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Sulphur Isotope Database: 
 
An extensive sulphur isotope database was used in the construction of Main Text Figure 1. These 
data were compiled from primary references1-37, although in some cases age constraints for 
certain units were obtained from other sources38-41 or estimated. For Main Text Figure 1b, we 
calculated the cumulative average ∆33S value for all samples up to each year of publication. The 
average values reported here thus include some contribution from sulphate minerals. However, 
the overwhelming majority of the data are sulphide mineral phases, and given that most sulphate 
data are characterized by negative ∆33S values their inclusion will largely attenuate the pattern 
emphasized here, rendering our argument conservative. Furthermore, the overall effect of their 
inclusion is quite small (Fig. S1a,b). We also examined the effect of filtering data from analyses 
made via secondary ion mass spectrometry (SIMS) and analyses of macroscopic pyrite textures, 
which are not likely to be representative of bulk weathering crust, but again note that the basic 
pattern remains unchanged (Fig. S1a,b).	  
 
The mean ∆33S values shown in Fig. 1 are presented as unweighted averages. We consider this 
approach qualitatively justified, in that the database is composed largely of fine-grained 
siliciclastic sedimentary rocks that are relatively organic carbon and sulphur rich. Such rocks will 
not only be, on average, the most sulphur-enriched phases of the crust, but they will also likely 
hold the majority of the weathering sulphur reservoir at Earth’s surface. Nonetheless, it is 
important to consider the possibility that there is a bias related to systematic relationships 
between the sulphur content of sedimentary rocks and their ∆33S value. For this purpose, we 
compiled the available sulphur concentration data for the units within the isotope database and 
performed concentration-weighted statistical analyses. 
 
There does not appear to be any systematic relationship between rare sulphur isotope 
composition and sulphur content within the database (Fig. S2a). In addition, the cumulative 
unweighted average is nearly indistinguishable from the concentration-weighted average within 
this subset of the database (Fig. S2a,b). When the evolution of the overall ∆33S value of the 
database is concentration-weighted, it shows a generally similar pattern through time to that of 
the overall mean values (Fig. S2b). Indeed, the mean ∆33S value when weighted by concentration 
is more positive than the unweighted mean for a given population from the database. We stress 
the caveat that many of the published rare sulphur isotope datasets do not contain sulphur 
concentration data, so unfortunately this analysis cannot be performed on the entire database. 
However, the coupled isotope and concentration data represent well over 500 samples that range 
in sulphur content over three orders of magnitude. These considerations lead us to conclude that 
the pattern expressed in the overall mean ∆33S values through time is robust and is not subject to 
a concentration bias. 
 
 The ultimate origin of the observed asymmetry in the ∆33S record (i.e., the presence of a 
weatherable sulphur reservoir with a positive ∆33S value) can be linked to the relative transport 
and removal processes of the two main sulphur redox species upon introduction to the 
hydrosphere – sulphate aerosols, which transfer negative ∆33S anomalies, and zero-valent 
sulphur, which carries positive ∆33S anomalies. Atmospheric sulphate aerosols would have been 
incorporated into the relatively well-mixed seawater sulphate reservoir and a significant portion 
of this reservoir would thus have been sequestered in deep-sea sediments through 
hydrothermal42-44 (thermochemical) or microbial sulphate reduction and subsequently subducted 
into an isotopically well-buffered mantle. In contrast to atmospherically derived sulphate, 
elemental sulphur aerosols would be much less likely to become incorporated into sedimentary 
sulphides forming in deep-sea environments. Elemental sulphur aerosols would typically have 
much more limited transport from point sources associated with subaerial volcanism45,46, a result 
of limited aqueous solubility of elemental sulphur in systems that are not sulphide-buffered47. 
The end result of these processes would have been preferential burial of sulphur with positive 
∆33S values in marginal and epicontinental settings, which will have a higher potential (than 
deep-sea sediments) of becoming incorporated into the weatherable shell. In other words, the 
empirical record is asymmetric, and this is exactly what one would predict considering the 
current paradigm for the formation and transport of ∆33S anomalies. 
 
To roughly illustrate this in a quantitative way, we can envision a mass balance for Earth surface 
sulphur: 
 

 

€ 

dMsurface

dt
= Fin − FC − FS  , 

(1) 

 
where Fin is the input flux to the surface, FC represents sulphur buried into the crust (and which 
will later be weathered at the surface), and FS represents sulphur lost to subduction. Isotope mass 
balance is given by: 
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Δsurface
33 Msurface( ) = Δin
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33FS  , 
(2) 

 
where 

€ 

Δ i
33 represents the deviation from mass-dependent fractionation with respect to a given 

flux i. In this equation, Fin and 

€ 

Δ in
33 represent the flux and sulphur isotope composition, 

respectively, of the summed inputs to the surface system. Isotope mass balance demands that Eq. 
(2) sum to zero (given no known isotopically distinct sulphur loss processes from the top of 
Earth’s atmosphere). Given this assumption and specifying: 
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The ultimate origin of the observed asymmetry in the ∆33S record (i.e., the presence of a 
weatherable sulphur reservoir with a positive ∆33S value) can be linked to the relative transport 
and removal processes of the two main sulphur redox species upon introduction to the 
hydrosphere – sulphate aerosols, which transfer negative ∆33S anomalies, and zero-valent 
sulphur, which carries positive ∆33S anomalies. Atmospheric sulphate aerosols would have been 
incorporated into the relatively well-mixed seawater sulphate reservoir and a significant portion 
of this reservoir would thus have been sequestered in deep-sea sediments through 
hydrothermal42-44 (thermochemical) or microbial sulphate reduction and subsequently subducted 
into an isotopically well-buffered mantle. In contrast to atmospherically derived sulphate, 
elemental sulphur aerosols would be much less likely to become incorporated into sedimentary 
sulphides forming in deep-sea environments. Elemental sulphur aerosols would typically have 
much more limited transport from point sources associated with subaerial volcanism45,46, a result 
of limited aqueous solubility of elemental sulphur in systems that are not sulphide-buffered47. 
The end result of these processes would have been preferential burial of sulphur with positive 
∆33S values in marginal and epicontinental settings, which will have a higher potential (than 
deep-sea sediments) of becoming incorporated into the weatherable shell. In other words, the 
empirical record is asymmetric, and this is exactly what one would predict considering the 
current paradigm for the formation and transport of ∆33S anomalies. 
 
To roughly illustrate this in a quantitative way, we can envision a mass balance for Earth surface 
sulphur: 
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gives: 
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This allows us to estimate the globally averaged sulphur isotope anomaly accumulating in the 
weatherable crust at any given time at steady state, assuming a composite 

€ 

Δ in
33 value and values 

for 

€ 

Δ S
33 and fS.  

 
The results of this calculation are shown in Fig. S3, under the scenario that the composite input 
flux to the surface sums to ∆33S = 0‰. It is clear that a wide range of 

€ 

Δ S
33 and fS values can 

conspire to elevate 

€ 

ΔC
33. Values of 

€ 

Δ S
33 should essentially track the isotopic composition of 

seawater sulphate. This value, although possibly non-conservative within sulphate-deficient 
Archaean oceans, can be constrained by measurements of marine sulphate and sulphide minerals. 
In the latter case, values from sedimentary sulphides provide a maximum estimate of the ∆33S 
value of contemporaneous sulphate – the most 33S-depleted sulphides typically range between 
values of -1‰ and -4‰, and it is possible that contemporaneous seawater sulphate ∆33S values 
were well below this.  
 
Values for the parameter fS are more difficult to constrain. Recent estimates of the rate of net 
sulphate reduction and sulphur burial in deep-sea sediments are on the order of ~4 – 30 x 10-8 
molS cm-2 y-1 (ref. 48-50). When conservatively scaled to depths below ~4000m (i.e., ~50% of 
modern seafloor area51), these rates yield overall sulphur fluxes between ~7 – 50 x 1010 molS y-1. 
Note that the upper end of this range is greater than estimates of the modern volcanic sulphur 
flux. On the one hand, it is likely that rates of sulphate reduction and sulphur burial in deep-sea 
sediments are quite variable (e.g., ref. 52) and that scaling single rates to extremely large regions 
of the seafloor will provide only a very rough estimate. More importantly, however, the 
magnitude of carbon flux through other terminal electron acceptors prior to sulphate reduction in 
modern well-ventilated oceans ensures that such an estimate will likely be conservative with 
respect to the pervasively reducing conditions in Archaean oceans, and should be viewed as a 
lower estimate for a reducing deep sea.  
 
An alternative approach, following ref. 53, is to estimate the theoretical maximum for this 
parameter on the modern Earth by combining rates of sediment subduction54-57 with the typical 
reactive Fe content of deep-sea sediments58 and the assumption that most or all this reactive Fe is 
sequestered as a constituent of pyrite. This approach yields an estimate on the order of 4 – 9 x 
1011 molS y-1, a very large sulphur flux in the context of a surface system driven almost entirely 
by volcanic sulphur input (see below). It is crucial to point out that, in principle, this theoretical 
maximum will only quantitatively apply to an anoxic and sulfidic (euxinic) deep ocean, in which 
pyrite formation and burial are necessarily limited by reactive Fe. However, studies of modern 
sulphate-deficient analog environments suggest that significant sulphur burial fluxes can be 
sustained in systems with very efficient capture of dissolved sulphide, which is primarily a 
function of elevated reactive Fe availability59,60. In other words, there is no a priori reason to 
suspect that a sulphate-deficient and Fe-buffered (ferruginous) deep ocean would sequester 
sulphur as sedimentary pyrite any less efficiently than a euxinic deep sea. Indeed, the 
development of euxinia on a large scale (i.e., the accumulation of dissolved sulphide in marine 
water masses) necessarily implies that sulphide capture and burial are operating below peak 
efficiency.  
 
A third approach to conceptualizing the burial ratio of sulphur between deep-sea and marginal 
environments is to consider the relative carbon fluxes characteristic of continental margin and 
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seawater sulphate. This value, although possibly non-conservative within sulphate-deficient 
Archaean oceans, can be constrained by measurements of marine sulphate and sulphide minerals. 
In the latter case, values from sedimentary sulphides provide a maximum estimate of the ∆33S 
value of contemporaneous sulphate – the most 33S-depleted sulphides typically range between 
values of -1‰ and -4‰, and it is possible that contemporaneous seawater sulphate ∆33S values 
were well below this.  
 
Values for the parameter fS are more difficult to constrain. Recent estimates of the rate of net 
sulphate reduction and sulphur burial in deep-sea sediments are on the order of ~4 – 30 x 10-8 
molS cm-2 y-1 (ref. 48-50). When conservatively scaled to depths below ~4000m (i.e., ~50% of 
modern seafloor area51), these rates yield overall sulphur fluxes between ~7 – 50 x 1010 molS y-1. 
Note that the upper end of this range is greater than estimates of the modern volcanic sulphur 
flux. On the one hand, it is likely that rates of sulphate reduction and sulphur burial in deep-sea 
sediments are quite variable (e.g., ref. 52) and that scaling single rates to extremely large regions 
of the seafloor will provide only a very rough estimate. More importantly, however, the 
magnitude of carbon flux through other terminal electron acceptors prior to sulphate reduction in 
modern well-ventilated oceans ensures that such an estimate will likely be conservative with 
respect to the pervasively reducing conditions in Archaean oceans, and should be viewed as a 
lower estimate for a reducing deep sea.  
 
An alternative approach, following ref. 53, is to estimate the theoretical maximum for this 
parameter on the modern Earth by combining rates of sediment subduction54-57 with the typical 
reactive Fe content of deep-sea sediments58 and the assumption that most or all this reactive Fe is 
sequestered as a constituent of pyrite. This approach yields an estimate on the order of 4 – 9 x 
1011 molS y-1, a very large sulphur flux in the context of a surface system driven almost entirely 
by volcanic sulphur input (see below). It is crucial to point out that, in principle, this theoretical 
maximum will only quantitatively apply to an anoxic and sulfidic (euxinic) deep ocean, in which 
pyrite formation and burial are necessarily limited by reactive Fe. However, studies of modern 
sulphate-deficient analog environments suggest that significant sulphur burial fluxes can be 
sustained in systems with very efficient capture of dissolved sulphide, which is primarily a 
function of elevated reactive Fe availability59,60. In other words, there is no a priori reason to 
suspect that a sulphate-deficient and Fe-buffered (ferruginous) deep ocean would sequester 
sulphur as sedimentary pyrite any less efficiently than a euxinic deep sea. Indeed, the 
development of euxinia on a large scale (i.e., the accumulation of dissolved sulphide in marine 
water masses) necessarily implies that sulphide capture and burial are operating below peak 
efficiency.  
 
A third approach to conceptualizing the burial ratio of sulphur between deep-sea and marginal 
environments is to consider the relative carbon fluxes characteristic of continental margin and 
open ocean settings. On the modern Earth, open ocean primary productivity is locally very low 
relative to continental margins61-63. However, when integrated over large areas the overall rates 
of production in open ocean settings account for ~85-90% of global marine primary 
production64,65 and ~70% of carbon export flux from the photic zone65. In the modern ocean the 
vast majority of this carbon is, of course, consumed through aerobic respiration in the water 
column. However, much or most of this carbon export flux would be consumed by microbial 
sulphate reduction in a reducing ocean. In addition, dissolved O2 concentrations in the modern 
ocean are rarely drawn down to values approaching zero despite the fact that the vast majority of 
respired carbon on the modern Earth is redox-coupled to O2. This simple observation, combined 
with the observation that aerobic respiration stoichiometrically consumes twice as much of its 
terminal electron acceptor as sulphate reduction per mol of organic matter, indicates that 
dissolved sulphate concentrations of ~100-200µM (ref. 66, 67) would not be readily exhausted in 
an open water column, allowing for extensive water column sulfide formation given the 
effectively limitless reactive Fe availability in ferruginous Archaean oceans. As a result, in an 
ocean that is pervasively reducing and Fe2+-buffered we would expect that the partitioning of 
relative sulphur burial between continental margin and deep-sea settings will roughly track 
relative differences in primary and export production. In fact, marginal settings where carbon 
fluxes are locally much higher are much more likely to be characterized by Fe-limited pyrite 
formation68,69, and sulphur burial in such settings would thus be relatively inefficient. 
 
Although these considerations are inherently illustrative, they serve to demonstrate that the mass 
flux of sulphur associated with the subduction of deep-sea sediments can in principle be 
substantial, and could plausibly represent a large relative sulphur flux in an Earth surface sulphur 
cycle dominated by volcanic inputs. This flux, and its relative isotopic imprint within the 
weathering crust, would also be expected to vary as a function of temporally dynamic tectonic 
processes through the combined effects of sediment subduction and volcanic outgassing. We 
note, however, that sediment subduction as an important Earth surface process is likely to have 
been operative since very early in Earth’s history70-77. In addition, it is clear from Eq. (4) that 
small inputs of solubilized sulphur from the weathering crust as a result of low-level oxidative 
processing (e.g., ref. 40, 68, 78-80) could potentially act to greatly amplify any isotopic 
asymmetry initialized as described above. 
 
 
Model Setup: 
 
Our model tracks the material transfer and isotopic composition of three Earth surface sulphur 
reservoirs (Main Text Figure 2): an oceanic sulphate reservoir (Msw) and two crustal sulphur 
reservoirs [referred to, following ref. 81-85, as “young” (My) and “old” (Mo)]. The distinction 
between two crustal reservoirs of varying cycling speeds was initially introduced to more 
directly couple the carbon and sulphur isotope composition of fluxes out of the ocean to that of 
input fluxes to the ocean, in an effort to alleviate physically unrealistic shifts in atmospheric 
composition due to changes in measured isotope ratios of sedimentary carbonate and sulphate 
minerals81,83. However, there is also ample geological justification for such a model 
configuration81-87, and subsequent work has shown that this assumption results in a good 
agreement between proxy-based reconstructions of Phanerozoic atmospheric composition and 
those derived from mass balance models85,88-91. 
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The dynamics of the seawater sulphate reservoir (Msw) through time are governed by the input 
fluxes of sulphur associated with weathering of sulphides from both of the modeled sedimentary 
reservoirs (Fw,y and Fw,o), weathering of sulphide from an igneous (and thus isotopically normal) 
reservoir (Fw,ig), and volcanic sulphur emissions (Fv), balanced against the removal of sulphur 
from the ocean in association with the burial of sedimentary pyrite (Fb,py). The mass of the 
rapidly weathering pyrite reservoir (My) is similarly controlled by the balance between inputs 
associated with pyrite burial (Fb,py) and outputs due to both weathering at the surface (Fw,y) and 
gradual removal into the old sulphur reservoir81-85 (Fy-o). The mass of the slowly weathering 
pyrite reservoir (Mo) is regulated by the balance between inputs from the young reservoir and 
outputs due to weathering. These relationships can be summarized as: 
 

 

€ 

dMsw

dt
= Fw,y + Fw,o + Fv + Fw,ig − Fb,py  ,

dMy

dt
= Fb,py − Fw,y − Fy−o ,

dMo

dt
= Fy−o − Fw,o .

 

(5) 
 

(6) 
 

(7) 
 
We assume that the deep ocean is Fe2+-buffered92-96. Conceptually, this means that hydrothermal 
sulphide introduced to the ocean through seawater-basalt interaction is negligible due to near 
vent iron sulphide precipitation, and is thus assumed not to participate in the isotope mass 
balance of oceanic sulphur.  
 
Isotope mass balance equations can be similarly obtained for each reservoir: 
 

 

€ 

d
dt

Mswδ sw
3x( ) = Fw,yδy

3x + Fw,oδo
3x + Fvδv

3x + Fw,igδw,ig
3x − Fb,pyδpy

3x ,

d
dt

Myδy
3x( ) = Fb,pyδpy

3x − Fw,yδy
3x − Fy -oδy

3x ,

d
dt

Moδo
3x( ) = Fy -oδy

3x − Fw,oδo
3x ,

 

(8) 
 

(9) 
 

(10) 
 
where δ values refer to the isotopic composition of each reservoir, defined according to 
traditional delta notation in “per mille” (‰), and x = 3, 4, or 6. All flux terms are first-order and 
of the form: 
 
 

€ 

Fi = kiMi , (11) 
 
where the subscripts “i” refer to a given flux, and “ki” refers to the rate constant associated with 
each flux parameterization. The magnitude of a given flux thus depends largely on the size of the 
reservoir from which the flux is derived. Two exceptions are the volcanic flux (Fv) and the 
igneous weathering flux (Fw,ig), which are varied between runs but imposed as constants within a 
given run. 
 



SUPPLEMENTARY INFORMATION

6  |  W W W. N A T U R E . C O M / N A T U R E

RESEARCH

The equations for material and isotope mass balance can be combined and simplified to yield 
equations describing how the isotopic composition of a given reservoir evolves with time as a 
function of the fluxes into and out of the reservoir and their isotopic composition: 
 

 

€ 

Msw
dδ sw

3x

dt
=

i
Σ[Fi(δ i

3x −δ sw
3x )] − Fb,pyΔpy

3x ,

My

dδy
3x

dt
= Fb,py (δpy

3x −δy
3x ) ,

Mo
dδo

3x

dt
= Fy−o(δy

3x −δo
3x ) .

 

(12) 
 

(13) 
 

(14) 

 
where i in Eq. 12 refers to a given component of the overall input flux to the ocean. Note that the 
isotopic fractionation between seawater sulphate and sedimentary pyrite (

€ 

Δpy
3x ) is expressed as a 

negative number in the above equations. This parameter is defined, with reference to 34S, using a 
Monod-type function: 
 

 

€ 

Δpy
34 = ΔMAX

34 [SO4
2−]sw

Km
Δ + [SO4

2−]sw
  ,

 
(15) 

 
where 

€ 

ΔMAX
34  refers to the maximum metabolic fractionation associated with microbial sulphate 

reduction (as expressed on a global scale), 

€ 

[SO4
2−]sw  is the ambient seawater sulphate 

concentration (calculated from Msw assuming an ocean volume of 1.37 x 1021 L), and 

€ 

Km
Δ  

represents a “pseudo-half-saturation” constant derived empirically from chemostat experiments 
with A. fulgidus (ref. 97). Our reference model uses 

€ 

ΔMAX
34  = 30‰ and 

€ 

Km
Δ  = 0.363 mM, but these 

values have no effect on the magnitude of the ∆33S signal through time and will only influence 
model trajectories in δ34S – ∆33S space. Microbial fractionations are related to the other isotopes 
assuming mass-dependence: 
 

 

€ 

Δpy
33 =33λ Δpy

34

Δpy
36 =36λ Δpy

34  

(16) 
 

(17) 
 
where 33λ = 0.515 and 36λ = 1.890 (e.g., ref. 98). 
 
Model parameters for our reference case (Main Text Fig. 3) are shown in Table S1. Parameter 
values for the reference case were chosen to approximately satisfy known constraints on: (1) the 
overall size of the crustal sulphur reservoir53,81,99,100; (2) the residence time of sulphur as it cycles 
through the exogenic system87,101; (3) the fraction of overall sulphur input derived from the 
rapidly recycling sulphur reservoir85,102-105; (4) the residence time of sulphur in the rapidly 
recycling reservoir with respect to weathering81,82; and, (5) the residence time of sulphur in the 
rapidly recycling reservoir with respect to removal to the old reservoir81,85,105 (the “aging flux” of 
the young pyrite reservoir). The range of Fv values was chosen to encompass estimates of the 
modern volcanic sulphur flux and values scaled up to reflect the possibility of greater crustal heat 
flow and volcanic activity during Earth’s early history. Estimates of the modern volcanic sulphur 
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flux are typically on the order of ~2-3 x 1011 mol y-1 (ref. 53, 106-110), and we use an estimate 
of 2 x 1011 mol y-1 as our low volcanic flux. Heat flow through the crust has declined with time, 
and as a result it is typically assumed that Earth’s early history was characterized by increased 
rates of volcanism. Estimates vary, but it is unlikely that crustal heat flow during the Archaean 
was more than ~3-4 times that of the modern Earth111-114. We therefore use a volcanic sulphur 
input of 1 x 1012 mol y-1 as our high volcanic flux. We note, however, that higher rates of heat 
flow through the crust need not require an increase in the mass flux from subaerial volcanic 
activity – much of this heat loss may have been accommodated by submarine mafic spreading 
centers115, which are essentially sulphur-neutral in an anoxic and iron-buffered deep ocean. In 
each model run, the pyrite burial rate constant (kpy) is solved for to attain steady state with the 
prescribed volcanic sulphur flux. Oxidative weathering of sedimentary and igneous rocks is then 
initialized, and the model evolves freely. 
 
 
The Balance Between Igneous and Sedimentary Sulphur Sources 
 
Igneous sources of sulphur within Earth’s crustal reservoir can be expected to carry an 
isotopically normal signal when weathered. In addition, it is possible that the relative abundance 
within the crust of igneous sulphur relative to sedimentary sulphur has changed throughout 
Earth’s long history. It is thus crucial to consider whether differences in the overall balance 
between igneous and sedimentary sources of sulphur to the ocean relative to Phanerozoic 
conditions might act to dilute or significantly attenuate the crustal memory effect explored here. 
 
On the modern Earth, igneous sulphur sources to the ocean amount to a very small fraction of the 
overall material balance for sulphur – approximately 3% of the input flux of sulphur to the 
modern ocean is derived from igneous sources116,117. This is despite the fact that igneous rocks 
cover roughly 20-30% of the weatherable area of Earth’s surface103,104,116. The most obvious 
explanation for this is that igneous rocks contain, in general, much less sulphur than sedimentary 
rocks. This is perhaps not surprising from a mechanistic standpoint, as many igneous rocks, and 
in particular those which are subaerially extrusive and thus most readily incorporated into the 
weatherable crustal mass, lose a large fraction of their sulphur to the volatilization of sulphur-
bearing gases during extrusion at the surface118. Rivers draining terrains dominated by igneous 
lithologies have far less dissolved sulphate than those draining sedimentary lithologies116,117, 
consistent with the view that sedimentary rocks host the majority of the sulphur in Earth’s 
weatherable shell.   
 
In principle, we can estimate the possible effects of dilution by igneous sulphur with a simple 
two-component mixing model. This begins with the simple case of mixing two components into 
a single reservoir, which must satisfy mass balance: 
 
 

€ 

[S]mix = f ig[S]ig + (1− f ig )[S]sed   ,
 (18) 

 
where [S] refers to the sulphur content of the igneous component (ig), the sedimentary 
component (sed), and the resulting mixture (mix), and fig refers to the relative flux from the 
igneous component (which may vary between 0 and 1). The ∆33S composition of the mixture, 
assuming conservative isotopic mixing, is expressed as: 
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€ 

Δ 33Smix = f igΔ
33Sig

[S]ig
[S]mix

+ (1− f ig )Δ 33Ssed
[S]sed
[S]mix

  ,
 

(19) 

 
where, in addition to the terms defined above, ∆33S refers to the rare sulphur isotope 
compositions of the igneous flux (ig), the sedimentary flux (sed), and the resulting mixture (mix). 
 
The results of such a model are shown in Fig. S4, with the normalized ∆33S value of the two-
component mixture plotted as a function of the relative flux from igneous sources. We set [S]sed 
at 0.6 wt% (ref. 117, 119), which is likely conservative for our purposes, and explore a range of 
[S]ig values between 10 and 1000 ppm. This range is meant to be inclusive and encompasses 
measurements of a wide range of extrusive, plutonic, felsic, and mafic igneous rocks120-127. Our 
preferred estimate for the overall average igneous sulphur content (300 ppm; ref. 128-130) is 
also shown. For comparison, the modern igneous flux component and the estimated range of 
fractional exposed igneous rock area on the modern Earth are also shown. 
 
This simple exercise illustrates that it should be extremely difficult to eliminate the isotopic 
memory effect by invoking a larger proportion of igneous rocks in the overall weatherable rock 
reservoir at Earth’s surface. For example, at our preferred igneous concentration a decrease in the 
magnitude of the ∆33S anomaly in the two-component mixture by ~30% would require that well 
over 90% of the weathering flux must come from igneous rocks (Fig. S4). Even at the relatively 
high igneous sulphur concentration of 1000 ppm a similar dilution effect requires that nearly 
80% of the overall weathering flux be derived by igneous rocks. We stress, however, that 
although these calculations are illustrative of the basic relationship they cannot capture the 
behavior of the full dynamic model. We therefore also explored the sensitivity of the crustal 
memory effect to the fractional contribution of igneous sources to the overall weathering flux 
(Main Text Fig. 3c), and found that even fractional contributions from the igneous weathering 
flux as high as 0.5 have a relatively small effect on the duration and magnitude of the isotopic 
residual. 
 
There is a sound foundation supporting the notion that even a relatively large igneous component 
of the weatherable rock reservoir at Earth’s surface will be unlikely to exert an overriding control 
on the isotopic composition of continentally derived sulphur. However, it is still important to ask 
how high we can expect the relative impact of igneous rock weathering to have been during 
Earth’s history. The relative exposure area of igneous rocks at Earth’s surface has ostensibly 
varied very little throughout the entire Phanerozoic104 (the last ~500 million years of Earth’s 
history), despite a cycle of supercontinent assembly and break-up during the late Paleozoic. In 
addition, recent data place the onset of significant crustal growth, recycling, emergence and 
surface weathering very early in Earth’s history131-138. This is perhaps not surprising – the record 
of sedimentary rocks on Earth extends to ~3.8 billion years ago and is continuous from this point 
onward, suggesting qualitatively that a surface sedimentary rock cycle existed during Earth’s 
earliest history. Once significant crustal exhumation begins, the formation of a sedimentary shell 
at Earth’s surface will proceed extremely rapidly – from a geologic point of view (e.g., ref. 139).  
 
Exploration of Sm/Nd systematics reveals that the chemical evolution of the upper crust is best 
explained through a steady-state sedimentary rock cycle model in which (roughly) >60% of the 
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sedimentary rock mass is “cannibalistic”, i.e., is derived from the deposition of previously 
weathered sedimentary rocks140,141. The remainder represents the fraction of deposited sediments 
that become subducted, which is balanced by the formation of new sediment from the exposure 
and weathering of primary igneous rocks. In other words, these results imply that less than ~40% 
of the sedimentary rock mass at any given time is derived from the weathering of primary 
igneous rocks, and this value can be broadly applied coherently to most of Earth’s history 
subsequent to the establishment of a sedimentary shell.  
 
Perhaps even more importantly, values below or even approaching 50% (i.e., a relative igneous 
contribution, with respect to area, of 0.5) are inconsistent with the record of Sm/Nd systematics 
through time140. For our purposes, it is crucial to point out that a relative weatherable area of 
even 50% will almost certainly correspond to a much smaller relative contribution to the overall 
sulphur flux – again, the modern cycle is characterized by ~20-30% relative exposure of igneous 
rocks, but these account for only ~3% of the flux of sulphur to the ocean. Although it is difficult 
to pinpoint precisely the inception of a steady-state cannibalistic sedimentary rock cycle based 
on the current sediment Sm/Nd isotope record alone, it is likely to have been in operation for 
over 3 billion years, consistent with evidence for significant early Archaean crustal recycling. In 
short, a relative areal coverage of igneous rocks of ~0.5 would seem to be an upper limit, and 
this would almost certainly correspond to a much smaller relative sulphur flux as a simple 
consequence of much lower sulphur concentrations relative to sedimentary rocks. We therefore 
consider in our model a relative igneous flux value of 0.5 to be a rather extreme upper limit, and 
suggest that even approaching this value would be very difficult. 
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Table S1. Model parameters and values used in our reference model. See text for details. 
 
Parameter Description Reference Model Value 

   
Msw seawater sulphate mass 2.74 x 1017 mol 

   
My mass of rapidly weathering (young) pyrite reservoir 5 x 1019 mol 

   
Mo mass of slowly weathering (old) pyrite reservoir 3 x 1020 mol 

   
Mtot Earth surface sulphur reservoir mass 3.5 x 1020 mol 

   
ky young pyrite weathering rate constant 2 x 10-8 y-‐1	  
   

ko old pyrite weathering rate constant 1 x 10-9 y-1 
   

kavg overall crustal sulphur weathering rate constant 3.7 x 10-9 y-1 
   

kpy pyrite burial rate constant [solved] 
   

τweath 
residence time of rapidly weathering pyrite reservoir with respect 

to weathering 50 x 106 y 
   

τy-o 
residence time of rapidly weathering pyrite reservoir with respect 

to conversion to old reservoir (“aging flux”) 170 x 106 y 
   

τmean mean residence time of surface crustal sulphur 270 x 106 y 
   

Fy / Ftot 
fraction of overall weathering flux derived from rapidly 

weathering sulphur reservoir 0.77 

   
Fv volcanic sulphur flux 6.0 x 1011 mol y-1 

   
Fw,ig igneous sulphur weathering flux (fraction of total weathering) 0.1 

   
Δ33Ssw,i initial ∆33S value of seawater sulphate -1.0‰ 

   
Δ33Sy,i initial ∆33S value of the young pyrite reservoir 3.0‰ 

   
Δ33So,i initial ∆33S value of the old pyrite reservoir 0.0‰ 

   
33λ mass-dependent fractionation exponent for 33S 0.515 

   
36λ mass-dependent fractionation exponent for 36S	   1.890 

   

€ 

ΔMAX
34  maximum global-scale metabolic fractionation during sulphate 

reduction 30‰ 

   

€ 

Km
Δ 	   pseudo half-saturation constant of fractionation during sulphate 

reduction 0.363 mM 
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Figure S1. Cumulative average ∆33S value (a) and database size (b) as a function of publication 
year. Filled symbols show the entire database with (circles) and without (triangles) the inclusion 
of sulphate minerals. Open symbols show the filtered database, with data obtained through 
secondary ion mass spectrometry (SIMS) analyses and data from macroscopic (often secondary) 
sulphide textures removed. Open symbols show the filtered database with (circles) and without 
(triangles) the inclusion of sulphate minerals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2000 2004 2008 2012
-0.5

0.0

0.5

1.0

1.5

2.0

publication year

∆33
S a

vg
 (‰

)
a

2000 2004 2008 2012
0

500

1000

publication year

n

1500

b

2000



SUPPLEMENTARY INFORMATION

1 2  |  W W W. N A T U R E . C O M / N A T U R E

RESEARCH

 
Figure S2. Bivariate plot of rare sulphur isotope composition (∆33S) and sulphur concentration 
([S]) (a), and unweighted/weighted mean ∆33S values of the database as a function of database 
age (b). Note the log scale on the x-axis in (a). Open circles represent individual samples (n = 
550), while the colored squares represent the overall mean value (red) and concentration-
weighted mean value (blue). In (b), filled black circles represent unweighted mean values, while 
filled blue circles represent concentration-weighted mean values. The shaded boxes in (b) 
represent the 95% confidence interval about the mean. 
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Figure S3. Results of the basic mass balance calculations for Earth surface sulphur discussed in 
the text. The rare sulphur isotope composition of the weathering crust (∆33

C) is contoured as a 
function of the overall fraction of sulphur exiting the surface system through subduction of 
marine sediments (fS) and the rare sulphur isotope composition of the subducted sulphur pool 
(∆33

S). Note that these calculations assume a composite input value (

€ 

Δ in
33) of 0‰ and that once 

any isotopic asymmetry in the weathering crust is established low-level oxidative mobilization of 
crustal sulphides will shift all isotope contours to the left. 
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Figure S4. Results of the two-component mixing model discussed in the text, plotted with the 
∆33S value of the overall mixture relative to the initial sedimentary component (∆33Smix / ∆33Ssed) 
as a function of the relative igneous sulphur flux into the system (fw,ig). Curves are labeled by the 
assumed igneous sulphur concentration in ppm – the values displayed are meant to encompass a 
wide range of igneous rock types. Our preferred average value of 300 ppm is displayed by the 
solid black curve. The vertical dashed line shows the modern relative igneous flux. Also shown 
for comparison is the approximate relative fraction of the modern Earth’s weatherable surface 
that is represented by igneous rocks (Aig/Atot; shaded box). We stress that the mixing trajectories 
are purely a function of the relative sulphur flux, not the relative area, but we depict the area to 
highlight the fact that although igneous rocks cover a relatively large portion of the modern 
Earth’s weatherable surface they make an extremely small contribution to the overall sulphur 
flux. 
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