

Permo-Triassic

-11.9 ± 1.0

-7.2 ± 7.2

Baker et al., 1996

-70

--

Late Permian

-15.5 ± 0.4

+3.8 ± 0.6

Gould and Smith, 1979

-70.5

--

Late Permian

-18.0 ± 1.7

+3.1 ± 1.0

Gould and Smith, 1979

-71

Bulli Coal

Latest Permian

-16.5 ± 2.5

+4.0 ± 1.1

Botz et al., 1986

Approximate PTB paleolatitude (confidence ± 5°)

Reference
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METHODS
Preparation and Analysis of Paleosol Siderite
Nineteen siderite-bearing paleosol samples were studied from drill cores and outcrops
that contain referenced PTB sections in addition to previously published data (see PermoTriassic data in Figure 1). Sample localities include South China (Y. Cui, Dartmouth), eastern
Australia (G. Mitchell and T. White, Pennsylvania State University; G. Retallack, University of
Oregon), Alaska (T. White, Pennsylvania State University), Siberia (L. Elkins-Tanton, Arizona
State University), and Antarctica (G. Retallack, University of Oregon). Samples from the North
Slope of Alaska were collected from the East Simpson Test Well No. 1 (depths of 2278.1-2314.3
m) and Drew Point Test Well No. 1 National Petroleum Reserve drill cores (depths of 2380.62382.0 m) as referenced in Haywood (1983) and Brockway (1983), respectively. Samples from
each of the other locations were collected from outcrops. All samples were cut into slabs roughly
perpendicular to bedding and thin-sectioned to confirm the presence of siderite and detail the
mineral assemblages within the paleosol matrix.
There were two methods employed for removing siderite from the paleosol. If the
spherules had a diameter ≥1 mm, siderite was extracted from the paleosol using a 0.5 mm drill
bit. If the siderite was microcrystalline or too small for the drill bit to acquire a mostly pure
sample, a magnetic separation method was used. In this method, the sample was ground with a
mortar and pestle to 125-250 microns (120-60 mesh) and then separated with an ERIEZ HI-VI
Model F magnetic cross-belt separator. Siderite is paramagnetic, meaning that it will form an
internal induced magnetic field in the direction of an externally applied magnetic field
(Thompson and Oldfield, 1986). The electric current required to separate siderite from each
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sample is given in Table 4 in the results section. Ferrimagnetic mineral grains (magnetite) were
removed from the extracted siderite with a magnet.
Approximately 0.2-0.6 mg of ground/drilled siderite was transferred into vials and loaded
onto a GC PAL®. All of the samples were then reacted with phosphoric acid at 80ºC for as much
as 24 hours to liberate CO2. The CO2 gas was pumped to and analyzed in a Thermo Scientific TM
Delta VTM Plus isotope ratio mass spectrometer (IRMS), providing measurements for both δ 18O
and δ13C relative to VPDB. CaCO3 standards used in the analyses (Table 2) include the certified
working standards NBS 18 and NBS 19, as well as the Biogeochem house standard, specifically
utilized as an internal system check. All IRMS work was done at the Light Isotope Lab at the
Light Isotopes in Metals and the Environment lab cluster (LIL-LIME) at The Pennsylvania State
University.
All of the data are corrected for drift and instrument errors as well as fractionations that
occur during the analytical process, i.e., FeCO3-CO2 fractionation caused by the liberation of
CO2 from phosphoric acid, which is outlined in Carothers et al. (1988). At 80 ºC the fractionation
factor for FeCO3-CO2 is ~1.0099882. This fractionation factor is folded into a two-point
correction that is applied to all of the data in each set of samples run on the IRMS. NBS 18 and
NBS 19 standards are analyzed by the IRMS twice before analyzing any samples. The standards
are analyzed again halfway through the sample set, and once more at the end. All of the standard
values measured for δ18O and δ13C throughout the run are averaged and compared to the true
standard value relative to VPDB to formulate an equation that is used to correct all of the data in
the run.
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Table 2. IRMS standards used in siderite analyses

δ18O (‰, VPDB)

δ13C (‰, VPDB)

NBS 18 (certified working)

-23.2

-5.01

NBS 19 (certified working)

-2.20

+1.95

Biogeochem (house)

-1.47

+1.16

Standard (type)

14

General Circulation Model Parameterization
Paleosol siderite δ18O data was compared to results from the GENESIS version 3.0 GCM
(Alder et al., 2011; Kump and Pollard, 2008) with simulations utilizing different variables (Table
3) chosen based on estimates and arguments presented in the literature (see Introduction).
Mathieu et al. (2002) review the various components of the model responsible for isotopic
modeling in GENESIS v2.0 (Thompson and Pollard, 1997), although these components are
unchanged in v3.0. GENESIS consists of a coupled 18 layer, 3-D atmospheric GCM (AGCM)
and land-surface model with a 50 m-thick slab ocean. Resolution for the AGCM is 3.75° x 3.75°
(T31) and 2° x 2° for the surface model. Atmospheric gas concentrations for the modern
simulation (1) are based on IPCC standards from 1991-1995 (IPCC, 1995), whereas gases other
than CO2 are prescribed as pre-industrial for PTB simulations. Atmospheric radiation
components are based on code from CCM3 (Kiehl et al., 1998). PTB simulations have a uniform
diffusive ocean heat flux coefficient and no prescribed ocean currents. Earth orbital parameters
are constant for all simulations with zero eccentricity and 23.5° obliquity. The land surface was
specified as a uniform savannah-type biome. Late Permian geography and topography utilized in
the model was developed by Ziegler et al. (1997) and was modified minimally to reflect updated
paleogeographic reconstructions of Domeier and Torsvik (2014). Each simulation is run for 30
years, and results are monthly or annual averages over the last 10 years, to allow for spin-up of
the mixed-layer ocean and to reduce interannual variability.
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Table 3. Variables utilized in GENESIS simulations
Experiment/
Simulation

pCO2
(ppm)

pCH4
(ppb)

pN2O
(ppb)

pCFC-11
(CCl3F)
(ppt)

(1) Modern
(2) 1X PAL
(3) 4X PAL
(4) 4X PAL with
reduced CCN
(5) 12.7X PAL
(6) 12.7X PAL
with reduced
CCN

355
280
1120

1714
650
650

311
285
285

280
n/a
n/a

503
n/a
n/a

Modern
Latest Permian
Latest Permian

1367.0
1337.9
1337.9

Background
Aerosol
Optical
Depth
0.14
n/a
n/a

1120

650

285

n/a

n/a

Latest Permian

1337.9

n/a

13

2.2

3550

650

285

n/a

n/a

Latest Permian

1337.9

n/a

10

1.0

3550

650

285

n/a

n/a

Latest Permian

1337.9

n/a
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2.2

pCFC-12
(CCl2F2)
(ppt)

Geography/
Topography

Solar
Constant
(W/m2)

Maximum
Cloud
Droplet
Radius (μm)
10
10
10

Precipitation
Efficiency
Factor
1.0
1.0
1.0
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PALEOSOL DESCRIPTIONS AND AGE ASSIGNMENTS RELATIVE TO THE PTB
Marine correlation to the PTB is often based on the first occurrence of Hindeodus parvus
at the basal Triassic; however, terrestrial correlations are often difficult because biostratigraphic
and chemostratigraphic signatures are not always well-preserved. Additionally, completely
conformable terrestrial sedimentary PTB strata are rare, greatly limiting the available data to
base correlations. Here we describe the siderite-bearing paleosols of Late Permian and Early
Triassic strata used in our analyses, and their placement relative to the PTB based on arguments
presented in the literature.

Yangtze Platform, South China
Pedogenic siderite was obtained from previously collected samples at four PTB sections
(Jiucaichong, Zhejue, Chahe, and Mide) of the Yangtze Platform of eastern Yunnan and western
Guizhou provinces, which are described in detail in Bercovici et al. (2015) and Cui et al. (2015).
Although Bercovici et al. (2015) suggest paleosol facies are only present in the lower Xuanwei
Formation of the Chahe section, features indicative of soil formation are prevalent in all four
PTB sections throughout the Xuanwei (Changhsingian age) and Lower Kayitou (Induan age)
Formations (Figure 2). Accumulations of iron oxyhydroxides (primarily goethite) as duricrusts
are suggestive of hydromorphic soils (Wright, 1992), and oxidized ped margins are widespread
in both formations at all four PTB sections. Duricrusts are typical of laterites and bauxites and
suggest periodic draining that allows for oxidation rinds to develop around ped surfaces (Wright,
1992). In addition to duricrusts present at all four sections, mottling, gleization, pseudogleization, rhizoliths, and reduction spots have also been observed within the fluvial facies
described by Bercovici et al. (2015), suggesting the section contains abundant hydromorphic
paleosols.
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Siderite is present in all four sections, although well-preserved, unoxidized spherules are
uncommon. Oxidation has replaced many spherules with hematite, and to a lesser extent
ferrihydrite and goethite. Well-preserved spherulitic siderite often displays a pseudo-uniaxial
cross in cross-polarized light (Ludvigson et al., 2013) which is prevalent in fluvial sand-sheet
deposits of the Jiucaichong section (Figure 3A). Microspherulitic and microcrystalline siderite is
most common in green siltstones of the Chahe and Mide sections (Figure 3B, C), whereas
siderite spherules ~0.5 mm in diameter are present in green-gray siltstones of the Zhejue section
(Figure 3D), but heavily oxidized, only retaining a sideritic core.
The placement of each sample relative to the PTB is based on evidence provided by
Bercovici et al. (2015) and Cui et al. (2015) where Reduviasporonites and other fungal spores are
shown to proliferate at the top of the Xuanwei Formation, in addition to a negative 2.6‰ shift in
δ13Corg, the disappearance of the Gigantopteris flora, occurrence of transgressive facies in the
basal Kayitou Formation, and presence of the Permian-Triassic Boundary Stratigraphic Set
(PTBST) (Peng et al., 2001). However, Shen et al. (2011) utilized U/Pb-dating of the uppermost
Xuanwei Formation (Bed 68) at Chahe to find that the bed is ~252.30±0.07 Ma, and Zhang et al.
(2016) argue that the PTB occurs much higher, in the overlaying Dongchuan Formation, rather
than the Xuanwei/Kayitou contact, primarily based on additional negative δ 13Corg and δ13Ccarb
excursion evidence. Despite the discrepancies for the placement of the PTB, most authors agree
that the extinction interval at least began at the basal Kayitou Formation, where the
disappearance of many plant taxa occurred. It is likely that the samples from South China in this
work are no more than ~500 ka from the PTB, whether either argument for PTB placement is
correct.
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CHISO 63

CHISO 46
CHISO 37

CHISO 36

Degrees 2ϴ (Cu)
Figure 2. (A) Diffractograms of duricrusts from Chahe section samples, South China. C –
chlorite, G – goethite, H – hematite, I – illite, K – kaolinite, Q – quartz, S – siderite, Sm –
smectite. (B) Pseudogleization, Jiucaichong section (JCISO 31-3). (C) Example of a
duricrust around a ped, with boundary between both demarcated by red dotted line (CHISO
62). (D) Paleosol ped with duricrust. Duricrust of this sample is shown in diffractogram (CH
66-2). (E) A gleyed clay paleosol with red oxidation spots and minor mottling, Zhejue
section (ZJISO 49-1). (F) Mottled paleosol with reduction spots; some noted with red arrows,
Chahe section (CHISO 79). Note: numbers in sample names refer to beds in stratigraphic
columns in Bercovici et al. (2015).

F.
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North Slope, Alaska
The North Slope Changhsingian-Induan Ivishak Formation consists of sandy deltaic
deposits (Tye et al., 1999), floodplain mudstones, and silty kaolinitic paleosols. Haywood (1983)
describes kaolinitic siltstones and dolomitic mudstones within the Ivishak Formation; however,
Atkinson et al., (1988) formally recognized these as paleosols, suggesting well-mottled siltstones
and mudstones with root traces as pedogenic profiles of floodplain and shallow pond or lake
settings. Siderite is common in these paleosols, occurring interstitially among larger grains and
as spherules up to ~1 mm in diameter (Figure 3E, F).
The Ivishak Formation is part of the Permian-Triassic Sadlerochit Group which sits
unconformably above the Pennsylvanian-Mississippian Lisburne Group. In addition to the
Ivishak Formation, the Kavik Shale and Echooka Formation make up the Sadlerochit Group, in
order of increasing age. The pollen assemblages of the Ivishak Formation suggest a Late Permian
to Early Triassic age, with a disappearance of Late Permian pollen types in the Upper Ivishak
Formation (Jones and Speers, 1976). Despite the imprecise age constraints on the Ivishak
Formation, it is likely that the formation is latest Permian-earliest Triassic given that the
underlying Kavik Shale contains pollen assemblages typical of the Late Permian (Jones and
Speers, 1976).

Kotuy, Siberia
A low-grade coal/organic-rich clay paleosol of the Tungusskaya Series was collected in
an expedition to the Kotuy river region in 2008 by L. Elkins-Tanton. The region is intruded by
numerous dikes and sills related to Siberian Trap volcanism (e.g., Svensen et al., 2009). The
paleosol is siderite-rich and appears to not have been affected hydrothermally, as the welldeveloped spherulitic siderite has no apparent overgrowths (Figure 3G).
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Volcanism in the Kotuy River region is associated with the Guli massif, part of the
Maymecha-Kotuy alkaline-ultramafic complex. Whole rock U-Pb ages of the Guli massif are
~250 ± 9 Ma, of similar age to the main body of the Siberian flood basalts (Kogarko and
Zartman, 2007, 2011). Further evidence presented by Mogutcheva and Krugovykh (2009)
suggests that all of the volcanic deposits are Triassic in age and support claims that the PTB
corresponds with the contact between the Tungusskaya Series and volcanogenic rocks, with an
erosional break of as much as several hundred meters (Czamanske et al., 2000). Fedorenko and
Czamanske (1997) note, however, that the lowermost volcanic suite (Ivakinsky and correlative
Arydzhangsky) has a reversed polarity consistent with a Late Permian age, whereas the
remainder of the sequence has the normal polarity of the Early Triassic. Given that the sample
was collected among the Arydzhangsky suite (251.7 ± 0.4 Ma (Kamo et al., 2003)), the oldest
Trap-derived volcanics in the northern Siberian platform, latest Permian appears to be a best age
fit for the sample.

New South Wales and Queensland, Australia
Paleosols are numerous in the Permo-Triassic basins of New South Wales, Australia, and
are described in detail by Retallack (1998). The sites of paleosol samples collected by Retallack
span ~2-3° paleolatitude, and represent the Coal Cliff Sandstone (Clifton), Digby (Kerrabee),
Garie (Bilgola Beach), and Newport (North Avalon) Formations. The siderite is well-preserved
at Clifton and Bilgola Beach, with thin (~5-20 μm) oxidation rims around spherules typically
~0.1-0.3 mm in diameter within very fine-grained gray clay paleosols (Figure 3H, I). A sample
collected by T. White at Bilgola Beach exhibits significantly larger spherulitic siderite (up to
~0.9 mm in diameter) within a very organic rich clay paleosol (Figure 3J). Ages of the Coal Cliff
Sandstone (Clifton sample) suggest latest Permian (Changhsingian), based on the dates of the
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directly underlying unconformable contact of the Bulli Coal seam (252.60 ± 0.04 Ma (Metcalfe
et al., 2015)). The Garie Formation (Bilgola Beach samples) has been dated between 248.23 ±
0.13 Ma and 247.87 ± 0.11 Ma, suggesting Early Triassic (Late Spathian) (Metcalfe et al., 2015).
A siderite nodule from North Avalon (Figure 3K) and sphaerosideritic claystones from
Kerrabee (Figure 3L, M) host siderite that is mostly oxidized to hematite, with unoxidized
siderite cores present in a few spherules. The Newport Formation (North Avalon sample)
overlies the Garie Formation, making it between 247.87 ± 0.11 Ma and ~247.2 Ma, or Late
Spathian (Metcalfe et al., 2015). Samples from Kerrabee (the only set of samples presented here
for the southern Gunnedah Basin) are suggested to be Early Triassic (Griesbachian) (Retallack,
1999b), but given that the Wuchiapingian-Changhsingian boundary in the Gunnedah is suspected
to be at the Black Jack Group-Digby Formation contact (Pratt, 1998), it is possible that these
samples may also be Late Permian. Nonetheless, the Digby Formation spans the PTB.
An organic-rich claystone (Aussiecoal) intercalated with coal from an unknown locality
collected within the Sydney Basin contains numerous ~0.5 mm siderite spherules and shows
minimal, if any oxidation (Figure 3N). Since there is no coal present in the Early Triassic
(Retallack et al., 1996), this sample may have originated from any of the Sydney Basin coal
seams in the Illawarra Coal Measures – suggesting an age of ~259.1 Ma to 252.60 ± 0.04 Ma
(Metcalfe et al., 2015).
Botz et al. (1986) and Gould and Smith (1979) measured siderite δ18O from coals and
sideritic shales of various locations in eastern Australia. We present the values obtained from the
Bulli Coal seam – the latest Permian coal measure (Retallack, 1999b), and several other Late
Permian coal seams in the Bowen, Cooper, Galilee and Sydney Basins. Baker et al. (1996) report
early diagenetic siderite from the Permo-Triassic Rewan Group of the southern Bowen Basin,
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Queensland, Australia. High-precision dating by Metcalfe et al. (2015) places the basal Rewan
Group at ~252.2 ± 0.4 Ma, which is latest Permian, suggesting that the samples collected by
Baker et al. (1996) likely span the PTB from the latest Permian to earliest Triassic. The value
reported (-11.9 ± 1‰) from Baker et al. (1996) is the mean. Northern Bowen Basin paleosol
siderites from the Late Permian Rangal Coal Measures/Bandanna Formation (252.5-252.2 Ma,
Metcalfe et al., 2015) were collected at three separate boreholes (Uysal et al., 2000).

Karoo, South Africa
Faure et al. (1995) presents spherulitic and granular (microcrystalline) siderite δ18O data
from the Grootegeluk Formation and lower Beaufort Group of the Waterberg Coalfield, South
Africa. The reported value is from siderite within the PTB-spanning mudstones of the Beaufort
Group. However, age-constraints on the sample are not precise, since the Beaufort Group spans
from the Late Permian to Early Triassic. Since the sample was collected ~9 m above the
uppermost Grootegeluk Formation coal seam (Faure et al., 1995), we can assign a Late
Wuchiapingian-Early Changhsingian age (~256-253 Ma) based on generalized stratigraphy and
age assignments presented in Gastaldo et al. (2014). We note that this sample may not be the best
representation of a PTB climate signature, but it is the only known Late Permian siderite δ 18Ovalue reported from the Karoo Basin region. Siderite is also known in the Karoo Basin from a
PTB-containing section at Old Wapadsberg Pass (Gastaldo et al., 2014), but no isotopic analyses
were presented.
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Transantarctic Mountains, Antarctica
Dark blue-gray shales are typical of the Buckley Formation at Graphite Peak (Retallack,
1999). Siderite is rare in most Graphite Peak paleosols (Retallack, pers comm.). In the sample
presented in this work, siderite occurs as small spherules usually no more than 0.1 mm in
diameter (Figure 3O). Though the paleosol coloration suggests reducing conditions during most
of its burial, the siderite is poorly preserved, with minimal relict siderite spherules containing
unaltered cores. Vertebraria root traces are common. The sample is ~149-150 m from the
Buckley-Fremouw Formation contact (Retallack, 1999a), thought to be the PTB (Collinson et al.,
2006; Retallack et al., 2005), suggesting Late Permian age.
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Figure 3. Permo-Triassic paleosol thin sections of samples used in this study, under cross-polarized light. (A) Jiucaichong section, South China; note pseudouniaxial cross in siderite spherule (JCISO 16-1). (B) Chahe section, South China; amalgamated oxidized siderites (CHISO 41). (C) Mide section, South China;
dense layer of microspherulitic siderite (MDISO 24-1). (D) Zhejue section, South China; mostly oxidized spherules with sideritic core (ZJISO 30-1). (E) North
Slope, Alaska; siderite within kaolinitic matrix (ES7591). (F) North Slope, Alaska; interstitial siderite, ct – chert (ES7476). (G) Kotuy, Siberia; siderite spherules
in coal (K08-13.7). (H) Clifton, New South Wales, Sydney Basin, Australia; aggregates of siderite spherules in clay paleosol (R1685). (I) Bilgola Beach, New
South Wales, Sydney Basin, Australia; siderite in clay paleosol (R411). (J) Bilgola Beach, New South Wales, Sydney Basin, Australia; siderite in organic-rich
mudstone (P/T Aust). (K) North Avalon, New South Wales, Sydney Basin, Australia; sideritic nodule (R395). (L) Kerrabee, New South Wales, southern
Gunnedah Basin, Australia; sphaerosideritic claystone (R1621). (M) Kerrabee, New South Wales, southern Gunnedah Basin, Australia; highly oxidized siderites
among rhizoliths (R1625). (N) Unknown locality within New South Wales, Sydney Basin, Australia; siderites within coal and mudstone (Aussiecoal). (O)
Graphite Peak, Transantarctic Mountains, Antarctica; highly oxidized siderites within a blue-gray shale, note Vertebraria rootlet (R2008).

25

RESULTS
Siderite δ18O at latitudes greater than ~55° are depleted up to 10‰ more than the
expected modern meridional gradient (Figure 4), calculated from a modern GENESIS model
simulation. North Slope, Alaska siderites plot above the modern gradient and trend similarly
(~0.5‰ per degree latitude) with the high-latitude data. Samples from the Permo-Triassic basins
in eastern Australia show variability up to ~10‰. This variability is greatest, and of bimodal
character, for samples from the Sydney and southern Gunnedah Basins (~70° paleolatitude) with
clustered data at -10‰ and ~ -18‰. In general, siderite from this study is consistent with
previously published PTB paleosol siderite δ18O at similar paleolatitudes, with the exception of
the relatively less depleted samples from Australia. Yangtze Platform, South China samples (~2°
paleolatitude) are depleted ~ -15 to -22‰, which is inconsistent with what would be expected at
low latitudes. The results may be erroneous given low CO2 yields during analysis, although good
reproducibility and relationships between South China siderite carbon and organic carbon
isotope values may suggest validity. These data and the possible causes for highly depleted lowlatitude siderite δ18O signatures are discussed in detail beginning on page 65. See Table 4 for a
summary.
GENESIS model plots of zonal mean annual temperature, precipitation δ 18O, and
precipitation rate (Figure 5) show that in warmer climates, precipitation rates on land increase at
high latitude and generally decrease at low latitude. CCN-reduced simulations have higher rates
of precipitation at high latitude on average than they do at low latitude. Warmer climates also
tend to have a much shallower meridional gradient in precipitation δ18O, which is also enriched
relative to cooler climate simulations. Precipitation rate and δ18O at ~30° N and S latitude are
relatively similar among each Permo-Triassic simulation despite the differences in temperature.
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Maps of mean annual siderite δ18O for each GENESIS simulation (Figure 6) show that
Permo-Triassic siderites from most localities are 5-10‰ more depleted than model predictions,
though samples from North Slope, Alaska; northern Karoo Basin, South Africa; and those that
are relatively enriched from East Australia (~ -10‰) nearly match model siderite δ18O estimates,
with all three localities predicted within 1 to 3‰ in simulations 2, 3, and 5 (Figure 7). Simulation
5 (12.7X PAL CO2) best represents the ~ -10‰ siderites in the Sydney and Gunnedah Basins
(within 1‰), whereas simulations 4, 5, and 6 best represent Waterberg Coalfield, Karoo Basin
(<1‰). The relatively more depleted North Slope sample (ES7591) agrees best with simulation
6, though it is also acceptable within error for simulations 4 and 5. Relatively more enriched
North Slope samples plot >1‰ above simulation 2.
As model temperatures increase, siderite δ18O-values at high latitudes become
increasingly enriched, particularly in the continental interiors of Gondwana and northern
Laurasia, whereas more depleted values occur between 15-40° paleolatitude. This is amplified in
CCN effect simulations. Despite a zonal mean enrichment at high latitudes, higher temperatures
tend to spread or broaden the relatively depleted siderite δ18O values from the continental
interiors to the coastlines. Precipitation-weighted annual zonal mean profiles are markedly
similar among all five simulations; however, imposing the CCN effect tends to enrich high
latitudes 2-3‰ relative to their counterparts, and monthly variability decreases under warmer
global climates at low latitudes. It is important to note that zonal mean profiles are weighted to
isotope effects such as continentality, or enhanced depletion towards the interior of continents
caused by rainout, which is why coastal siderites, such as the North Slope samples, are predicted
reasonably well by the models, though fall off of the annual zonal mean profile.
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GENESIS can simulate the saturated fraction of soil pores, giving insight to possible
wetland and arid localities in the late Permian, which can be matched with paleosol observations
in the rock record. The simulations specified a soil porosity of ~0.45 and equal components of
sand-, silt-, and clay-sized particles. In general, warmer and wetter climates tend to spread drybelt regions to higher latitudes, and colder climates produce drier mean annual conditions in
continental Gondwana (Figure 8). A literature compilation of sites potentially containing PTB
sections and paleosol siderite is given in Table 5. PTB red beds and coal measures have been
compiled by Retallack (2013), and are included in Table 5 and Figure 8. The 12.7X PAL map
agrees with PTB paleosol observations very well. 1X and 4X PAL fail to support the ever-wet or
seasonally wet conditions required in Gondwana and underestimate the range of deserts in the
Northern Hemisphere. Although the soil model in GENESIS is simplified, sites with observed
siderite bearing paleosols generally have a shallow water table (Figures 9 and 10). The water
table (100% saturated soil pore space) rises at or above 3 m depth in the North Slope, Alaska
region during the winter. Sites such as the Sydney Basin and Graphite Peak experience
significant drying during the winter, which is characterized by minimal precipitation in the form
of snow, and freezing temperatures. Of all the sites, Bowen Basin experiences the least seasonal
variation in soil moisture throughout the entire depth profile. We would expect even higher
saturated pore space and water tables in reality, given the accumulation of more clay-sized
particles in wetland environments and the possible occurrence of aquacludes. A map of the
model’s deepest soil layer (1.75-4.25 m depth) indicates that regions with shallow water tables
occur most commonly near coastal environments at high latitudes, consistent with where we
would expect to find siderite-bearing paleosols (Figure 9).
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δ18Osiderite (‰, PDB)

Figure 4. Paleosol siderite δ18O from new
samples (this study, open circles) and the
literature (x’s) compared to the GENESIS
modern mean annual land-only profile (gray
line). New samples tend to plot more and
less depleted relative to values reported in
the literature for the Sydney Basin. Siberia
falls in a similar range as the Bowen Basin at
the same latitude, while Alaska and
Antarctica plot along both ends of a possible
steep meridional gradient (red dashed line).
South China samples are extremely depleted
for their near-equatorial location and do not
follow the same trend as is indicated in highlatitudes.

Latitude (Paleolatitude)

A.

B.

Zonal Mean Annual Temperatures

C.
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Zonal Mean Annual Precipitation

Zonal Mean Annual Precipitation δ18O
Figure 5. (A) Land-only zonal mean annual
temperatures for various GENESIS model
simulations. Modern simulation (black line) utilizes
modern topography, paleogeography and
atmospheric gas compositions. Colored profiles are
Permo-Triassic simulations with various pCO2 and
cloud properties. (B) Land-only zonal mean annual
precipitation δ18O. (C) Land-only zonal mean
annual precipitation rate.

A.

D.

B.

E.
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C.
18

δ Osiderite (‰, PDB)

Figure 6. Mean annual siderite δ18O maps with
color-coded locations showing average siderite
δ18O at a particular locality, and land-only zonal
mean precipitation-weighted profiles with average
monthly variation for each Permo-Triassic model
run:
(A) 1X PAL (2), (B) 4X PAL (3), (C) 4X PAL
with reduced Cloud Condensation Nuclei
(CCN) (4), (D) 12.7X PAL (5), (E) 12.7X PAL
with reduced CCN (6)
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North Slope, Alaska

Southern Bowen
Basin, Australia
Kerrabee, Southern
Gunnedah Basin,
Australia

1.

(2)
(3)
(4)

3.

(5)

2.

Waterberg Coalfield
(Northern Karoo),
South Africa

(6)

Sydney Basin,
Australia

Figure 7. Site-specific model fit to determine which model simulation best
matches the data. Siderite δ18O values were selected at a corresponding site grid
cell in the model. In general, 12.7X PAL (simulation 5) tends to produce the most
depleted siderite at study sites from ~59° to 71° paleolatitude; however, not to the
degree of the siderite data presented here. Three samples fall within the ranges
predicted in the model. Sample 1 (ES7591) is within error of simulations 5 and 6.
Sample 2 (Literature reported sample from Faure et al. (1995)) is best replicated by
simulation 6, but simulations 4 and 5 are within <1‰. Sample 3 (R1621) is best
predicted by simulation 5, and is within error of simulations 2 and 3.
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1X PAL CO2

4X PAL CO2

12.7X PAL CO2

12.7X PAL CO2
and reduced CCN

Mean Annual Saturated Soil Pore Space Fraction

4X PAL CO2
and reduced CCN

Figure 8. Mean Annual Saturated Soil Pore
Space Fraction (top ~0.75m of soil) maps for
each Permo-Triassic simulation. Bold contour
line marks 50% saturation, dashed contour lines
are scaled to every 10%. Overlaid dots are a
compilation of Permo-Triassic sections
mentioned in the literature (Tables 1, 4, 5, and
6). Blue dots are sections that suggest wetland or
wet soil types (coal measures or containing
minerals such as siderite, goethite, and
kaolinite), and red dots are sections that suggest
arid soil types (red beds, calcretes, and calcite
nodules).
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Annual Mean Saturated Soil Pore Space Fraction (top 0.75m)
A.

Annual Mean Saturated Soil Pore Space Fraction (1.75-4.25m depth)
B.

Figure 9.
Top: (A) Annual mean saturated soil pore space fraction from 12.7X PAL panel in Fig 8 with several siderite sites numbered (B) Annual mean saturated soil pore space
at 1.75-4.25 m depth. Contour lines are for saturations of 80%, 85%, and 90%.
Bottom (next page): (C) Site-specific average monthly saturated soil pore space fraction (top 0.75 m), precipitation, siderite δ 18O variations, temperature and runoff.
Months with significant recharge in soil moisture boxed in green. Months of greater than annual average precipitation boxed in blue. Soil moisture increases at sites 4-7
during the rainiest periods. Sites 1 and 3 indicate recharge events that are offset from the rainy summer season. This may be related to spring snowmelt, supported by
freezing conditions during the winter months.
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Runoff (mm/day)
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Siderite δ O (Model)
18

Siderite δ O (Samples)
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Temperature (°C)
Runoff (mm/day)
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3 - Graphite Peak, Antarctica

4 - N. Karoo Basin, South Africa

Saturated Soil Pore Space Fraction

Saturated Soil Pore Space Fraction

Saturated Soil Pore Space Fraction

6 - Kotuy, Siberia

7 - North Slope, Alaska

2 - Bowen Basin, Australia

Saturated Soil Pore Space Fraction

Depth (m)

1- Sydney Basin, Australia

5 - South China

Depth (m)

Saturated Soil Pore Space Fraction

Saturated Soil Pore Space Fraction Saturated Soil Pore Space Fraction
Figure 10.
Seasonal soil
saturation
fraction
variations. The
depth to water
table occurs
when saturation
is 1, or 100%
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Table 4. Siderite from this study
Sample1
Location
Kotuy, Siberia
K08-13.7
North Slope, Alaska
ES7475
North Slope, Alaska
ES7476
North Slope, Alaska
ES7591
North Slope, Alaska
DP7812.5
Chahe section, S. China
CHISO 41
Chahe section, S. China
CHISO 67
Jiucaichong section, S. China
JCISO 16-1
Jiucaichong section, S. China
JCISO 19-2
MDISO 24-1
ZJISO 30-1
R1621
R1625
Aussiecoal
R395
R411
P/T Aust
R1685
R2008

n2

Paleolatitude3

Formation

Age

D/M4

Current (A)

δ18O (‰, PDB)

δ13C (‰, PDB)

3
3
4
5
4
3
3
3
3

62
55
55
55
54
2
2
2
2

Tungusskaya Series
Ivishak Fm.
Ivishak Fm.
Ivishak Fm.
Ivishak Fm.
Xuanwei Fm.
Xuanwei Fm.
Xuanwei Fm.
Xuanwei Fm.

M
D
D
D
D
M
M
M
M

1.1
----0.9
1.5
0.9
0.9

-15.0 ± 0.2
-2.9 ± 0.2
-2.7 ± 0.4
-6.0 ± 1.0
-2.2 ± 0.7
-16.8 ± 1.1
-20.5 ± 1.4
-16.0 ± 0.7
-17.0 ± 1.1

+1.6 ± 0.2
+6.7 ± 0.8
+5.1 ± 0.2
-10.1 ± 1.9
+5.1 ± 0.5
-10.4 ± 1.3
-6.2 ± 0.4
-14.4 ± 0.2
-18.5 ± 0.3

Mide section, S. China

5

2

Kayitou Fm.

D/M

1.3

-18.2 ± 1.3

-12.7 ± 3.3

Zhejue section, S. China
Kerrabee, NSW, Australia
Kerrabee, NSW, Australia
NSW, Australia
North Avalon, NSW, Australia
Bilgola Beach, NSW, Australia
Bilgola Beach, NSW, Australia
Clifton, NSW, Australia
Graphite Peak, Antarctica

3
3
2
6
2
2
5
6
3

2
-69
-69
-69.5
-70
-70
-70
-71
-79

Xuanwei Fm.
Digby Fm.
Digby Fm.
-Newport Fm.
Garie Fm.
Garie Fm.
Coal Cliff SS
Buckley Fm.

Latest Permian
Late P-Early Tr
Late P-Early Tr
Late Permian
Late P-Early Tr
Changhsingian
Changhsingian
Changhsingian
Changhsingian
Changhsingian
-Induan
Changhsingian
Griesbachian
Griesbachian
Late Permian
Spathian
Smithian
Smithian
Changhsingian
Late Permian

M
M
D
D/M
D
D
D
D
M

0.9
1.1
-1.3
----4.0

-18.6 ± 0.3
-8.7 ± 0.6
-18.5 ± 6.7
-21.2 ± 1.2
-10.9 ± 0.1
-10.0 ± 0.1
-19.6 ± 0.3
-10.2 ± 0.3
-18.9 ± 1.5

-8.6 ± 0.4
-1.8 ± 0.3
-11.5 ± 4.8
-7.9 ± 2.4
-6.1 ± 0.2
-15.5 ± 0.9
-5.4 ± 0.5
-7.0 ± 1.2
-6.4 ± 1.6

Sample names – K() from L. Elkins-Tanton, ES(), DP(), P/T Aust from T. White; CHISO(), JCISO(), MDISO(), ZJISO() from Y. Cui; R() from
G. Retallack; Aussiecoal from G. Mitchell
1

2

Number of samples run in IRMS

3

Approximate PTB paleolatitude (confidence ± 5°)

4

D – drilled, M – magnetically separated, D/M – both methods
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Table 5. Collection of localities mentioning facies that would be promising sources for PTB siderite or
kaolinite-bearing intensively weathered paleosols, wetland paleosols, or calcite nodule-bearing red beds

Location

Keywords

Formation

Age

Reference

Siderite, Fe-rich

Rod El Hamel

P/T

Abdallah et al., 1993

Coals

L. Sakamena/MidSakamena

P/T

Wright and Askin, 1987

Red Beds

Moradi/Telqua

P/T

Tabor et al., 2011

Thick paleosol

--

P/T

Weidlich and Bernecker, 2011

Red Beds

Balfour/Katberg Ss

P/T

Retallack et al., 2003

Red Beds

Africa
Galala Plateau, Egypt
Morondava, Madagascar
Arlit, Niger
Arabian Platform, Oman
Bethulie, South Africa
Commando Drift, South
Africa

Balfour/Katberg Ss

P/T

Coney et al., 2007

Brown carbonate concretions, coal to
calcic entisols and vertisols

Karoo, L. Beaufort

Permian to
P/T

Cairncross, 2001; Hancox et al., 2002; Smith,
1990

Lootsberg Pass, South
Africa

Red Beds

Balfour/Katberg Ss

P/T

Retallack et al., 2003

Tweefontein, South Africa

Red Beds

Balfour/Katberg Ss

P/T

Ward et al., 2005

Siderite spherules

Gwembe Coal

L. Permian

Nyambe, 1999

Spherulitic carbonates

U. Wankie Ss &
Gondwana

Permian

Spencer, 1925

Allan Hills

Coals

Weller CM/Feather
Congl.

P/T

Retallack et al., 2005

Coalsack Bluff

Coals

Buckley/Fremouw

P/T

Retallack et al., 2005

P/T

Retallack et al., 2005

Karoo, South Africa

Zambezi Valley, Zambia
Zimbabwe

Antarctica

Weller CM/Feather
Congl.
Weller CM/Feather
Congl.
Amery Group,
Bainmedart CM
Weller CM/Feather
Congl.
Bainmedart CM/
Flagstone Bench

P/T

Retallack et al., 2006

Permian to
P/T

Keating and Sakai, 1991; Krajewski et al.,
2010; Mcloughlin and Drinnan, 1997

P/T

Retallack et al., 2005

P/T

Lindström and Mcloughlin, 2007

Mottled mudstone, iron oxide pisoids

--

P/T

Yang et al., 2007

Chuanyan, Sichuan, China

Coals

Wangjiazhai/
Feixuanguan

P/T

Shen et al., 2011

Guanbachong, Yunnan, S.
China

Coals

Xuanwei/Dongchuan

P/T

Shen et al., 2011

Mount Cream

Coals

Portal Mountain

Coals

Prydz Bay

Sideritic shales and coals

Shapeless Mountain

Coals

Whaleback Bluff

Coals

Asia
Bogda, China

Jiaocheng, North China

Red Beds

Sunjiagiou/Liujiagou

P/T

Wang, 1996

Junggar-Turpan-Hami
Basins, NW China

Organic-rich mudstones

--

L. Permian

Carroll and Wartes, 2003

Leping, Jiangxi, China

Mudstones, Coal

Leping

L. Permian

Querol et al., 2001

Coals

Xuanwei/Dongchuan

P/T

Shen et al., 2011

Oolites, roots

Taodonggou

L. Permian

Carroll and Wartes, 2003

Siderite, Kaolinitic soils

Lower Shihezi

Permian

Huang et al., 1998

Taodonggou, NW China

Red Beds

Guodeking/Jiucaiyuan

P/T

Thomas et al., 2011

Tarlong, NW China

Red Beds

Guodeking/Jiucaiyuan

P/T

Thomas et al., 2011

Coals

Kayitou/Dongchuan

P/T

Shen et al., 2011

Coals

Wangjiazhai/
Feixuanguan

P/T

Shen et al., 2011

Coals

Raniganj/Panchet

P/T

Sarkar et al., 2003

Sphaerosiderite, coal ball

Gondwana Coals

Permian

Rao, 1935

Spherulitic carbonates

Indian Coal Measures

L. Permian

Spencer, 1925

Coals

Raniganj/Panchet

P/T

de Wit et al., 2002

Longmendong, Sichuan, S.
China
S. Bogdashan, China
S. Huaibei coal field, China

Tucheng, Guizhou, S.
China
Zhongzhai, Guizhou, S.
China
Banspetali (Raniganj),
India
Bengal, India
Damuda Basin, India
Godavari Coalfield, India
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Korar Coalfield, India

Coals

Raniganj/Panchet

P/T

de Wit et al., 2002

Talcher Basin, India

Coals

Raniganj/Panchet

P/T

de Wit et al., 2002

Wardha Coalfield, India
Satpura Basin, India
Spiti Valley, India

Coals

Raniganj/Panchet

P/T

de Wit et al., 2002

Calcic paleosols

Motur/Denwa

P/T

Ghosh et al., 2001

Limonitic, ferruginous band

Gungri/Mikin

P/T

Shukla et al., 2002

Lateritic, argillitic, berthierine,
chamosite

Shirakidani

Permian

Minakawa, 2000

Fe globules-spherules

Umm Irna (Nubian
Series)

L. Permian

Amireh, 1993

Siderite

--

P/T

Zinniker and Badarch, 1997

Tsaagan Tolgoy, Mongolia

Coals

Tsaagan Tolgoy/Tavan
Tolgoy

P/T

Johnson et al., 2008

Adz’va River Basin, Komi,
Russia

Paleosol siderite

Ufa Series

Permian

Chalyshev, 1970

P/T

Taylor et al., 2009

P/T

Sadovnikov and Orlova, 1990

P/T

Kozur and Weems, 2011

P/T

Kazarinova, 1979

P/T

Krassilov and Karasev, 2009

P/T

Sadovnikov and Orlova, 1990

P/T

Davies et al., 2010

--

L. Permian

Sinitsyn, 1976

Lacustrine variegated sands

Suduvian Suite

L. Permian

Nalivkin, 1973

Red Beds

Kulchumovskaya/
Kopanskaya Svita

P/T

Taylor et al., 2009

Fe, carbonate nodules

Salarevo

P/T

Yakimenko et al., 2000

Coal-bearing

--

L. Permian

Nalivkin, 1973

Sideritized tuff, coal

Kayerkan Coal

Permian

Czamanske et al., 1998; Nalivkin, 1973

Tuyembetka, Russia

Red Beds

Kulchumovskaya/
Kopanskaya Svita

P/T

Taylor et al., 2009

Vilyui River, Yukadia,
Russia

Coal-bearing

Sorosskian Suite

P/T

Nalivkin, 1973

Coals

Vyaznikovian/
Nebrudovian

P/T

Krassilov and Karasev, 2009

Coals

Eckersley/Coal Cliff Ss

P/T

Retallack, 1999

Coxs Gap, NSW

Coals

Farmers Ck./Widdin
Brook

P/T

Retallack, 1999

Denison bore, Queensland

Coals

Rangal CM/Rewan

P/T

Morante, 1996

Eddystone 1, Queensland

Coals

Rangal CM/Rewan

P/T

Morante, 1996

Oolitic iron

Liveringa Group

L. Permian

Edwards, 1958

Coals

Redmanville Ck./
Dooralong Sh.

P/T

Retallack, 1999

Kochi, Japan
Jordan
Ih Uvgon, Southern
Mongolia

Bovevaya Gora, Russia

Red Beds

Fad’yu Kuda River, Russia

Coals

Gagarii Island, Russia

Coals

Mirn’i, Russia

Coals

Nebrudovo, Russia

Coals

Noril’sk, Russia

Coals

Novokutznetsk, Russia

Coals

Russia
Russian Platform
Sambullak, Russia
Severnaya Dvina Basin,
Russia
Taimyr, Russia
Tunguska Basin, Russia

Vyazniki, Russia

Laterites

Kulchumovskaya/
Kopanskaya Svita
Zverinskaya Sv./
Betlinskaya Sv.
Buganktinskaya/
Nidimskaya Sv.
Bugarikta Sv./Ukugutskoi
S.
Vyaznikovian/
Nebrudovian
Nadezhdinskaya/
Mokulaevskaya
Yerunakovskaya/
Mal’tsevskaya

Australia
Coalcliff, NSW

Fitzroy Basin
Murrays Run bore
Perth Basin
Wybung Head, NSW

Siderite and Kaolinite

Dongarra Ss.

P/T

England et al., 2001; Rasmussen and Glover,
1996

Coals

Karignan Congl./
Dooralong Sh.

P/T

Retallack, 1999

Calcretes

U. Buntsandstein

Dolocretes, silcretes

Poudingue de Port-Issol/
Grès de Gonfaron

Siderite, kaolinite

--

Europe
Iskur River Gorge, Bulgaria
Provence, France
SW. Massif Central,
Rouergue region, France

Early
Triassic
Early
Triassic
Mid to Late
Triassic

Chatalov, 2006
Aubele et al., 2012
Schmitt, 1992
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Obernsees, Germany
Saarland, Germany
Southern Germany
Tuscany, Italy

Red Beds

Bröckelschiefer/
Geinhausen

P/T

Szurlies, 2007

Sphaerosiderite

Kusel & Lebach Group

Permian

Stapf, 1990

P/T

Ortlam, 1970; Weber, 1993

P/T

Annovi et al., 1980

Fe-Mn carbonate, purple beds
Paleosoils, ferruginous shales, siderite

U. Bunter & U.
Rotliegendes
Argentario, La
Campigliola, Capalbio

Moray Firth, Scotland

Aeolian Sandstone

Hopeman Ss.

P/T

Edwards et al., 1993

Central Iberian Range,
Spain

Siderite, goethite

Buntsandstein

E. Triassic

Stel, 2009

Minorca, Spain

Carbonate nodules, floodplain

--

P/T

Rosell et al., 1988

Noviales, Spain

Estilpnosiderita

Sub Buntsandstein

Permian

Costa and Costa, 1977

Red Beds, calcretes

U. Buntsandstein

Triassic

Alonso-Zarza et al., 1999

Siderite and goethite, coal

Alcotas

Latest
Permian

Benito et al., 2005

Carbonate spheroids, calcite, dolomite

St Bees & Calder
Sandstone

P/T

Strong and Pearce, 1995

Siderite ooids, paleosols

--

Permian

Beauchamp, 1994

Bernal Mesa, New Mexico

Red Beds

Bernal/Anton Chico

P/T

Retallack, 2005

Cap Rock Canyons, Texas

Red Beds

Alibates/Dewey Lake

P/T

Retallack, 2005

Dickens, Texas

Red Beds

Alibates/Dewey Lake

P/T

Retallack, 2005

Western Iberian Ranges,
Central Spain
SE Iberian Ranges, Eastern
Spain
Sellafield, Cumbria, UK

North America
Trold Fiord, Nunavut,
Canada
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DISCUSSION
Meridional Gradient and Model Simulations
Pedogenic siderite that has formed during early meteoric phreatic diagenesis records
mean annual local precipitation δ18O compositions (e.g., Ludvigson et al., 1998). Therefore, it is
expected that the siderite in our study should also record mean annual precipitation signatures.
Model results of 12.7X PAL CO2 provide the best site-specific mean annual model fits for highlatitude siderite. However, most high-latitude siderite is more depleted than the modeled mean
annual δ18O-values, which vary minimally between each simulation. We would expect that as
mean annual temperatures rise that the precipitation δ18O will become increasingly enriched
because of the decrease in kinetic isotope fractionation during evaporation. This is confirmed in
our models (Figures 5, 11). Additionally, fractionation between siderite and meteoric water
decreases as temperature rises (see equations in Introduction), but the enrichment of precipitation
δ18O nearly offsets the change in temperature-dependent fractionation at high-latitudes and may
explain the similarity in siderite δ18O among each of the PTB model simulations (Figure 11),
which typically varies no more than 3‰ among any site in this study (Figure 7). Modeled
precipitation amounts are greatest in the summertime for high-latitudes (up to 15 cm/month) and
decrease in the winter (~5-8 cm/month), whereas low-latitudes experience intense monsoonal
rainfall in late summer to fall (Figure 12). The counterintuitive reasoning behind why the 12.7X
PAL simulation gives the most depleted values for our high latitude data is related to an increase
in coastal rainout along Australia’s eastern margin. Although local rainout is comparable or
higher for the CCN-reduced simulations, the associated enrichment in precipitation δ18O in these
CCN-reduced simulations because of enhanced evaporation causes a relative enrichment in
siderite δ18O, despite the increase in temperature.
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Siderite occurrence is closely related to paleowetland abundance, which is, in part,
inherently tied to lowlands, often near coastal floodplain environments. Lowlands (defined here
as <300 m above sea level) in the Permo-Triassic were widespread compared to the modern
(Figure 13). Lowlands include broad inland regions in Gondwana from the Irati and Whitehill
Lakes and the foreland basins that extended along the Gondwanides in the southern margin of
Gondwana. Isotopic differences for coastal and inland localities can be observed for the PermoTriassic both in the maps (Figure 6) and by producing meridional siderite δ18O gradients from
GENESIS for zonal means (as has been previously utilized in the results section) and as lowlandonly filtered selections, similar to the procedure of Ufnar et al. (2002) who empirically
developed a theoretical modern siderite gradient. In Figure 14, GENESIS meridional gradients
for lowland settings (dashed lines) are shown relative to zonal averages, the three Permo-Triassic
siderites that best fit the model, and previously published Paleocene-Eocene and Mid-Cretaceous
siderite δ18O, as in Figure 1. Figure 14 illustrates two key points. First, sample 1 and 3 are from
near coastal environments of the Permo-Triassic, whereas sample 2 is from an inland locality.
The filtered PTB lowland gradient (dashed black line) best matches the coastal samples 1 and 3,
whereas the zonal mean PTB gradient (solid black line) best matches the inland siderite, sample
2. This suggests that some of the spread among data at similar paleolatitudes is related to
environmental setting, although this cannot be argued for the severely depleted siderites, or for
large spreads in near-coastal regions such as the Sydney and Bowen Basins. Second, the wellsimulated PTB siderite δ18O data appear to follow a similar, or less steep gradient relative to the
Paleocene-Eocene and Mid-Cretaceous hothouse data, which are arguably better fitted to the
modern GENESIS-derived gradient. We know that modern temperatures are invalid for
greenhouse intervals. The agreement of several other paleosol mineral proxies with our siderite
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data (Figure 15), which will be explained in the sections to follow, suggests that we do not have
a good understanding of hothouse interval climate dynamics. These data are important to
supplement paleosol siderite datasets since siderite not only requires lowland depositional
environments to form, but also a source of water to maintain saturated conditions, i.e., wetlands.
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Figure 11. (A) and (B) as Figure 5. (C) is the same as (B) without the modern profile to emphasize detail between each simulation. With warming, the models
agree with the reduction in kinetic fractionation during evaporation, causing local precipitation to become more enriched at high latitudes. (D) shows an
example of why high latitudes tend to have similar siderite δ18O values for each simulation using model data from zonal means at 60°S. Fractionations
associated with evaporation and siderite formation decrease at warmer temperatures, and scale similarly despite a 30°C mean annual temperature difference
among 1X PAL and 12.7X PAL w/reduced CCN simulations. This leads to a difference in siderite δ 18O of only ~1‰.

44

Figure 12. Land-only zonal mean monthly precipitation amounts. In general, high latitudes tend to
get most of their precipitation during the summer and have drier conditions during the winter and
early spring.
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Figure 13. Lowland regions (green) for the modern and Permo-Triassic world (Ziegler et al., 1997). Lowlands are defined as areas <300 m above sea
level. Red dots on the modern map indicate where modern siderites have been reported, after Ludvigson et al. (2013):
1. Dirven et al., 1976 – Matanzas Province, Cuba
2. Moore et al., 1992 – Terrebonne Parish, Louisiana
3. Aslan and Autin, 1999 – Ferriday, Louisiana
4. Vulava et al., 2007; Driese et al., 2010 – Chattanooga, Tennessee
5. Wilamowski and Boski, 2005 – Guadiana estuary, Portugal
6. Stoops, 1983; Landuydt, 1990 – Antwerp, Belgium
7. Pye et al., 1990 – Norfolk, England

8. Postma, 1981 – Ikast, Denmark
9. Virtanen, 1994 – Ruukki-Vinanti area, Finland
10. McMillan and Schwertmann, 1998 – Ampertal region, Germany
11. Ashley et al., 2004; Driese et al., 2004 – Loboi Swamp, Kenya
12. Khim et al., 1999; Choi et al., 2003; Lim et al., 2004; Choi, 2005 –
Kyunggi Bay, Korea
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Figure 14. Same as Fig 1 with good mean
annual model-fitted Permo-Triassic data from
Fig 7. There is a similar relationship with other
hothouse intervals. Black profile is the land-only
zonal mean siderite profile from Fig 6D
averaged from both hemispheres. Black dashed
line is the Permo-Triassic filtered zonal mean
profile using lowland localities (<300 m above
sea level) from Fig 13. Both cases are shown for
the modern, in gray. (1) North Slope, Alaska
(ES7591). (2) Waterberg Coalfield, South Africa
(Faure et al., 1995). (3) Kerrabee, Southern
Gunnedah Basin, Australia (R1621).
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Limitations of Paleosol Siderite and the use of other Related Terrestrial Proxies
Using siderite as a paleoclimate proxy is undermined by the fact that there is no modern
meridional siderite δ18O gradient for comparison (Ludvigson et al., 2013). This is in part the
result of the rarity of modern pedogenic siderite, it’s susceptibility to oxidation when exposed to
the atmosphere, and the likelihood of it being overlooked by soil scientists (Ludvigson et al.,
1998). Modern pedogenic siderites are usually <100 microns in diameter (Ludvigson et al., 2013)
or concretionary, and have been limited to observations in root balls of rice (Kanno, 1962;
Ratering and Schnell, 2000), the Mississippi Delta (Moore et al., 1992), bog-ores of the Belgian
Campine (Landuydt, 1990; Stoops, 1983), and in polycyclic aromatic hydrocarbon (PAH)contaminated soils (Driese et al., 2010; Vulava et al., 2007). There are also examples of nonmarine authigenic siderite from the Early Holocene of coastal Korea (Choi, 2005; Choi et al.,
2003; Khim et al., 1999; Lim et al., 2004), among other localities presented in Ludvigson et al.
(2013) and reproduced in Figure 13.
Because of drying and climate warming after the disappearance of Southern Hemisphere
ice in the earliest Permian, wetland area and occurrence decreased through the late Permian in
continental settings (Greb et al., 2006), reducing diversity and eventually causing a global coal
gap in the earliest Triassic (Retallack et al., 1996). Greb et al. (2006) cites the basinward shift of
riparian wetlands to dry upland deposits in the Karoo Basin of South Africa as an example of this
global drying. Because wetlands were mostly restricted to high latitudes during the late Permian,
an overall lack of siderite data from the mid- to low-latitudes can be expected, which were arid in
continental settings (e.g., Fluteau et al., 2001). Thus, pedogenic calcite, pedogenic goethite
(Tabor et al., 2004; Yapp, 2004, 2015), clay phases such as smectite and kaolinite (Botz et al.,
1986; Sheppard and Gilg, 1996), and supergene ore minerals such as cerussite, phosgenite, and
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smithsonite (Gilg et al., 2008) may be considered to supplement our siderite δ18O data since they
too have been argued to be proxies of early diagenetic meteoric water compositions in terrestrial
rocks.
A literature search for Permian- and Triassic-age paleosol calcite yields many sources
from Europe and North America (likely because of ease-of-access), although documentation of
near PTB-age calcite δ18O is uncommon. Stable isotope studies on paleosol calcite occur in
samples ranging ~ ± 45 Ma from the PTB, predominately from the United Kingdom and central
U.S. Mid-latitude calcites presented here are better constrained to the PTB (Table 6). Botz et al.
(1986) provides early diagenetic kaolinite from eastern Australian coal measures of similar ages
to the siderites collected in the region. Combined plots of meteoric water δ18O (SMOW) (Figure
15) utilize calcite-water fractionation of O’Neil et al. (1969) and kaolinite-water fractionation of
Sheppard and Gilg (1996).
When Figure 15A is collapsed into one hemisphere (Figure 15B), the proxy data line up
in a convincing meridional gradient. Kaolinites and calcites that are dated close to the PTB
(eastern Australia and Karoo Basin sites) agree well with the highly depleted siderites collected
from similar latitudes. This is significant, particularly for confirming both the validity of siderite
paleosol δ18O data and the trend of highly depleted early diagenetic paleosol mineral δ 18O at high
latitudes during hothouse intervals.
Additionally, precipitation δ18O derived from PTB paleosol mineral proxy data and
12.7X PAL CO2 GENESIS temperatures matches exceptionally well with Middle Cretaceous
and Paleocene-Eocene siderite-derived precipitation δ18O meridional gradients (Figure 16).
Using model-derived temperatures is justified because the simulation of global temperature
distribution is inherently less complex than tracing isotopes. Any uncertainty with this method
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could be remedied by performing clumped isotope thermometry on the siderites in the future.
The slope of the gradients at high latitudes is similar to that of the modern precipitation δ18O
gradient. In contrast, the GENESIS-derived Permo-Triassic precipitation δ18O gradient is too
shallow to explain the highly depleted nature of high-latitude siderite. This suggests that a
similar atmospheric phenomenon may have developed during hothouse intervals with elevated
atmospheric pCO2, such as amplified hydrological cycling, which is unable to be simulated
properly by GENESIS. We can also examine possible caveats, both associated with GENESIS
simulation errors, or with the assumption that GENESIS is modeling relatively accurately.
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A.

B.

Figure 15. (A) Additional literature-reported Permo-Triassic mineral proxy data (calcite and kaolinite) from Table 6 (several sites in Fig 9A)
normalized to meteoric water δ18O (SMOW). Collapsing Figure 15A into one hemisphere (B) suggests that there is a significant gradient
(excluding South China) not captured by land-only mean annual (black line), summer (black dashed line), or winter (gray dashed line) zonal
profiles.
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Figure 16. Precipitation δ18O for the Middle-Cretaceous (blue squares), Paleocene-Eocene (green
triangles), and Permo-Triassic (red dots), based on paleosol mineral proxy δ18O, and temperature
gradients provided in the literature (8X PAL CO2 from Poulsen et al., 2007 for the Mid-Cretaceous,
and 16X PAL CO2 from Winguth et al., 2010 for the PETM). Modern observed precipitation δ18O
(gray +) is from IAEA/WMO network, reported in Rozanski et al. (1993). Proxy-based hothouse
period data all appear to fall along a similar gradient, and match better with modern precipitation
δ18O (black lines) at high latitudes than the Permo-Triassic GENESIS model simulation (red dashed
line). GENESIS model simulation profiles are land-only zonal means.
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Table 6. Literature-derived Calcite and Kaolinite
Location
Paleolatitude1
Elgin, Inner Moray Firth Basin, Scotland
Gribun, Isle of Mull, Scotland
Raisby Quarry, near Sedgefield, UK
Cleethorpes Drillcore, UK
Wistow Drillcore, UK
South Yorkshire, UK
Rapid City, South Dakota
NE Belgium
Marchwood Drillcore, UK
Marchwood Drillcore, UK
Western Esplande Drillcore, UK
Winterborne Kingston Drillcore, UK
Wytch Farm X14 Drillcore, UK
South Devon Coast, UK
Paris Basin, France
TRIUT #2 profile, SE Utah
Keats, Kansas
Blaine Hill, Ohio
Sherrard, West Virginia

Formation

24
23
22.7
22.7
22.5

Cherty Rock,
Lossiemouth SS
New Red SS
Raisby Fm.
Sherwood SS Group
Sherwood SS Group
--

22

Minnekahta Fm.

22
20
20
20
19.5
19.5
19
19

-Sherwood SS Group
Sherwood SS Group
Sherwood SS Group
Otter SS
Sherwood SS Group
Sherwood SS Group
Gres a Voltzia Fm.
Moenkopi-Chinle
Fm.
Speiser Fm.
Washington Fm.
Greene Fm
Elm Grove Mbr.,
Washington Fm.
Mannington Mbr.,
Washington Fm.
Greene Fm.
Ninevah Mbr.,
Greene Fm.
Greene Fm.
Greene Fm.

26

19
14
13.2
13

Washinton Township, Belmont Co., Ohio

13

Vallonia, Ohio

13

Powhaten Point, Ohio

12.9

Powhaten Point, Ohio

12.9

West, West Virginia
Murphytown, West Virginia

12.3
12

Age

C/K2

δ18O (‰,
PDB)

Reference

Late Tr (Rhaetian)

C

-6.1 ± 1.3

Naylor et al., 1989

P-T (280-200 Ma)
Late Permian
Triassic (Anisian)
Triassic (Anisian)
“Permo-Triassic”
Mid-Permian
(Leonardian)
Early Triassic
Triassic (Anisian)
Triassic (Anisian)
Triassic (Anisian)
Triassic (Anisian)
Triassic (Anisian)
Triassic (Anisian)
Triassic (Anisian)

C
C
C
C
C

-5.1
-5.9 ± 0.7
-4.0 ± 0.4
-4.2 ± 0.3
-4.1 ± 1.7

Steel, 1974; Naylor et al., 1989
Lee, 1995
Bath et al., 1987
Bath et al., 1987
Bath et al., 1987

C

-7.5

C
C
C
C
C
C
C
C

-6.8
-6.8 ± 3.2
-5.0 ± 0.2
-8.4 ± 1.0
-6.3 ± 5.2
-5.5 ± 0.9
-6.7 ± 1.5
-8.9

Muchez et al., 1992
Bath et al., 1987
Knox et al., 1984
Bath et al., 1987
Bath et al., 1987
Bath et al., 1987
Bath et al., 1987
El-ghali et al., 2009

Mid-Late Triassic

C

-4.9 ± 0.5

Tabor et al., 2004

Early Permian
Early Permian
Permian

C
C
C

-2.0
-5.6
-2.8

Keith and Weber, 1964
Keith and Weber, 1964
Keith and Weber, 1964

Early Permian

C

-2.3

Keith and Weber, 1964

Early Permian

C

-4.2

Keith and Weber, 1964

Permian

C

-3.4

Keith and Weber, 1964

Permian

C

-3.5

Keith and Weber, 1964

Permian
Permian

C
C

-3.5
-2.8

Keith and Weber, 1964
Keith and Weber, 1964

Keith and Weber, 1964
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Table 6. (cont.)
Paleolatitude1

Formation

Age

C/K2

Saxonia Section, Siguenza Drillcore, Spain
Barranco de la Hoz outcrop, Spain

12
11

MCGoeth Profile, north-central Texas

11

Rio do Rasto Ridge, Santa Catarina, Brazil

-40

Rio do Rasto Ridge, Santa Catarina, Brazil

-40

South Brazil
Chombe Section, south of Chiweta,
Malawi
Gwaai Valley, southern Zimbabwe
Mid-Zambezi valley, Zimbabwe
Leichhardt Colliery, Bowen Basin,
Queensland, Australia

-40

-Buntsandstein
Waggoner Ranch
Fm.
Serrinha Mbr., Rio
do Rasto Fm.
Serrinha Mbr., Rio
do Rasto Fm.
Rio do Rasto Fm.

Permian
Triassic
Early Leonardian
(~283 Ma)
Late Capitanian
(263-259 Ma)
Late Capitanian
(263-259 Ma)
Permian

-52

--

-54
-54

Location

Carlton Heights section, South Africa
Wapadsberg Pass, Eastern Cape Province,
South Africa
South Africa
Liddell open cut, Sydney Basin, NSW,
Australia
Newvale Colliery, Sydney Basin, NSW,
Australia
Tahmoor, Metropolitan, and Westcliff
Collieries, Sydney Basin, NSW, Australia

Reference

C
C

δ18O (‰,
PDB)
-9.6 ± 1.2
-7.4 ± 0.3

C

-0.1 ± 1.6

Tabor et al., 2004

C

-11.7 ± 0.4

Alessandretti et al., 2015

C

-13.3 ± 1.5

Alessandretti et al., 2015

C

-7.4

Late Permian

C

-15.0 ± 1.2

Yemane and Kelts, 1996

Karroo
Madumabisa Fm.

Late Permian
Late Permian

C
C

-14.6
-14.1

Keith and Weber, 1964
Keith, 1967

-56

--

Late Permian

K

-25.9 ± 1.3

Botz et al., 1986

-59.8

Balfour and Katberg
Fm.

Permo-Triassic

C

-13.9 ± 2.3

Tabor et al., 2007

-60

Balfour Fm.

Latest Permian

C

-21.5

Gastaldo et al., 2014

-61

L. Beaufort Fm.

Permian

C

-21.8

Keith, 1967

-70

--

Late Permian

K

-24.1 ± 1.2

Botz et al., 1986

-70

--

Late Permian

K

-23.5

Botz et al., 1986

-71

Bulli Coal

Latest Permian

K

-23.9 ± 1.9

Botz et al., 1986

1

Approximate PTB paleolatitude (confidence ± 5°)

2

C/K: C = calcite, K = kaolinite

Morad et al., 1990
Morad et al., 1990

Keith, 1967
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Additional Explanations for Observed δ18O Depletion
Underestimating Depletion at High Latitudes
GENESIS replicates modern observed precipitation δ18O at low- to mid-latitudes with
high-accuracy, and reasonably well at high-latitudes (Mathieu et al., 2002). Most discrepancies
arise in Antarctica and Greenland and in elevated regions such as the Himalaya, Sierra Nevada,
and south-central Africa (see Figure 4 in Mathieu et al., 2002). GENESIS underestimates
depletions by 4-14‰ in Greenland and Antarctica, respectively, and overestimates depletions by
2-14‰ at high elevations, most notably in the Himalaya and Tibetan Plateau. Mathieu et al.
(2002) suggest that temperature anomalies, snow formation effects, or inadequate capture of
dynamical effects (limited by the model’s horizontal resolution) at steep elevation changes in
Greenland and Antarctica explain the precipitation δ18O depletion underestimates. Depletion
overestimates at high elevations are explained by Mathieu et al. (2002) to be the result of altitude
and temperature effects causing rainout – a common error in GCM’s with relatively coarse
horizontal resolutions. Model errors must be considered when interpreting our proxy data,
although the topography that tends to produce errors in the modern simulation (steep elevation
changes; e.g., Antarctica and the Himalaya) is not as common in the Permo-Triassic.

Diagenetic Alteration
Carbonate mineral δ13C-δ18O plots are useful for determining whether there has been
diagenetic overprinting, often suggested by co-variation in the isotopes (e.g., Odigi and Amajor,
2010). Permo-Triassic siderite plots in four distinct zones in δ13C-δ18O space (Figure 17). Zones
1 and 3 are mostly positive in δ13C whereas zones 2 and 4 are negative in δ13C. Most localities
are confined to one zone. Exceptions include North Slope, Alaska (Zones 1 and 2) and the
Sydney and Gunnedah Basins, Australia (Zones 2-4). Where variations in δ18O are
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predominantly controlled by precipitation and temperature, δ 13C is controlled by carbon sources
in the soil. Values enriched in δ13C may reflect methanogenesis, whereas depleted δ13C can be
the result of organic matter or biogenic methane oxidation (Sivan et al., 2011).
Other explanations for the siderite falling in zones could include limits from sampling,
where the results happen to be circumstantial. A larger sample set may show no correlation to a
particular zone. For example, the Sydney Basin was most heavily sampled, and plots in three
regions. However, South China was the second most sampled locality, and all samples plot in the
same zone. It is unlikely that all these samples were subjected to diagenetic overprinting, since
δ13C is not covariant with δ18O, and the siderites in thin-section exhibit characteristics common
with unaltered siderite, such as radial growth and pseudouniaxial-cross sweeping extinction
patterns under cross-polarized light (e.g., Ludvigson et al., 1998).
Different water source mixing may also produce segregation in δ 13C-δ18O space. Marine
or brackish influence may be plausible for zone 1, because marine waters tend to have relatively
more enriched δ18O compared to most meteoric waters. Mozley and Wersin (1992) suggest that
siderites with highly negative δ13C are of marine origin because they undergo longer periods of
sulfate reduction during formation. According to their observations, zone 1 falls within overlap
of possible values for marine or nonmarine siderite. It is possible that the samples in zone 1 may
have developed in paleosols within a tidal reach, obtaining their δ 18O from mixing with brackish
waters while containing enough organic matter and proper microbial flora to drive
methanogensis. ES7591 (sample in zone 2) may be more proximal, though elemental analyses
would be required to support these assertions. Additionally, ES7591 is ~35 m lower in section
than ES7476, so soil isotope values may have varied through time. Table 7 summarizes which
samples fall into each zone.
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Figure 17. Plot of siderite δ13C vs δ18O. Siderite is
confined to four distinct zones, suggesting
environments that are either undergoing
methanogenesis or methane oxidation.

57
Table 7. Distribution of siderite samples in zones, as presented in Fig 17
Sample Name/Location
Field/Zone #
δ18O (PDB)
(from literature)
DP7812.5
-2.2 ± 0.7
1
ES7475
-2.9 ± 0.2
ES7476
-2.7 ± 0.4
R1621
-8.7 ± 0.6
R395
-10.9 ± 0.1
R411
-10.0 ± 0.1
2
R1685
-10.2 ± 0.3
(Waterberg Coalfield,
-8.7
South Africa)
(Southern Bowen Basin)
-11.9 ± 1.0
(Blackwater, Central
-19.5 ± 2.0
Bowen Basin)
(Baralaba-Theodore,
-17.2 ± 1.9
Central Bowen Basin)
(KL11 & DR16, Northern
-14.8 ± 0.4
Bowen Basin)
(GCR, Northern Bowen
-13.5
Basin)
(Galilee Basin)
-15.7 ± 3.1
3
(Cooper Basin)
-18.4
(Fassifern Seam &
Dencan Bore, Sydney
-15.5 ± 0.4
Basin)
(Southern Coalfield,
-18.0 ± 1.7
Sydney Basin)
(Tahmoor &
Metropolitan collieries,
-16.5 ± 2.5
Sydney Basin)
K08-13.7
-15.0 ± 0.2
CHISO 41
-16.8 ± 1.1
CHISO 67
-20.5 ± 1.4
JCISO 16-1
-16.0 ± 0.7
JCISO 19-2
-17.0 ± 1.1
MDISO 24-1
-18.2 ± 1.3
4
ZJISO 30-1
-18.6 ± 0.3
Aussiecoal
-21.2 ± 1.2
P/T Aust
-19.6 ± 0.3
R1625
-18.5 ± 6.7
R2008
-18.9 ± 1.5

δ13C (PDB)
+5.1 ± 0.5
+6.7 ± 0.8
+5.1 ± 0.2
-1.8 ± 0.3
-6.1 ± 0.2
-15.5 ± 0.9
-7.0 ± 1.2
-15.1
-7.2 ± 7.2
+3.8 ± 5.4
+5.5 ± 1.3
-1.8 ± 0.4
+5.6
+5.7 ± 3.7
-1.3
+3.8 ± 0.6
+3.1 ± 1.0
+4.0 ± 1.1
+1.6 ± 0.2
-10.4 ± 1.3
-6.2 ± 0.4
-14.4 ± 0.2
-18.5 ± 0.3
-12.7 ± 3.3
-8.6 ± 0.4
-7.9 ± 2.4
-5.4 ± 0.5
-11.5 ± 4.8
-6.4 ± 1.6
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Seasonality and Local Effects
CCN effect simulations were hypothesized to increase meridional gradients, but rather
had a suppressing effect, with enhanced depletion at mid-latitudes, and are therefore unable to
account for high-latitude δ18O depletions. Any warming associated with the model simulation
overwhelmed rainout effects that would support depletion of precipitation δ 18O. The broad
spread in siderite δ18O at high-latitudes is comparable to present-day long-term mean annual
variability in precipitation δ18O of at least 10‰ in latitudes >45° (Rozanski et al., 1993). Our
models suggest that as the climate warms, seasonal variability in siderite δ 18O generally
decreases substantially, particularly at low latitudes (Figure 6). However, at high latitudes,
variability increases from ~4‰ at 70°S for 1X PAL CO2 to ~7‰ for 12.7X PAL CO2.
Low δ18O siderites from the Permo-Triassic Rewan Group (southern Bowen Basin) were
first speculated in Baker et al. (1996) to have formed in soil waters derived from high altitude
precipitation from nearby mountain ranges. Fricke et al. (2010) illustrate a bimodal distribution
of aragonite δ18O from unionid bivalves in pond facies of the Sevier Mountains of North
America during the Late Cretaceous. They suggest that their observed ~ 8.5‰ difference be a
result of wetlands recharged from high-elevation-derived trunk rivers and streams relative to
wetlands recharged from local basin waters (Figure 18B). They conclude that regions affected by
seasonal highland precipitation do not reflect global trends in oxygen isotope ratios. The similar
spread of Fricke et al. (2010) also observed in our siderites may be due to comparable processes.
High-latitude samples, including those from eastern Australia, Antarctica, and Siberia all
have commonalities. Each is located near Permo-Triassic mountain ranges (Figure 18A) and
could have acquired precipitation either locally, via drainage from the mountains, or via drainage
from the continental interior. It is possible to reconstruct the highly depleted δ 18O values of these
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high-latitude siderites by invoking seasonal wetland recharge, where summertime temperatures
and winter-derived precipitation are responsible for wetland conditions during siderite growth
(Figure 19). This requires high-latitude settings with large-area continental interiors, in addition
to either frozen ground during winter months or limited available precipitation during the
summer. Under these conditions, winter snow and ice melt can provide the depleted δ 18O
necessary to match observed high-latitude depleted siderite δ18O. Modeled winter snowpack in
continental Gondwana can exceed 40 cm (Figure 20), with potentially more at high elevations
not realized in the model resolution. Despite eastern Australia and Antarctica receiving most of
their modeled rainfall in the summer, melting winter precipitation from inland and upland
sources can be a significant contributor to total net recharge. Inland recharge is likely a
significant component of ground water, and is reflected in the δ 18O composition of pedogenic
carbonates, such as meteoric calcite cements (Hays and Grossman, 1991). In Siberia, however,
modeled snowfall is much less (~8 cm) and likely plays little role in the isotopic composition of
summer groundwater. Instead, high altitude precipitation and drainage from the Uralian Range
immediately south and east of the Kotuy River site could explain the observed depleted values.
Soil moisture recharge, defined as an increase in soil pore water saturation fraction, at
several select sites (Figure 9C) suggests that the northern Karoo Basin; North Slope, Alaska;
south China; and Kotuy, Siberia received most of their soil water content from local
precipitation, equable to mean annual precipitation δ18O, whereas the Sydney Basin and Graphite
Peak, Antarctica soils received most of their recharge during periods that are not directly related
to local rainfall, most likely from spring snowmelt. Freezing conditions in the wintertime for the
Sydney Basin and Graphite Peak coincide with the driest soil conditions on average, and most
runoff, suggesting that there is snow cover over these regions in the model during those
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timespans. This supports a mechanism for spring soil moisture recharge preceding the rainy
season. Better hydrological models and advanced soil models would be required to further test
this hypothesis.
Low-latitude calcite, though poorly constrained (post-glacial Permian-Triassic) relative to
the siderite and kaolinite in Figure 15, sits above the annual zonal mean profile generated by
GENESIS and may be explained by fractionation during evaporation, which tends to enrich
calcite δ18O. Additionally, Breecker et al. (2009) suggests that calcite forms seasonally, during
dry months (typically the wintertime in our simulations), which is often associated with the most
δ18O-enriched precipitation at low latitudes. Late Permian calcites from the Karoo Basin (~ -59
to -61° paleolatitude) are bimodally distributed similar to the siderites of the Sydney Basin.
Relatively more enriched calcites of Tabor et al. (2007) are similar to the Waterberg coalfield
siderite of Faure et al. (1995), whereas Karoo Basin calcites from Keith (1967) and Gastaldo et
al. (2014) are relatively more depleted by at least ~7‰. This may indicate seasonal recharge as
suggested in other high-latitude sites. Calcites of Late Permian Brazil (~ -40° paleolatitude)
consistently plot near model annual zonal mean profiles, suggesting they are derived from mean
annual precipitation. Kaolinites of Botz et al. (1986) from eastern Australia may also suggest a
seasonal formation mechanism similar to some siderites in the region. It would be important to
extensively sample terrestrial mineral proxies at sections well-constrained to the PTB to
understand how much seasonality may play a role at high latitudes, and to what extent it
diminishes towards lower latitudes. This may help constrain temperature profiles at the PTB and
lead to better estimates of atmospheric CO2 concentrations.

A.
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Figure 18. (A) Average Permo-Triassic
elevation above sea level. This is the model
topography utilized in all simulations.
Sample sites are demarcated with pink stars.
(B) Cartoon modified from Fricke et al.
(2010) illustrating foreland basin hydrology.
Light waters (depleted in δ18O) originate
from high altitude precipitation and travel
down trunk streams. Relatively more
enriched waters occur in basin tributaries
and ponds that are recharged from local
precipitation. This may explain bimodal
character of siderite samples from eastern
Australia and in calcites from the Karoo
Basin.

B.

~ -10‰
~ -18.5‰

~ -10‰

Ocean
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Siderite δ18O (‰, PDB)

B.
Figure 19. (A) Map of siderite δ18O composition
for siderite interpreted to have formed in summer
from winter precipitation at 12.7X PAL CO2.
January and July temperatures and precipitation
δ18O were utilized. A land only zonal mean profile
of siderite δ18O shows that summer-from-winter
siderite (pink line) matches better with high
latitude siderites than the mean annual profile
(black line). (B) shows sites in eastern Australia
(boxed region from (A)). Note the significantly
better fits for depleted sites with values of ~ -15‰
to -20‰.

63

Figure 20. Average winter snowpack for 12.7X PAL CO2 simulation. Northern hemisphere
snowpack determined from average of snow height during December, January, and February.
Southern hemisphere snowpack determined from average of snow height during June, July, and
August. Contours step every 5 cm. Highest amounts in Gondwana total between 35 and 40 cm,
whereas northern Laurasia totals 5-10 cm on average. Note that model resolution cannot account for
locally higher amounts (probably significant) at high altitudes.
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Severe South China δ18O Depletion
The extremely depleted siderite δ18O of southern China samples is not reproduced by the
model simulations. There are several possible explanations including experimental error, local
topography- or rainout-derived amount effects not simulated in the model runs, high-altitude
drainage, diagenetic alteration, marine influence, or an incorrect paleogeographic location of
South China, although the latter is unlikely given agreement among most paleogeographic
reconstructions.
Siderite within the samples is mostly oxidized, although some siderites are wellpreserved (JCISO 16-1 – Figure 3A), albeit not abundant. Oxidation to hematite and goethite
reduced the amount of carbonate phase in the material and thus reduced the yields during IRMS
analyses. LIL-LIME protocol is to accept δ18O-values that have gas peaks >500 mV. Most of the
South China samples plot <500 mV (Figure 21), but have relatively small δ18O instrument
reproducibility error, all <1.5‰, suggesting that the results may be valid. Low yields related to
incomplete dissolution of carbonate are often expected to be low in δ 18O because the first gas to
be liberated from a sample is enriched in the light isotope. This relationship is not observed in
our samples (Figure 21), suggesting that most or all of the available carbonate was liberated and
we have gathered correct isotope ratios.
Bercovici et al. (2015) show that the four south China sections sampled in this study
range from proximal (Jiucaichong) to more distal (Mide) settings. These sections vary in TOC
and δ13Corg pre- and post-End Permian Extinction (EPE) (Cui et al., 2015), with Zhejue and
Chahe containing the most organic carbon and most enriched δ13Corg pre-EPE. Variability in
siderite δ18O is not significant within error, although δ13C becomes relatively more enriched at
Zhejue and Chahe, a difference of up to ~8‰ relative to Jiucaichong (Figure 22). The variability
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may be described by similar changes in δ13Corg, since variations are correlated. Variability in
δ13Corg is possibly caused by differences in fluvial setting, organic matter sources, and
differential preservation or fractionation during decomposition (Cui et al., 2015). Whereas our
Zhejue and Chahe siderites are derived from shallow lakes and floodplain paleosols, the more
depleted δ13C Jiucaichong siderites are restricted to paleosols from braided river and fluvial sand
sheet deposits. The burial of organic matter is more likely to occur in low-energy environments,
which is relatively more common in the Chahe and Zhejue sections. An increase in TOC postEPE at Jiucaichong is likely related to transgression and the occurrence of more floodplain-type
facies.
Diagenetic alteration via burial and recrystallization is often depicted as a positive
correlation in δ13C-δ18O space (e.g., Odigi and Amajor, 2010), which is the opposite of what we
observe. Additionally, biomarkers from the Chahe section indicate that there has been no thermal
alteration (Zhao, 2003). Depletions in δ18O by as much as 8‰ can be created by clay and 18Orich authigenic mineral precipitation in marine pore waters rich in altered volcanic material
(Mozley and Carothers, 1992), which has been observed in modern coastal sediments (Moore et
al., 1992). Marine influence is possible in the Mide section according to Bercovici et al. (2015),
but again, the statistical significance of gradually more depleted siderite δ18O at distal localities
is not high due to equivalent to slightly more depleted siderite δ 18O at Chahe and Jiucaichong.
The topography of South China used in the model simulations is subtle, <200 m above
sea level. There is evidence of crustal doming in the mid-Permian prior to the eruption of the
Emeishan Flood Basalts (He et al., 2003), often blamed for the end-Guadalupian extinction (e.g.,
He et al., 2007). During the Late Permian, the Emeishan flood basalt plateau was immediately
south of the terrestrial South China sections used in this study. He et al. (2003) estimate this
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doming to have been >1000 m over a 3 Ma period, ending ~258 Ma. If the feature were at high
estimates of 2000 m at the end of doming, and we estimate 12-30 mm/yr of erosion (He et al.,
2003), the plateau (or Kangdian high) may have been ~200-1280 m by the latest Permian. Other
elevated topography includes the Cathaysian and Yunkai highs to the north and east (e.g., Zhang
et al., 2016). If topography were to blame for the depleted δ18O, we would expect depletions to
be associated with precipitation-poor airmasses that had rained-out on the windward side of the
uplands. This would tend to contribute to drier conditions in leeward localities; however, the
hydromorphic paleosols and presence of siderite in the Yangtze platform suggest predominantly
wet annual conditions. Therefore, it is unlikely that the uplands to the south and east were high
enough to cause drastic depletions (>10‰ higher than expected based on 4X and 12.7X PAL
model simulations) via amount effects, unless leeward wetlands were sourced from upland
waters or springs. Near-equatorial sites in the present-day can have very depleted seasonal
precipitation δ18O attributed to amount effects associated with the regional passage of the
Intertropical Convergence Zone (ITCZ) (Rozanski et al., 1993). It is possible that an amplified
hydrologic cycle may enhance amount effects at the ITCZ.
Seasonal variability in precipitation δ18O, and therefore siderite δ18O, decreases at low
latitudes as global temperatures rise. It is unclear if anomalously depleted precipitation events
can occur in equatorial regions in a warm world, and is unlikely that they would be solely
responsible for wetland recharge in wet and humid regions. Modeled Late Permian precipitation
(Figure 23) of up to 25 mm/day occurs north of the south China region from July into September,
and over the region in January-March at rates of up to 16 mm/day, mostly focused to the east. It
could be that large amounts of high-altitude δ18O-depleted water from rainy periods contribute to
wetland recharge in the region. This is possible, but would require more sampling of siderites
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from southern China and from other terrestrial, near-equatorial PTB sites, potentially in
Cimmerian landmasses (e.g., Iran), northwestern Africa (Tunisia, Algeria, Libya), and
southeastern Spain to further substantiate these claims.
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Figure 21. Siderite δ18O vs. CO2 gas yield during
IRMS analyses. Data points are pre-averaged
sample results. South China samples (red points)
had relatively low yields compared to the rest of
the data (black points), mostly falling below LILLIME’s reliability protocol of 500 mV (vertical
line). Note that the x-axis is in log-scale.
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Figure 22. South China siderite sample data (A, B, E) plotted against δ 18O (A) and
δ13C (B) vs. the near coastal setting proposed in Bercovici et al. (2015).
Jiucaichong is the most proximal site, whereas Mide is the most distal. (C) and (D)
are section-specific average values pre- and post-end Permian extinction (EPE) for
δ13Corg and total organic carbon (TOC), respectively, modified from Cui et al.
(2015). (E) plots the relationship between siderite δ13C and δ18O. The negative
correlation suggests there is no diagenetic influence. Siderites found in paleosols of
particular facies identified by Bercovici et al. (2015) are circled and labeled.
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Figure 23. Mean monthly precipitation amounts for the South China region at
12.7X PAL CO2 for January (A), March (B), and August (C). January is the
wettest time of the year on average for our locality (black star) and August is
the driest. Average yearly model records (D) suggest that the highest amounts
of rainfall occur from October through March and less wet conditions occur
during August and September.
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CONCLUSIONS
Paleosol siderite δ18O from samples collected around the PTB show anomalously
depleted values at high latitudes – a phenomenon substantiated by literature-reported,
penecontemporaneous calcite and kaolinite data from similar time-periods. A steeper than
expected PTB precipitation δ18O meridional gradient is underestimated by the meridional
depletion gradient predicted in GENESIS model simulations. Additionally, calculated
precipitation δ18O from literature-derived temperature gradients and paleosol siderite data for
other hothouse intervals (Middle Cretaceous and Paleocene-Eocene) are markedly similar to the
meridional gradient produced from paleosol mineral proxy data and GENESIS-derived
temperatures. This suggests that these three hothouse periods may have had similar atmospheric
conditions, perhaps the result of an amplified hydrological cycle.
An enhanced hydrological cycle may increase the intensity of the ITCZ and therefore
produce a pronounced amount effect at low latitudes, perhaps suggested by the depleted siderite
δ18O values observed in southern China paleosol siderite samples. Precipitation may have
become increasingly depleted from its low latitude evaporation source as it traveled poleward,
producing a relatively steep gradient in precipitation δ18O similar to the modern. GENESIS may
be unable to simulate intensified atmospheric circulation given its difficulty in matching paleosol
siderite δ18O content.
There are several possible explanations that can be used to describe our observations:
1. GENESIS results underestimate δ18O depletions at high latitudes because of precipitation
δ18O overestimates, or do not capture an atmospheric process unique to periods with high
atmospheric pCO2, such as amplified hydrologic cycling;
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2. If one assumes instead that GENESIS simulates mean annual precipitation δ18O well, as
reflected in the few samples from high latitudes that have higher δ 18O, then the majority
of samples with lower δ18O may be derived from different water sources, such as:
a. recharge from high-altitude precipitation; or
b. spring/summer recharge dominated by melting winter precipitation.

Future work may help pinpoint which explanations are most plausible and can help
further develop the paleosol siderite paleoclimate proxy. Higher resolution, water routing
modeling studies and model refinement or intercomparison may be required, in addition to
extensive sampling of soil carbonates, clay phases, or supergene ore minerals in well constrained
PTB sections spanning the globe. Given that we have a better understanding and constraint of
modern temperatures and precipitation δ18O, it would be a priority to collect rare modern or
Holocene siderites from sites compiled in Ludvigson et al. (2013) (Figure 13) to observe isotopic
variability over latitude and provide a true modern reference for paleoclimate study.
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