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Abstract Negative carbon and calcium isotope excursions, as well as climate shifts, took place during
the most severe mass extinction event in Earth’s history, the end-Permian (∼252 Ma). Investigating the
connection between carbon and calcium cycles during transient carbon cycle perturbation events, such
as the end-Permian, may help resolve the intricacies between the coupled calcium-carbon cycles, as well
as provide a tool for constraining the causes of mass extinction. Here we identify the deficiencies of a
simplified calcium model employed in several previous studies, and we demonstrate the importance
of a fully coupled carbon cycle model when investigating the dynamics of carbon and calcium cycling.
Simulations with a modified version of the Long-term Ocean-atmosphere-Sediment CArbon cycle
Reservoir model, which includes a fully coupled carbon-calcium cycle, indicate that increased weathering
rates and ocean acidification (potentially caused by Siberian Trap volcanism) are not capable of producing
trends observed in the record, as previously claimed. Our model results suggest that combined effects
of carbon input via Siberian Trap volcanism (12,000 Pg C), the cessation of biological carbon export, and
variable calcium isotope fractionation (due to a change in the seawater carbonate ion concentration)
represents a more plausible scenario. This scenario successfully reconciles 𝛿13C and 𝛿44Ca trends observed
in the sediment record, as well as the proposed warming of >6∘C.

1. Introduction

The calcium and carbon cycles in the ocean-atmosphere system are closely linked via weathering of carbon-
ate and silicate rocks (sources of carbon and calcium) and calcium carbonate (CaCO3) deposition, which is
the major sink of both calcium and carbon [Ridgwell and Zeebe, 2005]. Both cycles affect oceanic alkalinity,
dissolved inorganic carbon, and atmospheric CO2, therefore playing a major role in controlling Earth’s climate
[Urey, 1952; Berner, 1999]. Sharing the major sources and sinks, fluctuations in the carbon cycle (as inferred
from CaCO3 sedimentation and 𝛿13C) may also be reflected in the oceanic calcium cycle and calcium isotopic
composition of dissolved calcium in seawater (𝛿44∕40Casw = 𝛿44Casw) during major perturbations in carbon
cycling [Skulan et al., 1997; Zhu and Macdougall, 1998]. Studying the connection between calcium and carbon
cycling during transient carbon cycle perturbation events may help elucidate the intricacies of the coupled
calcium-carbon cycles.

The largest known mass extinction of both terrestrial and marine organisms took place at the Permian-Triassic
transition [Erwin, 1993], also known as the end-Permian (∼252 Ma). Sedimentary records across the end-
Permian show a negative excursion in the 𝛿13C of carbonate rocks [e.g., Magaritz et al., 1992; MacLeod et al.,
2000; Corsetti et al., 2005], mass extinction of marine calcifiers [e.g., Knoll et al., 1996; Wignall and Newton,
2003; Knoll et al., 2007], a global temperature increase [Holser et al., 1989; Magaritz and Holser, 1991; Retallack,
1999; Sun et al., 2012], a negative excursion in calcium isotopes of marine sediments (𝛿44Cacarb) [Payne
et al., 2010], and a possible drop in 𝛿44Ca of seawater [Hinojosa et al., 2012] (Figure 1; 𝛿44Ca values reported
are normalized to a bulk Earth standard), suggesting a carbon cycle and seawater carbonate chemistry
perturbation. With the absence of pelagic calcifiers, open ocean carbonate production was essentially nonex-
istent during this time period [Berner, 1994; Walker et al., 2002; Erba, 2006]. Before the mass extinction event,
the organisms that were capable of biogenically precipitating CaCO3 (e.g., corals and foraminifera) were
mainly confined to the shelf ocean areas, a mode of carbonate cycling also known as the “Neritan Ocean”
[Zeebe and Westbroek, 2003]. These organisms suffered severe extinctions at the end-Permian, resulting in a
significantly reduced biogenic carbonate production. In theory, this should create an imbalance between the
input and the output of carbon and alkalinity. If imbalances persisted for a period longer than a few thousand
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Figure 1. Calcium and carbon isotope data across the Permian-Triassic boundary. The black vertical line indicates the
extinction horizon [Payne et al., 2010], which corresponds to t=0 in LOSCAR simulations. 𝛿44Cacarb and 𝛿13Ccarb are
calcium and carbon isotopic data, respectively, from marine limestone in South China reported by Payne et al. [2010].
𝛿44Caconod is 𝛿44Ca of hydroxyapatite conodont microfossils measured by Hinojosa et al. [2012], which are indicative
of seawater 𝛿44Ca (see section 6.1). 𝛿44Ca (𝛿44∕40Ca) values are normalized to a bulk Earth standard. The gray bands
show the standard error of the mean within 95% confidence interval (2Se) for the period before the extinction horizon
(𝛿13Ccarb: −0.5 ± 0.07‰, 𝛿44Caconod: −0.73 ± 0.03‰) and during the isotope excursion (𝛿13Ccarb: −0.81 ± 0.11‰,
𝛿44Caconod: −0.83 ± 0.05‰).

years, the riverine input of alkalinity and carbon would exceed the output and alkalinity and carbon of the
ocean would rapidly increase, leading to a decrease in atmospheric CO2 and possibly cooling [Caldeira and
Rampino, 1993]. Furthermore, depending on the duration and the magnitude of the disequilibrium, the deep
ocean would eventually become supersaturated with respect to calcite. However, the evidence suggests that
this was not the case during the end-Permian because temperatures rose by several degrees [Holser et al.,
1989; Magaritz and Holser, 1991; Retallack, 1999] while the sedimentation rates in deeper shelf sections appear
to have dropped dramatically [Bowring et al., 1998] indicating that there was no supersaturation with respect
to calcite. Similar arguments also apply to the K/T boundary because there is no evidence for a fully saturated
deep ocean or a drop in pCO2 [Caldeira and Rampino, 1993] during this time period, suggesting presence of
some other mechanism that keeps the ocean chemistry in balance.

The lack of evidence for large imbalances in alkalinity and carbon fluxes suggests that there has to be a mech-
anism that relatively quickly (on a time scale of several thousand years) compensates for the reduction in
biogenically mediated carbonate precipitation, restoring the balance between inputs and outputs during the
absence of biogenic carbonate production [Ridgwell et al., 2003]. Caldeira and Rampino [1993] showed that
during a mass extinction event (i.e., Cretaceous/Tertiary), ocean chemistry might shift so that the diminu-
tion or complete cessation in biogenic CaCO3 production can be compensated for by a significant increase in
inorganic carbonate accumulation in shallow waters, which would have important implications for the global
carbon and calcium cycle and ocean carbonate chemistry. Indeed, there is a large body of evidence for Early
Triassic abiotic carbonate deposition as indicated by the ubiquitous occurrence of cements, seafloor fans,
stromatolites, calcified bacteria, etc. [Grotzinger and Knoll, 1995; Woods et al., 1999; Ridgwell and Zeebe, 2005].

Here we employ a modified version of a one-box, calcium isotope mass-balance model constructed by Payne
et al. [2010] to study the possible effects of a major carbon perturbation accompanied by mass extinc-
tion of biota (such as the end-Permian) on ocean carbonate chemistry and the marine calcium cycle. We
also point out problems in the assumptions made in the original model by Payne et al. [2010] pertaining
to the shallow-water carbonate compensation mechanism explained above. Next, we utilize the Long-term
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Table 1. Parameter Values Used in the Modela

Parameter Value Unit References

[Ca2+]0 10 mmol kg−1 Horita et al. [2002]

Friv 14 1012 mol Ca yr−1 Pilson [2012]

Fhyd 4 1012 mol Ca yr−1 Elderfield and Schultz [1996]

Fpw 6.3 1012 mol Ca yr−1 Pilson [2012]

kcarb 24.3 1012 mol Ca yr−1 calculated to balance fluxes

Fcarb see equation (2) 1012 mol Ca yr−1 Payne et al. [2010]

𝛿sw 0.9 ‰ Steady-state value with 𝜀 = 1.4‰

𝛿riv −0.6 ‰ Assumes that carbonate weathering

is predominant source of Ca [Fantle and Tipper, 2014]

𝛿hyd −0.25 ‰ Amini et al. [2008]

𝛿pw −0.45 ‰ Payne et al. [2010]

𝜀carb −1.4 ‰ Fantle and DePaolo [2007]
a𝛿44Ca values are normalized to a bulk Earth standard.

Ocean-atmosphere-Sediment CArbon cycle Reservoir model (LOSCAR) [Zeebe, 2012] that has been expanded
to trace [Ca2+] and 𝛿44Ca in the ocean (in both sediments and seawater), i.e., a fully coupled C-Ca model. This
allows us to perform more sophisticated analyses of carbon and calcium cycle dynamics and resulting changes
in seawater carbonate chemistry.

2. Calcium-Only Model

The model of Payne et al. [2010] consists of a single ocean box. The calcium fluxes to the ocean are river input
(Friv), hydrothermal alteration (Fhyd), and pore water flux (Fpw). Calcium is removed from the ocean via burial
of carbonate minerals (Fcarb). The following equation describes the change in calcium concentration (MCa)
over time:

dMCa

dt
= Friv + Fhyd + Fpw − Fcarb. (1)

Values for Friv, Fhyd, and Fpw are prescribed (see Table 1), while the burial of carbonate is calculated as the
square of the ratio between the current ([Ca2+]t) and steady state calcium concentration ([Ca2+]0):

Fcarb = kcarb ×

(
[Ca2+]t

[Ca2+]0

)2

(2)

where kcarb is a scaling constant. It is important to note that this approach assumes a constant carbonate ion
concentration. Each of the fluxes has a calcium isotope composition (𝛿44Ca) with values presented in Table 1.
This allows modeling of the changes in 𝛿44Casw using the following equation:

d(MCa𝛿sw)
dt

= Friv × (𝛿riv − 𝛿sw) + Fhyd × (𝛿hyd − 𝛿sw) + Fpw × (𝛿pw − 𝛿sw) − Fcarb × 𝜀carb (3)

where 𝛿sw, 𝛿riv, 𝛿hyd, and 𝛿pw are the 𝛿44Ca of seawater, river, hydrothermal input, and pore water fluxes,
respectively. 𝜀carb is the fractionation factor between seawater and buried carbonates.

Equations (1) and (3) are solved numerically by running the model forward in time over four million years. In
order to replicate the end-Permian acidification scenario, which is the preferred scenario proposed by Payne
et al. [2010] and Hinojosa et al. [2012], the carbonate burial flux was decreased by 17.7% while simultane-
ously increasing the riverine input by a factor of 3.3 over 100 kyr (Figure 2). This was justified by Payne et al.
[2010] who argued that during ocean acidification the carbonate burial flux decreases and then subsequently
increases due to weathering feedbacks. These forcing values were chosen in order to replicate the 𝛿44Ca trend
and the duration observed in the sediment record (𝛿44Cacarb), which suggests a negative excursion of about
0.3‰. Note that 0.3‰ is the full excursion from mean uppermost Permian values of ∼−0.5‰ (Figure 1) to
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Figure 2. Accelerated weathering and reduced burial simulation. This is the preferred scenario of Payne et al. [2010]. The
model was forced by enhancing the riverine flux by a factor of 3.3 times the initial value over 100 kyr while at the same
time reducing carbonate burial by 17.7%. (a) Calcium ion concentration. (b) Calcium isotope response of buried
carbonates. (c) Carbonate burial flux. (d) Riverine flux of calcium.

the minimum value of about −0.8‰ at the end of extinction horizon. The excursion from t=0 (the extinction
horizon) to the minimum value is about 0.2‰, which is used as the target in our LOSCAR simulations.

However, while we recognize the desire for simplicity, there are problems with this approach. First, the shape
of the riverine perturbation is not realistic. An abrupt increase in weathering rates, subsequently remaining
elevated for 100 ky, followed by an instantaneous cessation and recovery back to preperturbation levels is very
unlikely (Figure 2d) as the change in weathering is expected to be more gradual in either direction. Second,
the feedback between carbonate burial and [Ca2+] described in equation (2) is not used during the perturba-
tion period. The carbonate burial is instead simply prescribed, essentially decoupling inputs and outputs of
calcium. Therefore, the only sink of carbonate in this model becomes independent of both riverine fluxes and
seawater [Ca2+].

The prescribed reduction in burial was used to simulate acidification (by reducing burial by 17.7% over 100 ky),
which also contributes to an additional negative excursion in 𝛿44Ca. However, it is important to note that even
without this prescribed reduction in burial, the 𝛿44Cacarb drops by about 0.27‰ due to the increased riverine
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Figure 3. Accelerated weathering-only scenario (no reduced burial). The riverine forcing used is the same as in Figure 2.
(a) Calcium ion concentration. (b) Calcium isotope response of buried carbonates. (c) Carbonate burial flux. (d) Riverine
flux of calcium.

flux alone (Figure 3). In this simulation, the change in carbonate burial (Figure 3c) is governed by the change
in [Ca2+] as described in equation (2).

Most importantly, the model does not account for changes in [CO2−
3 ]. On the time scale of the perturbation

it is essential to account for changes in [CO2−
3 ] because the compensation e-folding time of the carbonate

ion concentration in seawater is about 6000 to 10,000 years. This means that the response time of carbonate
ion is quick relative to a ∼100 kyr perturbation. Therefore, on time scales of hundreds of thousands of years
it appears unrealistic to decouple the weathering and carbonate burial. For this reason the model presented
in Payne et al. [2010] has been expanded to account for changes in the carbonate ion concentration
of seawater.

3. Calcium and Carbonate Ion Model

As explained above, the major shortcoming of the calcium-only model is that it neglects changes in [CO2−
3 ],

which is essential, however, for calculating shallow water carbonate production/deposition. This drawback
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Table 2. Additional Parameters Used in the Expanded Calcium Model, Which Accounts
for the Change in [CO2−

3 ] and Calcite Saturation State

Parameter Value and Unit Notes

Temperature 20∘C

Salinity 35

Pressure 15 bar shallow ocean

K∗
sp 4.4 × 10−7 based on T , S, P, and initial [Mg2+] and [Ca2+]

kcr 10.8 × 1012 mol yr−1 calculated to balance fluxes

[CO2−
3 ]0 180 μmol kg−1 arbitrary, see text

Ω0 4 calculated initial calcite saturation state

can be easily rectified by introducing an additional equation to the model tracing [CO2−
3 ] in the ocean over

time, as described in Zeebe and Westbroek [2003]:

𝛼MOC

d
[
CO2−

3

]
dt

= FrivC − Fcarb (4)

where MOC is the mass of the ocean (1.4× 1021kg),𝛼 is a factor that accounts for the buffer capacity of seawater
(𝛼 ≈2), and FrivC is the total CO2−

3 input. The 𝛼 factor takes into account that the dissolution or precipitation
of one mole of CaCO3 changes [CO2−

3 ] by roughly half a mole. The main implicit assumption in equation (4)
is that any imbalance between riverine input of calcium and calcium burial also represents an imbalance of
carbon fluxes. In other words, calcium and carbon are weathered/buried in a 1:1 molar ratio. Because this ratio
is 1:1, the only way to balance CO2−

3 and calcium fluxes in this simple model is to assume that Ca2+ and CO2−
3

influx are equal (FrivC =Friv + Fhyd + Fpw).

Since now both [CO2−
3 ] and [Ca2+] are predicted by the model, the carbonate saturation state (Ω) of seawater

can be calculated:

Ω =

[
Ca2+]

sw
×
[
CO2−

3

]
sw

K∗
sp

(5)

where [Ca2+]sw and [CO2−
3 ]sw are the in situ concentration of Ca2+ and CO2−

3 in seawater, respectively. K∗
sp is the

solubility product of calcite at the in situ temperature, salinity, and pressure (see Table 2). Knowing Ω allows
for calculation of precipitation rates of inorganic calcite in shallow water according to the following [Caldeira
and Rampino, 1993; Zeebe and Westbroek, 2003; Ridgwell et al., 2003; Rampino and Caldeira, 2005]:

Fcarb = kcr × (Ω − 1)𝜂 (6)

where kcr is a rate constant (for values see Table 2), set to balance fluxes at the initial steady state, and 𝜂 is the
order of reaction (set to 𝜂 = 2) [see, e.g., Caldeira and Rampino, 1993; Opdyke and Wilkinson, 1993; Zeebe and
Westbroek, 2003].

As pointed out earlier, the 𝛿44Cacarb in the preferred scenario (Figure 2b) of Payne et al. [2010] is mostly con-
trolled by the weathering flux rather than acidification. By “turning off” acidification, 90% of the 𝛿44Cacarb

signal is still preserved (Figure 3b). Having [CO2−
3 ] as an additional tracer and the carbonate burial feedback as

described above, a new simulation was performed (Figure 4) in order to investigate how the system responds
to increased weathering fluxes with a proper burial feedback. In order to demonstrate the significance of
[CO2−

3 ] on 𝛿44Cacarb, a new simulation (Figure 4) was run with the same forcing as in Figure 3 (Friv increased
by 3.3 times over 100 kyr). Because carbonate burial now depends on the calcite saturation state, the burial
flux (Figure 4c) responds more quickly to the perturbation and closely follows the shape of the riverine flux
(Figure 4d). As a consequence, changes in [Ca2+] and 𝛿44Cacarb are dampened by an order of magnitude when
compared to the simulation shown in Figure 3. The oceanic calcium concentration changes by only 0.14
μmol kg−1 and the 𝛿44Cacarb excursion is only about 0.03‰ (about 7 times smaller than implied by the data).

The initial [CO2−
3 ] (180 μmol kg−1) was chosen arbitrarily in order to produce shallow water initially supersatu-

rated with respect to calcite (Ω ≈ 4). The actual shallow water concentration of CO2−
3 during the end-Permian
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Figure 4. Model results using the calcite saturation state (Ω) in the carbonate weathering feedback. The riverine forcing
used is the same as in Figures 2 and 3. (a) Calcium ion concentration. (b) Calcium isotope response of buried carbonates.
(c) Carbonate burial flux. (d) Riverine flux of calcium. (e) Carbonate ion concentration. (f ) Calcite saturation state.

is unknown, but assuming any two components of the ocean CO2 system, it can be calculated [Zeebe and
Wolf-Gladrow, 2001]. Because there is little or no direct way of knowing any component of the CO2 system
during the end-Permian, the dissolved inorganic carbon (DIC) and pH values estimated by the Earth system
model described in Ridgwell [2005] were used. Ridgwell [2005] suggests a DIC concentration of about
4000 μmol kg−1 and pH of about 7.7. Note that for the same DIC and [CO2−

3 ] the Ω calculated in this study
(Ω=4) is lower than the one in Ridgwell [2005, Ω ∼ 5.5]. This is due to the fact that we use a lower [Ca2+] here
in order to be consistent with the model results presented in Payne et al. [2010].

There is a large uncertainty associated with initial [CO2−
3 ] and therefore Ω during the studied time period.

However, additional model runs (not shown) revealed that the change in 𝛿44Cacarb is not very sensitive to
the initial [CO2−

3 ]. For example, doubling the initial [CO2−
3 ] produces a greater negative excursion (∼0.05‰) in
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𝛿44Cacarb but still not nearly enough to explain the observation. According to our simulations and sensitivity
studies, it appears that an accelerated weathering event on time scales of hundreds of thousands of years is
not capable of producing significant changes in the calcium cycle (i.e., seawater [Ca2+] and Ca isotope ratio).

4. LOSCAR Simulations

In order to perform a more sophisticated analysis, we also used an expanded version of the LOSCAR model.
A detailed, comprehensive description of the LOSCAR model (Figure S1 in the supporting information), its
components and architecture is given in Zeebe [2012]. Here we only describe main modifications made in the
model as well as updated boundary conditions, which pertain to the end-Permian. A similar LOSCAR version
that includes Ca2+ as a tracer was used and described in Komar and Zeebe [2011] with the exception that now
the model also includes the distribution of stable calcium isotopes (𝛿44Ca), thus, integrating fully coupled
carbon and calcium cycles.

The model was modified in order to reflect the changes associated with a mass extinction across the
end-Permian. Accordingly, the pre-steady state pelagic biological CaCO3 rain is set to zero. CaCO3 is precip-
itated exclusively over the shallow sediment boxes (driven by saturation state; equation (6)), rendering the
deep sediments free of calcite, meaning that calcite is accumulated only in shallow waters. The calculated
shelf area is ∼30 × 106 km2, which is approximately equal to the shelf ocean area during the Late Permian
[Osen et al., 2013]. The rate of inorganic precipitation of CaCO3 depends on the calcite saturation state, the
same way it does in the simple calcium and carbonate model as described by equation (6).

Model time t = 0 corresponds to end-Permian extinction horizon (∼252.6 Ma). The initial atmospheric pCO2

used in all LOSCAR simulations is set to 850 μatm. This CO2 concentration is within the range of values recon-
structed from proxy records and other modeling studies [Berner, 1994; Royer et al., 2004; Cui and Kump, 2015]
for this time period. The low-latitude surface ocean temperature is set to 25∘C [Sun et al., 2012]. Temper-
ature sensitivity to doubling of CO2 was set to 3∘C. Silicate and carbonate weathering fluxes were set so
that the initial cumulative riverine input (14×1012 mol yr−1) equals that of the simple calcium model [Payne
et al., 2010]. Additionally, for consistency and easier comparison with the simple model, the initial [Ca2+] was
set to 10 mmol kg−1, which is in line with the fluid inclusions data for this time period [Horita et al., 2002].
Nevertheless, we tested the model sensitivity to different Ca concentrations (see section 6.1 and supporting
information). Carbonate and silicate weathering fluxes of calcium are set to the same isotopic value of−0.6‰.
The model calculates ocean carbonate chemistry parameters (e.g., [CO2], [CO2−

3 ], pH) from total carbon and
total alkalinity using routines described in Zeebe and Wolf-Gladrow [2001] and Zeebe [2012]. These routines
allow for variations in the Ca2+ concentration of seawater, which is critical for paleo-ocean carbonate chem-
istry reconstructions. This is important because the concentration of calcium affects the thermodynamics
(e.g., equilibrium constants and solubility products), which in turn affects the predicted ocean carbonate
chemistry and atmospheric pCO2.

5. Comparison: Simple Model Versus LOSCAR

As noted above, both the simple calcium carbonate ion model and LOSCAR use the same feedback for cal-
culating calcite precipitation, which is governed by equation (6). Nevertheless, the two models produce
significantly different results (e.g., compare Figures 4 and 5). The core of this discrepancy is the fact that the
two models utilize different forcings. The simple calcium model is simply driven by prescribing an increase
in riverine flux (simulating accelerated weathering), whereas in LOSCAR the system is perturbed by adding a
large amount of carbon to the ocean-atmosphere reservoir. This addition of carbon drives the atmospheric
CO2 upward. Observations indicate that the increase in pCO2 (and consequently temperature and precip-
itation) results in enhanced weathering of carbonate and silicate rocks. In LOSCAR, this is parameterized
as follows:

FSi = F0
Si ×

(
pCO2

pCO0
2

)nSi

(7)

FC = F0
C ×

(
pCO2

pCO0
2

)nCC

(8)
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Figure 5. Forcing: 13,200 Pg C over 100 kyr (lower estimate proposed by Payne et al. [2010]). Weathering feedback
parameters: nCC =0.4, nSi =0.2. (a) Predicted atmospheric CO2, (b) carbonate and silicate weathering fluxes (initial
FC and FSi equal to 9.8 and 4.2 × 1012 mol C yr−1, respectively), (c) total alkalinity and total dissolved carbon, (d) mean
surface ocean [CO2−

3 ] and calcite saturation, (e) mean 𝛿13C of shallow sediments, (f ) mean 𝛿44Ca of shallow sediments,
and (g) mean [Ca2+] of surface ocean.

where FSi and FC are silicate and carbonate weathering fluxes, respectively, and F0
Si and F0

C are the same fluxes
at time t=0. Similarly, pCO0

2 is the initial (t=0) atmospheric CO2 concentration, and pCO2 is the atmospheric
partial pressure calculated in the model at time t. nSi and nCC are silicate and carbonate weathering pCO2

feedback parameters, respectively, which determine the strength of the feedback. It follows that the carbon
introduced into the system will eventually enhance the weathering rates, which is equivalent to increasing
the riverine flux in the simple calcium model. Then, why do the two models produce significantly different
responses?

In the simple model, the saturation state increases during the prescribed increase in weathering due to
increased fluxes of Ca2+ and CO2−

3 ions, giving stronger saturation burial feedback (Figure 4). Therefore, any
imbalance created by accelerated riverine input is quickly restored by enhanced burial resulting in a small
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Figure 6. Forcing: 43,200 Pg C over 100 kyr (upper estimate proposed by Payne et al. [2010]). Weathering feedback
parameters: nCC =0.4, nSi =0.2. (a) Predicted atmospheric CO2, (b) carbonate and silicate weathering fluxes (initial
FC and FSi equal to 9.8 and 4.2 × 1012 mol C yr−1, respectively), (c) total alkalinity and total dissolved carbon, (d) mean
surface ocean [CO2−

3 ] and calcite saturation, (e) mean 𝛿13C of shallow sediments, (f ) mean 𝛿44Ca of shallow sediments,
and (g) mean [Ca2+] of surface ocean.

change in [Ca2+] and 𝛿44Ca. On the contrary, in LOSCAR, even though there is also an increase in weathering,
the calcite saturation response is in the opposite direction (Figure 5d) when compared to the simple calcium
model. Because LOSCAR includes complete ocean carbonate chemistry, the calcite saturation drops when a
large input of carbon is introduced rapidly to the ocean-atmosphere system. As a result of a lower calcite sat-
uration state, the dissolution rate of calcite increases dramatically, so there is essentially no burial. This state
of accelerated weathering combined with practically no calcite burial augments the change in [Ca2+] and
𝛿44Cacarb (Figures 5 to 7) when compared with the simple calcium model. The augmented change in [Ca2+]
and 𝛿44Cacarb predicted by LOSCAR is a more realistic response of the system. Nevertheless, even when an
unrealistic mass of 43,200 Pg C is added to the ocean-atmosphere system over 100 kyr (the most extreme
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Figure 7. Forcing: 43,200 Pg C over 100 kyr (upper estimate proposed by Payne et al. [2010]). Weathering feedback
parameters: nCC =0.9, nSi =0.7 (stronger feedback in order to get the same absolute increase in riverine fluxes as in
Payne et al. [2010]). (a) Predicted atmospheric CO2, (b) carbonate and silicate weathering fluxes (initial FC and FSi equal
to 9.8 and 4.2 × 1012 mol C yr−1, respectively), (c) total alkalinity and total dissolved carbon, (d) mean surface ocean
[CO2−

3 ] and calcite saturation, (e) mean 𝛿13C of shallow sediments, (f ) mean 𝛿44Ca of shallow sediments, and (g) Mean
[Ca2+] of surface ocean.

scenario, Figure 7), the change in 𝛿44Cacarb (Δ𝛿44Ca ∼ 0.15‰) is still not large enough to explain the
observations (change of about 0.2‰ across the extinction horizon [Payne et al., 2010]).

6. Alternative Hypothesis

The end-Permian extinction event is often associated with the formation of a large igneous province, namely,
the Siberian Traps [e.g., Bowring et al., 1998; Wignall, 2001; Kamo et al., 2006]. The estimates of volume of basalt
that was originally present in the Siberian Traps range from 2 to 4 × 106 km3 [Wignall, 2001; Lightfoot and
Keays, 2005; Ivanov et al., 2013]. According to McCartney et al. [1990], 1 km3 of basalt emits 5 × 1012 g of C.
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This translates to 10,000 to 20,000 Pg C that could have been released during the eruption of the Siberian
Traps. As we show above, even as much as 40,000 Pg C would not have been enough to produce the desired
change observed in 𝛿44Cacarb. Additional LOSCAR runs showed that around 70,000 Pg C of carbon would be
necessary to achieve the desired drop of 0.2‰ in 𝛿44Cacarb across the extinction horizon [Payne et al., 2010].
Also, assuming that the age model used in Payne et al. [2010] is correct, then the carbon in the above LOSCAR
simulations would have to be released at a much higher rate (≤50 kyr) in order to better match the obser-
vations. In turn, this would raise another issue; such a massive input of carbon would produce large and
unrealistic atmospheric CO2 concentration (10,000–20,000 ppm) [Cui and Kump, 2015]. It would also require
a very high rate of carbon input, comparable to present-day anthropogenic emissions [Clarkson et al., 2015],
which appears difficult to imagine. According to our model, these problems indicate that the eruption of the
Siberian Traps cannot alone reconcile all of the trends observed during end-Permian without consideration
of additional feedbacks.

Rampino and Caldeira [2005] proposed an alternative mechanism which successfully reproduces the 𝛿13C and
warming trends observed across the end-Permian without volcanic carbon input. They suggest that a dras-
tic decrease in ocean primary productivity (“Strangelove Ocean”) was responsible for the observed negative
excursion of ∼3‰ (3.6‰ according to Payne et al. [2010]), and a consequent rise in pCO2 was large enough
to account for the observed warming of at least 6∘C [Magaritz and Holser, 1991; Sun et al., 2012]. The main
assumption of Rampino and Caldeira [2005] was that the pre end-Permian 𝛿13C surface to deep gradient in the
ocean was considerably greater than today, implying a significantly stronger biological carbon export during
that time period when compared with the modern day ocean. Thus, shutting down the pre end-Permian
biological pump (which was active prior to the extinction horizon) results in much greater rise in atmospheric
pCO2, when compared to similar model experiments for the modern ocean, in which pCO2 increases from
280 μatm to around 500 μatm after turning off biological carbon export.

Here we perform an experiment in which initial export productivity in LOSCAR was set to approximately twice
the modern value, similar to that of Rampino and Caldeira [2005], except that in our simulation marine biolog-
ical export was linearly decreased to zero over the first 50 kyr, whereas Rampino and Caldeira [2005] turn off
the biological pump instantaneously. The initial strength of biological carbon export is necessary in order to
produce the observed Ca excursion and warming. The linear approach was chosen in order to obtain a better
temporal match with the data (assuming that the age model used in Payne et al. [2010] is correct). The biologi-
cal pump was then slowly and linearly returned to preperturbation level over the remainder of the simulation
(∼350 kyr). Additionally, Lemarchand et al. [2004] showed that in a simple inorganic system, the Ca isotope
fractionation between calcite crystals and the mother solution directly depends on [CO2−

3 ] at which the
crystals were precipitated. The regression line showing this dependence was calculated by Gussone et al.
[2005] and was incorporated into LOSCAR:

1000 ⋅ ln(𝛼cc) = −(1.31 ± 0.12) + (3.69 ± 0.59) ⋅
[
CO2−

3

]
(mmol/kg) (9)

where 1000 ⋅ ln(𝛼cc) is the calcium isotope fractionation between calcium in solution and calcite in per mil.
Therefore, fractionation between calcium in seawater and calcium carbonates becomes a function of [CO2−

3 ]
during inorganic precipitation. In other words, the calcium isotope fractionation becomes larger as [CO2−

3 ]
decreases and vice versa. The valid range of [CO2−

3 ] is 0 to 350 μmol kg−1; hence, the range of 1000 ⋅ ln(𝛼cc) is
−1.31 to 0‰.

Slowing down and eventually turning off the biological carbon pump over 50 kyr elevates atmospheric
pCO2 via outgassing of CO2 from the surface ocean (Figure 8a). Due to a sudden rise in pCO2 (governed by
equations (7) and (8)), silicate and carbonate weathering fluxes also increase (Figure 8b), which produces a
small negative excursion in 𝛿44Ca. The shutdown of the biological pump raises the amount of total dissolved
carbon in the ocean at a faster rate than the rate of increase of total alkalinity (Figure 8c) causing the [CO2−

3 ]
and calcite saturation to drop (Figure 8d). According to equation (9) this will result in a stronger calcium frac-
tionation, which changes from the initial value of −0.92‰ to −1.09‰ (Figure 8f ), affecting the 𝛿44Cacarb and
causing a larger negative excursion (faster input tempo (25 kyr as opposed to 50 kyr) of carbon produces only
a slightly larger drop in [CO2−

3 ] and therefore does not affect the change in 𝛿44Ca significantly). Lower [CO2−
3 ]

then leads to a reduction of shallow water carbonate deposition according to equation (6). Also, 12,000 Pg C
with an isotopic composition of −5‰ was added to the ocean-atmosphere system over 50 kyr in order to
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Figure 8. Simulation including Strangelove Ocean, C input (12,000 Pg), and variable calcium isotope fractionation
(equation (9)). Weathering feedback parameters: nCC =0.2, nSi =0.1. (a) Predicted atmospheric CO2, (b) carbonate and
silicate weathering fluxes (initial FC and FSi equal to 9.8 and 4.2 × 1012 mol C yr−1, respectively), (c) total alkalinity and
total dissolved carbon, (d) mean surface ocean [CO2−

3 ] and calcite saturation, (e) mean 𝛿13C of shallow sediments,
(f ) Mean 𝛿44Ca of shallow sediments and calculated calcium isotope fractionation based on equation (9), and (g) mean
[Ca2+] of surface ocean.

reproduce the full 0.2‰ change in 𝛿44Cacarb (Figure 8f ). The combination of the carbon input and the shut-
down of the biological carbon pump leads to an increase of pCO2 from the initial 850 μatm to ∼4000 μatm,
which translates into>6∘C warming, assuming the canonical value of the fast-feedback sensitivity of 3∘C [IPCC,
2007]. This temperature increase is consistent with temperature proxies for the end-Permian [Magaritz and
Holser, 1991]. The amount of carbon introduced in this simulation (as calculated above) and its isotopic com-
position (−5‰) [McLean, 1986; Kump and Arthur, 1999] are also in line with the estimates associated with the
Siberian Trap volcanism [Wignall, 2001; Lightfoot and Keays, 2005; Ivanov et al., 2013]. Therefore, we propose
the combined effect of the eruption of the Siberian Traps large igneous province, cessation of biological car-
bon export, and variable calcium isotope fractionation as a plausible mechanism responsible for the trends
observed in 𝛿13C, 𝛿44Ca, and temperature across the end-Permian extinction event.
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Figure 9. Evolution of 𝛿44Ca of seawater in LOSCAR for the simulation shown in Figure 8. Vertical black line marks the
end-Permian extinction horizon. Open green circles are data from Hinojosa et al. [2012], shown in Figure 1, scaled to
the model output by adding 1.05‰ to the measured values, so that the mean value of the preextinction data matches
the preextinction value (0.32‰) of the model (see section 6.1). The conodont data are offset from seawater value and
thus do not represent the absolute 𝛿44Casw but rather the relative change.

6.1. Discussion
It is important to note that the 𝛿44Ca of seawater and 𝛿44Ca of carbonate rocks exhibit opposite trends
(compared to one another) when the fluctuations are driven by changes in the fractionation factor (if the
change in fractionation factor occurs over the time period that is shorter than the residence time of calcium).
Therefore, during this transient period, the 𝛿44Cacarb is not representative of the calcium isotopic composi-
tion of seawater (Figure S2) [Fantle, 2010; Fantle and Tipper, 2014]. This is different from the scenario in which
fluctuations in 𝛿44Casw are driven by changes in 𝛿44Ca of the weathering flux (or calcium imbalance between
inputs and output fluxes) (Figure S3). Hence, in order to successfully reconstruct the 𝛿44Ca of the past and
gain a better understanding of the calcium cycle, it would be necessary to have measurements of at least two
distinct phases. One so called “passive” tracer that would reflect the changes in seawater 𝛿44Ca and the other
that would constrain the 𝛿44Ca of buried carbonates [Fantle and Tipper, 2014]. Hinojosa et al. [2012] made such
an attempt by measuring 𝛿44Ca of hydroxyapatite conodont microfossils (𝛿44Caconod) across the end-Permian
(passive tracer) complemented with 𝛿44Ca data of carbonate rock from the same time interval reported by
Payne et al. [2010] (Figure 1). According to Hinojosa et al. [2012] the conodont calcium isotope data are rep-
resentative of the seawater 𝛿44Ca variability across the end-Permian. The conodont data are offset from the
seawater value and thus do not represent the absolute 𝛿44Casw but rather the relative change. Because of
rather large error bars, the data had to be statistically analyzed in order to make a meaningful comparison with
the model results. A mean of 𝛿44Caconod data along with the standard error of the mean before the extinction
event was calculated (−0.73 ± 0.03‰) and compared to the mean of the data (−0.83 ± 0.05‰) that mark the
isotope excursion (four data points right after the extinction horizon) (Figures 1 and S4). According to the sta-
tistical analysis, the change in 𝛿44Caconod and therefore a change in 𝛿44Casw could be anywhere between 0.02
and 0.18‰. This was then compared with the 𝛿44Casw evolution predicted by the LOSCAR in our preferred
scenario (Figures 8 and 9). The model calculated 𝛿44Casw has the initial value of 0.32‰ which then exhibits
a small negative excursion of about 0.04‰. The LOSCAR-predicted change in seawater isotopic composition
presented here is therefore also consistent (within errors) with 𝛿44Casw change predicted by the conodont
microfossil data.

Additional model runs (Figure S5) were performed in order to test the model sensitivity to the following: (1)
different residence times of calcium in the ocean as the residence time may have been different in the past
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and (2) different 𝛿44Ca of the weathering flux as it might have also been different or it could change during
the transient perturbation events by less than 0.3‰ [Fantle and Tipper, 2014]. The sensitivity runs indicate
that neither different residence times of calcium nor a variable 𝛿44Ca of the weathering flux can significantly
impact the model results on time scales of the end-Permian perturbation (see supporting information).

7. Conclusions

Several previous studies have employed a simple calcium-only model (following Payne et al. [2010]) with the
attempt to resolve the dynamics and links between carbon and calcium cycles as well as the cause of the
mass extinction during the end-Permian [Payne et al., 2010; Hinojosa et al., 2012] and more recently during
the Toarcian oceanic anoxic event (Early Jurassic) [Brazier et al., 2015]. Here we have identified the deficiencies
in such a simplified approach and showed the importance of a fully coupled calcium-carbon cycle model.

The modeling framework presented here successfully reconciles the end-Permian trends in 𝛿13C and 𝛿44Ca
recorded in carbonate sediments. The model also predicts a 50 kyr rise in atmospheric CO2 causing a global
temperature increase of more than 6∘C. Our model results suggest that the end-Permian mass extinction and
the perturbation in carbon-calcium cycling was due to a combination of several factors, including introduc-
tion of about 12,000 Pg of carbon through Siberian Trap volcanism, the collapse of ocean primary productivity,
and a variable calcium isotope fractionation between seawater and buried carbonates during inorganic
precipitation due to changing [CO2−

3 ]. Most importantly, accelerated weathering rates alone that arise due to
the perturbation in the carbon cycle are most likely insufficient to directly produce a significant impact on the
calcium cycle, contrary to the claims of previous studies.
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