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Abstract 20 

Ophiolite obductions in the tropics are coeval with Phanerozoic glaciations. The exposure of 21 

mafic and ultramafic rocks is thought to trigger cooling by increasing global weatherability. 22 

However, each Palaeozoic icehouse also coincides with a 𝛿13C increase of 3-5‰, interpreted 23 

as an increase in organic carbon burial, not weatherability. Here, we provide a framework 24 

that explains the tectonic forces behind Palaeozoic glaciations through increased organic 25 

carbon burial caused by the weathering of mafic and ultramafic lithologies in ophiolites. To 26 

evaluate the leverage ophiolite obduction has over organic carbon burial, we couple a 27 

mineral weathering model with a carbon box model. We show that the weathering of 28 

(ultra)mafic rocks can significantly enhance the preservation of organic carbon through the 29 

formation of high surface area smectite clays. The heightened organic carbon burial induced 30 

by an idealised ophiolite obduction causes ocean 𝛿13C to increase by ~3.7‰. The temporal 31 

evolution and magnitude of our modelled 𝛿13C excursion approximates Palaeozoic records. 32 

We present an analysis of shale geochemistry, which shows a correlation between ultramafic 33 

provenance and total organic carbon. Our results indicate that high surface area clays, 34 

formed during weathering of (ultra)mafic lithologies, exert a major control over Earth’s 35 

long-term carbon cycle. 36 

 37 

Main Text 38 

Earth’s climate is significantly controlled by the partial pressure of carbon dioxide (pCO2) 39 

in the atmosphere (1). The major tectonic control(s) of Earth’s pCO2 on million-year timescales 40 

are volcanic outgassing (2), silicate weatherability (3), and/or organic carbon (OC) burial (4). The 41 

importance of mafic lithologies, uplift, and local climate for chemical weathering has motivated 42 

recent studies that show a temporal coincidence between ophiolite obduction in the tropics and 43 

icehouse climates (5-8). These studies argue that the obduction of mafic and ultramafic rocks (rich 44 

in Ca and Mg) raises Earth’s weatherability, augmenting the flux of alkaline earth cations to the 45 

ocean and increasing carbonate precipitation for a given pCO2.  46 
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The icehouse climates of the Palaeozoic are characterised by positive 𝛿13C excursions (see 47 

Methods). These records could be the result of weathering carbonate shelves following 48 

glacioeustatic marine regression (3). Alternatively, heightened OC burial could simultaneously 49 

explain both global cooling and positive 𝛿13C through a single feedback (9, 10) but has not been 50 

causally linked to the obduction of mafic and ultramafic lithologies in the tropics during times of 51 

glaciation (7, 8).  52 

Over 99.5% of all OC is degraded before it is buried below the upper reactive layer of 53 

marine sediment (11). The fraction that is preserved is protected from remineralisation by 54 

adsorption on the surface of clay minerals and iron oxides. As such, clay species with high specific 55 

surface area (SSA) provide greater protection (12, 13). Shales rich in kaolinite, which has an SSA 56 

of 15 m2/g, have systematically lower total organic carbon (TOC) levels than those rich in smectite, 57 

which has an SSA of ~800 m2/g (14; Fig. 1E). As smectites are formed more readily under Mg-58 

rich solutions and from Mg-rich bedrocks (15-18), we outline a pathway by which (ultra)mafic 59 

rock exposures alter the long-term carbon cycle through enhanced OC preservation. We evaluate 60 

the effects of ophiolite-derived clays and subsequent OC burial, in tandem with increased 61 

weatherability, and reconcile Palaeozoic glaciations with changes in 𝛿13C and surface lithology.  62 

 63 

Mineral weathering model 64 

 We present a simple model of clay formation through individual mineral weathering 65 

reactions. As fresh rocks are exposed on the surface, their constituent minerals chemically weather, 66 

first in-situ and then during erosion and transportation to the continental shelf. The minerals 67 

formed during weathering and the rate of alteration depends upon the primary mineral, grain size, 68 

climate, microporosity, and co-occurring mineralogy (19). However, the ratio between mineral 69 

weathering rates remains approximately constant (20). By using the most common reaction 70 

pathways and using relative reaction rates, we simplify weathering reactions of different 71 

lithologies to a tractable representation of clay formation (see Methods).  72 

 We compiled the weathering reactions rates for eight common rock forming minerals. 73 

Peridotite, gabbro, and granite are treated as an aggregate of their constituent minerals and serve 74 

as ultramafic, mafic, and felsic end-members, respectively. We track the mineralogy and SSA of 75 

each rock with increasing degree of chemical weathering, ω, (Fig. 1). Results of our model show 76 

that ultramafic rocks, and to a lesser extent mafic rocks, rapidly form smectite clays from their Al-77 

poor primary minerals, leading to peak SSA (250-775 m2/g) sediments at ω = 10-3.6, before a 78 

decline in SSA as smectite is altered to silica and goethite with greater ω (Fig. 1). Felsic rocks 79 

weather more slowly due to their stable constituent minerals and the resulting kaolinite-rich 80 

sediment has low SSA (14-27 m2/g), peaking around ω = 10-4.4 before vermiculite weathers to 81 

kaolinite (Fig. 1). 82 

 83 

Carbon box model 84 

 The empirical relationship between SSA and TOC (Fig. 1E) provides a framework by 85 

which changes in lithology can force climate: mafic and ultramafic minerals create high SSA clays 86 

which increase the preservation potential of OC. Irrespective of whether the OC is pedogenic or, 87 

more likely, marine in origin (21), its preservation in siliciclastic deposits represents a transfer of 88 

carbon from the ocean-atmosphere system to the lithosphere. We adopt a linear function to 89 

describe the influence of changing SSA on OC preservation and proceed to model the carbon-90 

cycle response to a change in surface lithology using a simple one-box model which couples the 91 

global fraction of exposed felsic, mafic, and ultramafic rocks, to clay mineralogy (Fig. 1), silicate 92 



weathering flux, OC burial, ocean phosphorus, and pCO2. We hold global sedimentation constant 93 

and the silicate weathering flux refers to the mass of carbon sequestered as carbonates due to the 94 

chemical weathering of silicate minerals and the associated Ca and Mg released (see Methods).  95 

Ocean phosphorus is thought to play a critical role in OC burial through Earth history due 96 

to the limitations it places upon primary productivity (22). Over long timescales, if phosphorus is 97 

buried in organic matter according to the Redfield ratio, C:P of 106:1, OC burial cannot exceed 98 

the riverine flux of phosphorous, regardless of sedimentary SSA (22). However, preferential 99 

recycling of phosphorus from the sediment back into the ocean has been well documented. In 100 

stratigraphic sections of organic-rich shales and anoxic conditions C:P ratios increase up to tenfold, 101 

including C:P in mineral bound OC deposited during OAE-2 (23-26). Our model treats buried C:P 102 

ratio as a function of phosphorus in the ocean and we present model results with differing 103 

maximum burial values of C:P (see Methods). Our model is not intended to fully recreate the 104 

complexities of the global carbon cycle, particularly the feedbacks which operate on short 105 

timescales, but rather to gauge the implications of increasing the fraction of siliciclastic 106 

sedimentation derived from mafic and ultramafic regions. 107 

 To approximate an ophiolite obduction we force the carbon box model by increasing the 108 

global surface fraction of ultramafic and mafic rocks by 0.5% each over 2 Myr from an initial 0% 109 

and 4%, respectively. This agrees with observed obduction length of 5,000 km and overthrust of 110 

300 km (7). The influence of different obduction lengths and ultramafic fractions over steady state 111 

𝛿13C and pCO2 are shown in Fig. S2 and Fig. S3. To simulate the period over which tectonic uplift 112 

is equal to erosion, we maintain the amount of exposed ophiolite for 4 Myr, after which additional 113 

mafic and ultramafic lithologies decay exponentially (Fig. 2A).   114 

In our model, the emplacement of mafic and ultramafic rocks results in a 61% increase in 115 

the mean SSA of global sediment from 56 m2/g to 80 m2/g (Fig. 2B). Assuming sufficient 116 

phosphorus recycling, the OC preservation associated with heighted SSA increases the OC burial 117 

flux from 73 MT/yr of C to 102 MT/yr (Fig. 2C). To reach steady state, pCO2 decreases 3.7-fold 118 

(Fig. S4C) until the silicate weathering flux decreases from 127 MT/yr to 99 MT/yr. This cooling 119 

lowers ω from 1.9 • 10-4 to 1.0 • 10-4, which has a minor influence over SSA (Fig. 2B, Fig. S4D). 120 

The OC burial causes a 3.7‰ positive 𝛿13C excursion (Fig. 2D). Using a climate sensitivity of 3-121 

4°C (27) yields mean global cooling of 6-8°C, comparable to the changes observed at the initiation 122 

of icehouse climates (28). Holding weatherability constant, making OC burial the sole driver of 123 

our carbon model, limits the pCO2 decrease to 3.2-fold, corresponding to a 5-7°C cooling (Fig. 124 

S5).  125 

If phosphorus is not recycled, OC burial becomes phosphorus-limited ~2 Myr after the 126 

onset of ophiolite obduction. This limitation is due to both a decrease in the riverine phosphorus 127 

flux as the silicate weathering flux decreases (Fig. S6B) and an increase in OC burial (Fig. 2C). 128 

In this scenario, OC burial is capped at 86 MT/yr by the riverine phosphorus flux. The isotopic 129 

excursion remains similar in magnitude, reaching 3.6‰, but is truncated by the phosphorus 130 

limitation, causing a rapid decrease in 𝛿13C to 1.8‰. The change in atmospheric pCO2 is limited 131 

to a 2-fold decrease, which is reflected in both the silicate weathering flux and the degree of 132 

weathering, ω. We present intermediate values for maximum C:P of 106-150 in Fig. 2. For our 133 

obduction scenario, any buried C:P ratio greater than 142:1 yields identical model results for 𝛿13C 134 

and pCO2 as the OC burial rate remains SSA-limited. 135 

Alongside phosphorus, iron is thought to be a limiting nutrient in parts of the ocean (29). 136 

However, these elements are more abundant in mafic lithologies than felsic lithologies. Average 137 

mafic phosphorous concentrations are 1.5-2 times that of felsic rocks while mafic and ultramafic 138 



iron concentrations are 3.6 and 5.3 times higher than felsic rocks, respectively (Fig. S7). If 139 

scavenged in the nearshore environment, the high concentrations of essential nutrients in mafic 140 

rocks could serve to locally fertilise the ocean and further increase the burial of OC, rather than 141 

limiting it. The impacts on the carbon cycle from combined ocean fertilisation and OC preservation 142 

could be greater and more abrupt than is discussed herein. 143 

 144 

Geologic and geochemical evidence 145 

  We compiled measured carbon isotopes across the four major Palaeozoic ice ages. The 146 

timing and extent of each glaciation is not well constrained (see Methods) but is coeval with major 147 

ophiolite obductions (8, Fig. S8). We find that ophiolite obductions along longer suture zones 148 

coincide with greater 𝛿13C excursions (Fig. 3A). We show representative 𝛿13C excursions from 149 

carbonate sections for the end-Ordovician, Frasnian-Famennian, and end-Devonian in Fig. 3B. 150 

The isotopic evolution is comparable to that of our model results, showing a rapid increase, a 151 

prolonged high 𝛿13C state, prior to a more gradual decline (Fig. 3B). The end-Ordovician is well 152 

preserved in carbonate stratigraphy in Nevada, showing a singular plateau of ~4‰ with a rapid 153 

onset and decrease (30; Fig. 3B). The Frasnian-Famennian record consists of the two positive 154 

excursions of the Lower and Upper Kellewasser (31; Fig. 3B). The negative 𝛿13C shift between 155 

the Lower and Upper Kellewasser horizons is qualitatively similar to our phosphorus-limited 156 

model. The end-Devonian has been sampled extensively by drill cores in Iowa where it resembles 157 

the end-Ordovician excursion in both magnitude and shape (32; Fig. 3B). No single carbonate 158 

section captures the Permo-Carboniferous glaciation, which lasts at least 40 Myr and spans 159 

multiple ophiolite obductions (8). As such, we derive the magnitude of the excursion from a 𝛿13C 160 

fossil compilation (10) and add a spline fit with a smoothing parameter of 0.1 (Fig. S8).  161 

Isotopes of strontium and osmium have been used as proxies of silicate weathering. In both 162 

systems, mafic and ultramafic rocks are less radiogenic that their felsic counterparts with lower 163 

values of 87Sr/86Sr and 187Os/188Os. Unfortunately, the Palaeozoic records of osmium are sparse 164 

and those present are aliased due to their resolution being coarser than the ocean residence time of 165 

osmium (e.g., 33, 34). Because the concentration of Sr in mafic and ultramafic rocks is lower than 166 

felsic lithologies, coupling our silicate weathering rates to Sr fluxes predicts a minor 87Sr/86Sr 167 

decrease from 0.7083 to 0.7080, substantially smaller than the Palaeozoic variations (Methods, 168 

Fig. S9, S10). The change we infer from our model highlights the first order control of strontium-169 

rich continental rocks (35) and the inefficacy of 87Sr/86Sr as a diagnostic of ultramafic weathering. 170 

As Sr and Os weathering proxies are of limited use in evaluating our hypothesis, we use whole 171 

rock geochemistry to assess the influence of ophiolite weathering over OC burial.  172 

 Our framework for lithologically induced glaciations makes a clear prediction for the 173 

sedimentary rock record: sediments dominantly sourced from (ultra)mafic rocks should, on 174 

average, have higher TOC than those derived from felsic lithologies. Chromium has long been 175 

used as a tracer of ultramafic provenance in sedimentary rocks (36, 37) given its high concentration 176 

in the upper mantle (38) and relative immobility during weathering (39). We examine the 177 

geochemistry of 7820 shales of the Sedimentary Geochemistry and Paleoenvironents Project 178 

(SGP) for which Cr, Al2O3, and TOC data are present (40). We use Cr/Al ratios to remove the 179 

diluting effect of carbonate minerals. After discretising the data, we observe a systematic increase 180 

in the median and range of shale TOC with increasing Cr/Al ratio (Fig. 4A, Methods). We then 181 

inspect the temporal variation in Cr/Al of SGP shales and siltstones through the Phanerozoic and 182 

show the heightened occurrence of high Cr/Al samples during periods of glaciation (Fig. 4B). 183 

Median Cr/Al is 1.4 times greater and the Cr/Al at the 97.5th percentile (2σ) is 4.2 times greater in 184 



shales deposited during glaciations compared to shales of warmer periods. Given its short, 8 kyr 185 

residence time in the ocean (41), the Cr is likely derived from a proximal source rock, eroding 186 

essentially contemporaneously. The same trend is observed in Co/Al and Ni/Al, both insoluble 187 

trace element which are concentrated in mantle peridotites relative to the continental crust (Fig. 188 

S11). While the concentration of these elements in shales is additionally influenced by redox 189 

conditions and organic complexation, the fact that all three elemental ratios show similar trends 190 

supports our interpretation of an ultramafic signature. This correlation could be further bolstered 191 

by analysis of organo-mineral interfaces in Plio-Pleistocene sediments where an increase in 192 

detritus from the ultramafic terranes of the Southeast Asian islands around ~4 Ma is concurrent 193 

with an increase in TOC from 0.2-0.5 wt% to 1.0-1.8 wt% (42, 43). 194 

TOC greater than ~15%, as observed in Fig. 4A, may be greater than can be adsorbed to 195 

mineral surfaces, and requires a combination of both high SSA and an anoxic environment (44). 196 

Even ignoring those data exceeding 15 wt% TOC, the sedimentary geochemistry supports the 197 

observation that the shales with a larger ultramafic component, on average, preserve a greater 198 

fraction of OC and that those shales occur more frequently during glacial periods (Fig. 4, Fig. 199 

S11).  200 

 Alongside the geochemical correlation in Fig. 4, we see evidence of ultramafic detritus 201 

(notably Cr-spinel) and slab breakoff closely preceding each Palaeozoic glaciation (Fig. S12-14). 202 

While Cr-spinel provides direct evidence of ophiolite weathering, slab processes may be governing 203 

the transport of high-SSA clays. While we treat ω as a global value, dependent only upon 204 

temperature, ω is high in areas with high chemical weathering rates and low erosion rates, where 205 

thick regoliths develop and smectite clays are further altered into iron oxides (5, 16). Slab breakoff 206 

would cause rapid uplift, enhanced erosion, lower ω and an increase in high-SSA sedimentation. 207 

The positive feedbacks between uplift, weathering, and erosion may cause punctuated cooling on 208 

timescales much faster than plate convergence.  209 

 In summary, through the framework of OC burial, we reconcile the theory of ophiolite-210 

induced cooling with carbon isotope excursions across Palaeozoic glaciations. Our model 211 

calculations, the 𝛿13C isotopic record, and shale geochemistry all provide evidence to support the 212 

hypothesis that OC preservation by high SSA clays is a significant pathway by which ophiolite 213 

obduction disrupts the carbon cycle. The influence of tectonically driven clay formation and 214 

subsequent increased OC preservation, could extend far beyond Phanerozoic pCO2 and be relevant 215 

for ocean anoxia, great oxidation event(s), and the initiation of snowball Earth (45–47).   216 
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Figures 231 

 232 

 233 
Figure 1: Relationships between primary lithology, modelled weathering products, SSA, and TOC. 234 
A) Modelled weathering of peridotite (lherzolite) with 70% olivine, 20% pyroxene, and 10% 235 
serpentine; B) Modelled weathering of gabbro with 60% plagioclase, 30% pyroxene, and 10% 236 
olivine. C) Modelled weathering of granite with 25% plagioclase, 25% orthoclase, 12.5% muscovite, 237 
12.5% biotite, and 25% quartz. In panels A-C, mineral fraction is given as the fraction of the initial 238 
mass and progresses with increasing degree of weathering, ω (shown on a log scale). Relative 239 
weathering rates are given in Table S1 (Methods). D) SSA of the bulk rock in panels A-C as the 240 
weathering reaction progresses. E) Compilation of SSA and TOC values. Downward pointing 241 
triangles represent data in which the authors attribute TOC loss to bioturbation. Upward pointing 242 
triangles represent data in which the authors document anoxia as contributing to high TOC values. 243 
The black line is a correlation consistent with monolayer equivalent adsorption of OC. We use this 244 
correlation to couple SSA to TOC (see Methods). The same data are reproduced in Fig. S1 245 
differentiated by the sample location.  246 

 247 



 248 
Figure 2: Model results from an idealised ophiolite obduction. Line colour reflects maximum C:P 249 
ratio in buried sediment (see Methods). A) Fraction of mafic and ultramafic lithologies on Earth’s 250 
surface. Felsic lithologies provide the remaining percentage. B) Mean SSA of silicate weathering 251 
products. C) Change in organic carbon burial as a result of the increased average SSA D) Evolution 252 
of ocean 𝛿13C as OC burial changes. 253 

 254 



 255 
Figure 3: Comparison to the Palaeozoic 𝛿13C record. A) Magnitude of 𝛿13C excursions and changes 256 
in ophiolite length across the four Palaeozoic glaciations. The coloured lines reflect 1σ ranges of 𝛿13C 257 
excursions and ophiolite length changes. The intersection of the lines represents the median 𝛿13C 258 
excursion and ophiolite length change. Change in ophiolite length is derived from the sutures of (8). 259 
Our compilation of 𝛿13C excursions (Table S5, Methods), are used to constrain the magnitude of 𝛿13C 260 
excursions across the end-Ordovician (n=10), Frasnian-Famennian (n=8), and end-Devonian (n=10). 261 
The Permo-Carboniferous is not represented by a single stratigraphic section. Instead, we derive the 262 
size of the excursion from a comparison of brachiopod 𝛿13C values at the onset of the excursion (n = 263 
30) to 𝛿13C values at the height of the excursion (n = 70) (10; see Methods and Fig. S8). Black dashed 264 
lines are our modelled changes in ocean 𝛿13C as a function of the length and ultramafic fraction of the 265 
weathering ophiolite (0-0.75). B) Example δ13C isotope excursions from the end-Ordovician, 266 
Frasnian-Famennian, and end-Devonian glaciations, using the same colour scheme as Fig. 3A (30-267 
32). Overlain in black is the modelled isotopic excursion without P limitation (Fig. 2D).  268 



 269 

 270 
Figure 4: Analysis of SGP shale and siltstone geochemistry. A) Binned mean and standard 271 

deviation of SGP samples: horizontal axis is the ratio of Cr to Al, vertical axis represents TOC. 272 
Coloured boxes represent the single standard deviation of TOC for a given Cr/Al binned range. 273 

Black points show the median within the given bin. The colour of each rectangle denotes the number 274 
of samples contributing to the mean and standard deviation. At Cr/Al values exceeding 10-2, the data 275 

are sparse and the relationship breaks down. This is likely caused by sorting which concentrates 276 
chromite in coarser, clay-poor sediments. B) Cr/Al of SGP samples through the Phanerozoic 277 
overlain on Phanerozoic glaciations. Dark blue bars show short end-member chronologies of 278 

glaciation, whereas pale blue bars show prolonged end-member chronologies (Methods, Table S3). 279 
Data continue above the limits of the y axis, particularly around the Permo-Carboniferous. 280 
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Methods 403 

 404 

Mineral weathering 405 

The weathering of igneous minerals is simplified to a balanced chemical equation from 406 

primary mineral to its most common weathering product.  We allow the secondary mineral to 407 

further weather if those reactions are commonly reported. We treat quartz, kaolinite, and goethite 408 

as stable. In nature, weathering reactions are more complicated than represented here. For example, 409 

clays formed in weathering ophiolites can be found as purely smectite (often stevensite or 410 

montmorillonite) (17); however, chlorite can be found interlayered with smectite, potentially 411 

formed during hydrothermal processes or as an intermediate weathering product (16). In order to 412 

consider siliciclastic mineralogy on a global scale, we idealise the weathering of each mineral 413 

independently and ignore the influence of co-occurring species. The idealised weathering reactions 414 

for each mineral are given in the SI with discussions of the simplifications we have made. We use 415 

chemical compositions in order to convert modal abundances to mass fractions (Fig. 1). 416 

Weathering rates are dependent not only upon the mineralogy but also upon climate and 417 

physical erosion rates. Fortunately, the ratio of weathering rates between different minerals has 418 

been shown to be broadly constant across laboratory and field experiments (20), allowing us to 419 

simplify our model and use only relative weathering rates. The ratio of mineral alteration rates is 420 

given in Table S1. Our weathering model follows the progression of alteration reactions from 421 

primary to secondary (and tertiary where necessary) where the rate of the alteration of mineral A 422 

to mineral B is proportional to the inverse square root of the mean age of the reactant mineral 423 

(44):  424 

 425 

 dCb/dt ∝ ka Ca ωa
 -1/2 (M1) 

 426 

Where ka is the rate ratio of mineral A (Table S1), ωa is the normalised age of mineral A, Ca is the 427 

fraction of mineral A present in the rock. We model the reaction numerically, updating the age and 428 

concentration of minerals A, B, (and C where necessary). Because the weathering rates are 429 

constructed relative to one another and are not absolute, ω reflects a normalised age, such that by 430 

ω = 1 all reactions are complete and only silica, kaolinite, and goethite remain (Fig. 1). ω also 431 

serves as the degree of weathering in our carbon model (Eq. M11, M14). 432 

We apply our weathering model to three igneous rock compositions: ultramafic, mafic, and 433 

felsic. The mineralogy of those initial, igneous compositions is given in Table S2. Mineral 434 

abundances are given as modal abundance and converted to mass to show chemical depletion. We 435 

then convert mass to SSA by the values in Table S2. Primary minerals are assigned an SSA of 0.1 436 

m2/g except for serpentine which is 8 m2/g (48), and muscovite which has an illite SSA of 80 m2/g 437 

(49).  438 

 439 

SSA-TOC relationship 440 

In order to couple SSA to TOC, we derive an empirical relationship between the two. We compiled 441 

483 analyses of both SSA and TOC in shales across four continents (Table S6). Only those studies 442 

which used ethylene glycol monoethyl ether (EGME) for SSA analyses were selected due to the 443 

ability of both internal and external surface area to preserve organic carbon. We seek a best-fit 444 

function of the form: 445 

 446 

 TOC = a · SSAb (M2) 



 447 

However, b is close to 1 for most fit parameters and as such we simplify our idealised 448 

relationship to a proportionality: 449 

 450 

TOC = a · SSA (M3) 

  

 The value of a is derived by a weighted linear regression of the SSA and TOC values in 451 

Table S6. Weights are proportional to the sum of the normalised Euclidean distances between the 452 

sample point and all other points (Eq. M4).  453 

 454 

𝑤𝑖 ∝  ∑ √(
𝑡𝑜𝑐𝑖 −  𝑡𝑜𝑐𝑗

𝑡𝑜𝑐̅̅ ̅̅
)

2

+ (
𝑠𝑠𝑎𝑖 −  𝑠𝑠𝑎𝑗

𝑠𝑠𝑎̅̅ ̅̅̅
)

2

 (M4) 

  455 

This yields a = 0.0306 g/m2. Giving a function which maps from sediment SSA to TOC. 456 

This relationship is consistent with preservation approximately equivalent to monolayer loading 457 

of TOC on clays (11; 44). We show the data and best fit line in Fig. 1E. We explore the dependence 458 

upon our SSA-TOC relationship in Fig. S15 using values of coefficients a and b.  459 

While mineral protection is a major control on OC burial on the continental margin 460 

(11,13,14), treating TOC solely as a function of SSA is an oversimplification. We ignore here the 461 

effects of temperature, sedimentation rate, and bottom water oxygen concentration. High 462 

sedimentation rates can lower the time over which OC is exposed to oxygen, increasing 463 

preservation (11). Similarly, ocean anoxia can significantly reduce remineralisation rates and raise 464 

TOC concentrations above monolayer equivalent values (44). The effects of temperature on OC 465 

preservation may be a feedback which is not represented within our model. Cooling increases the 466 

solubility of oxygen within water which could serve as a negative feedback by increasing 467 

remineralisation rates at higher dissolved oxygen levels. Alternatively, respiration reactions slow 468 

significantly with lower temperature which may act as a positive feedback. Our model serves only 469 

to isolate the effect of clay mineralogy and SSA over Earth’s climate, rather than act as a complete 470 

model for sedimentation, ocean chemistry, redox, and preservation on the continental margin. 471 

We investigate the magnitude of changes induced by SSA driven OC preservation using a 472 

simple one-box model which couples the global fraction of exposed felsic, mafic, and ultramafic 473 

rocks, to clay formation, silicate weathering and pCO2. The formation of clays is governed by the 474 

descriptions presented above while all other relationships are simplified to power laws or 475 

Arrhenius relationships. 476 

 477 

Carbon Box Model 478 

Our model follows the work of (9). The evolution of the mass of C in the ocean-atmosphere system, 479 

Mc, is a balance of influxes and outfluxes: 480 

 481 

ΔMc/Δt = Fv − Fsw − Forg (M5) 

 482 

Fv is the flux of C from volcanic outgassing, metamorphic CO2 release, and organic 483 

carbon/pyrite weathering. Today, this value is poorly constrained. We choose 200 MT/yr (e.g., 50, 484 

51).   485 



Fsw is the flux of C from ocean-atmosphere to lithosphere due to the precipitation of 486 

carbonate minerals from silicate-derived cations. Fsw is a function of both lithology and pCO2 487 

according to Eq. M6 488 

Fsw = ksw · λ · pCO2
β (M6) 

 489 

Where, 490 

λ = weatherability = pf + 3.1·pm + 8.1·pu (M7) 

 491 

pf, pm, pu = protolith fraction of felsic, mafic, and ultramafic rock  492 

 493 

β = silicate weathering exponent = 0.22 (52) 

 

ksw = 25 MT/yr  

 

 

(M8) 

 494 

ksw is chosen such that Fsw ≈ 0.65 Fv at pre-industrial conditions of pCO2 = 280ppm and λ 495 

= 1.06.  496 

Calculating pCO2 requires assumptions about carbonate saturation in the ocean. Over the 497 

long-timescales we consider here, we treat the sum of ocean [Mg] + [Ca] to be constant and that 498 

Mc is dominantly HCO3
-. Given the residence time of Mg in the ocean is ~13 Myr, these 499 

simplifications are reasonable. However, our estimated changes in pCO2 should be treated as 500 

approximations.  501 

 502 

𝑝𝐶𝑂2(𝑡) = 280𝑝𝑝𝑚 · (
𝑀𝑐(𝑡)

𝑀𝑐(0)
)2  (M9) 

Where Mc(0) is the mass of carbon in the modern ocean-atmosphere system, 38,600,000 MT (9). 503 

Forg is calculated according to Eq. M10-M13. We consider only the sediments delivered to 504 

the continental margin and deltaic regions.  Forg can be limited either by the supply of mineral 505 

surfaces or by the supply of phosphorus to the ocean and we use the minimum of those two 506 

constraints in calculating Forg (Eq. M13).  507 

 Today, two thirds of modern sediment delivery is from the mafic, tectonically active 508 

regions that constitute southeast Asia and Oceania (53), suggesting that ophiolite obduction would 509 

increase global sedimentation rates. Conservatively, we assume that while the SSA of sediment 510 

changes, the total sediment flux remains constant. Similarly, we take ω to reflect mean, global 511 

climate. In areas with high degrees of chemical weathering and low physical erosion rates, ω may 512 

be far greater than the global value, moving past ω=10-3.6, at which point SSA and OC burial would 513 

begin to decrease, limiting the effect of obduction (Fig. 1, S1).  Our model results do not reflect 514 

the increased local weathering in the warm, rainy tropics compared to higher latitudes (54) and the 515 

outsized importance of tropical lithologies is not incorporated (7,8,54).  516 

 517 

Fos = d · Fsed · TOC / 100 (M10) 

SSA = pf · Gs(ω) + 3.1·pm·Bs(ω) + 8.1·pu·Ps(ω) (M11) 

Fop = 12 · MP · C:P / 31 (M12) 

Forg = min{Fos, Fop} (M13) 

 518 



Fsed = global sediment flux = 14030 MT/yr (55) 519 

d = nearshore/deltaic fraction of sediment flux = 0.3 (56) 520 

Fos = SSA limited OC burial 521 

Fop = Phosphorus limited OC burial 522 

MP = mass of available phosphorus in ocean 523 

Where Gs, Bs, and Ps, are the numerical functions derived from mineral weathering laws which 524 

relate ω to SSA as described above and shown in Fig. 1D. TOC is linked to SSA via Eq. M2. The 525 

values of 3.1 and 8.1 which appear in Eq. M7 and Eq. M11 parameterise the silicate weathering 526 

rates of mafic and ultramafic rocks, relative to felsic rocks, derived from the molar abundance of 527 

Ca and Mg (33,57,58). The constants 12 and 31 reflect the molar mass of carbon and phosphorus, 528 

respectively. ω is coupled to climate by the Arrhenius relationship (Eq. M14) and temperature is 529 

approximated by a climate sensitivity equation (Eq. M15, 59). 530 

𝜔 = 𝜔0 𝑒
−

𝐸𝑎
𝑅 (

1
𝑇 − 

1
𝑇0

)
 (M14) 

S = Climate sensitivity = 3 K (60) 531 

T0 = pre-industrial average temperature = 298 K 532 

pCO2(0) = pre-industrial pCO2 = 280 ppm 533 

Ea = activation energy = 74.9 kJ (6) 534 

R = gas constant = 8.314 kJ/K/mol 535 

ω0 = reference weathering degree = 10-4  536 

We constrain ω0 by compiling mineralogy from over 55,000 DSDP smear slides. By taking the 537 

mean modal mineralogy, we find that the terrigenous portion consists primarily of clays, silica, 538 

feldspar, and iron oxides (Fig. S16). The presence of 7.5% feldspar and 0.5% pyroxene places ω0 539 

between 10-5 and 10-3. We use 10-4 for the results presented in Fig. 2 and present a sensitivity test 540 

in Fig. S17.  541 

 MP is modelled similarly to MC (Eq. M5) but governed only by the riverine flux, FP_SW, and 542 

OC burial divided by the buried C:P ratio.  543 

FP_SW = 0.7 · Fsw · (31 / 12) · (pf  · 0.0111 + pm · 0.0071 · 3.1 + pu · 0.00069 · 8.1) / λ (M16) 

FP_OC = Forg / C:P · 31 / 12 (M17) 

𝑇 = 𝑇0 + 𝑆 log2(
𝑝𝐶𝑂2

𝑝𝐶𝑂2(0)
) (M15) 



C:P = 106 + (C:Pmax – 106) · 𝑒
−20

𝑀𝑃
𝑀𝑃(0) (M18) 

 544 

 The factor of 0.7 in Eq. M16 reflects the fraction of riverine phosphorus that is bioavailable 545 

(e.g., 61, 62), while the constants 0.0111, 0.0071, and 0.00069 are the molar ratios of P to Ca + 546 

Mg in felsic, mafic, and ultramafic rocks, respectively. In Fig. 2 we vary C:Pmax. The value -20 in 547 

Eq. M18 is a decay constant designed to maintain the Redfield ratio outside of very low values of 548 

MP (Fig. S18). MP(0) is set as 1.2 · 105, derived from a steady-state OC burial of 70 MT/yr and a 549 

residence time of 69,000 yr (41). Given our model’s lack of negative feedbacks for high 550 

phosphorus concentrations, we artificially impose an upper limit of 2 · 105. Sedimentary deposits 551 

of phosphate, which are common in the rock record but minor in the modern ocean, provide a 552 

pathway by which excess phosphorus is removed from the ocean (63). 553 

Assuming carbonate minerals precipitate without carbon isotopic fractionation, the 𝛿13C of 554 

the ocean-atmosphere system through time is controlled by the fluxes FV and Forg, as well as the 555 

size of the carbon reservoir:   556 

Δ𝛿13C/Δt = 1 / M · ((FV · (𝛿V - 𝛿13C)) - Forg · 𝛿org) (M19) 

In Eq. M19, 𝛿V is the combined carbon isotopic ratio of volcanic outgassing (traditionally -5‰) 557 

and organic carbon weathering (traditionally -22‰), which we set constant at -9‰ to achieve a 558 

steady state 𝛿13C around 0‰ (9). 𝛿org is the fractionation of carbon, relative to the oceanic value, 559 

via photosynthesis which we hold at -25‰ (64).  560 

 561 

Compilation of Natural Records 562 

Mean 𝛿13C excursions were calculated from the chemostratigraphic sections in Table S5 563 

and are used in Fig. 3. The magnitude of each excursion was chosen by eye. Representative 564 

sections are displayed in Fig. 3B and Fig. S2 and were chosen due to their age constraints and 565 

higher temporal resolution. Our model curves are scaled uniformly in time to qualitatively match 566 

the shown sections. Approximate timing of the expansion of icesheets is shown on the lower bars. 567 

Semi-transparent coloured bars represent a prolonged end-member chronology, while opaque bars 568 

represent an abrupt end-member (Table S4). We linearly interpolated ages for both glaciations 569 

and isotopic records between the known ages listed in Table S3, S4. The resultant time-evolution 570 

is poorly constrained, with some sections only tied by two age estimates.  571 

The Permo-Carboniferous 𝛿13C range is derived from the data of (10). We use change-572 

point analysis of a smoothed spline (smoothing parameter 0.1) through the data to find the onset 573 

of the 𝛿13C excursion at 324.4 Ma and plateau at 308.0 Ma. We subtract each 𝛿13C datum with age 574 

324.4 ± 1 Ma (n = 30) from each 𝛿13C datum with age 308.0 ± 1 Ma (n = 70) and take the median 575 

and 1σ range of the resultant values.  576 

We calculate the ophiolite length change for each glaciation by interpolating the suture 577 

lengths of (8) at 0.1 Ma resolution and subtracting the pre-glacial and post-glacial suture lengths 578 

from the syn-glacial suture lengths. We use the ages of the glaciations given in Table S3. For the 579 

suture lengths which follow the Permo-Carboniferous we use 255 Ma as the minimum age. 580 

 581 

Analysis of Shale Geochemistry 582 

 We queried the Stanford Geochemistry and Palaeoenvironments database (40), filtering for 583 

“shale” as the lithology. A total of 7820 samples contained data for Cr, Al2O3, and TOC; 6679 584 

samples contained data for Co, Al2O3, and TOC; and 7755 contained data for Ni, Al2O3, and TOC. 585 



We consider the ratio Cr/Al as a simple measure of ultramafic provenance. To make systematic 586 

variations more visible, we construct bins of Cr/Al and calculate the distribution of TOC within 587 

those bins. Any bin with fewer than 15 samples is ignored. In Fig. 4A we show the median Cr/Al, 588 

the median TOC, and the 1σ range in TOC values (16th to 84th quantiles). Fig. 4B overlays the 589 

Phanerozoic time variation in shale Cr/Al on the abrupt and prolonged end-member glaciation 590 

chronologies (Table S3). Similar relationships are shown in Fig. S11 for Co/Al and Ni/Al.   591 
 592 

Data Availability 593 
Compiled SSA and TOC data are available within the Supplementary Data as Table S6. Geologic constraints are 594 
available within the Supplementary Data as Table S7. SGP data were downloaded on October 3rd, 2022, filtering for 595 
the following lithologies: shale, mudstone, siltstone. Iron and phosphorus data were downloaded from EarthChem 596 
on March 19th, 2022, filtering all igneous rock analyses for which SiO2, FeO, and P2O5 are present. The igneous and 597 
sedimentary geochemical data are reproduced within the Supplementary Data and are available at  598 
https://doi.org/10.6084/m9.figshare.24433012.  599 
 600 

Code Availability 601 
MATLAB functions are available for both the weathering model, weatherRock.m, and the carbon box model, 602 
carbonPhosphorusModel.m. The functions can be found at https://doi.org/10.6084/m9.figshare.24433012. 603 
 604 
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