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Supplementary information 1: Long-term carbon and sulfur cycles

Figure S1 expands on Figure 1 from the manuscript by adding a reconstruction of ocean sulfate
concentration (Algeo et al., 2015) and a recent compilation of sulfate 3**S values (Crockford et al.,
2019). Ocean sulfate concentration is estimated to be <8 mM during the late Ediacaran, and seawater

8%S is estimated to range between around 15 and 40%..
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Figure S1. Carbon and sulfur isotopes, and ocean sulfate from late Neoproterozoic to present, after

compilations of Saltzman and Thomas (2012), Crockford et al. (2019) and Algeo et al. (2015).



Supplementary information 2 additional model runs.

The manuscript introduces a mechanism whereby dissolution of large quantities of evaporite supply
marine sulfate, which in turn is buried as pyrite, creating a large long-term O, source, and oxidising a
marine pool of dissolved organic carbon (DOC). In the model explored in the manuscript, uplift drives
weathering of both gypsum and pyrite sulfur, and these fluxes are also assumed to be dependent on
global runoff rates. We show simplified simulations in this section which remove the climate-
dependence of sulfur weathering fluxes (Figure S2) and also remove the uplift-driven weathering of
pyrite (Figure S3). We also run the model for different values of the ‘set point’ at which oxygen
penetrates to the deep ocean and can oxidise the DOC pool (Figure S4), and for different values of the

C:P ratio of dissolved organic matter, and potential to supply phosphate to the ocean (Figure S5).

Under all of these modifications, the model outputs for 8'*C, and for the global inventories of sulfate,
carbon and oxygen are similar to those shown in the manuscript. Thus the mechanism we propose for
driving negative carbon isotope excursions is not dependent on modelled climate feedbacks, on uplift-
driven weathering of pyrite, or on the potential for P to be released via DOM oxidation. Model
predictions for ocean oxygenation occurring after the negative carbon isotope excursion are in line
with geological evidence for the late Ediacaran Shuram excursion (Chen et al., 2015). Increases in
sulfate concentration between the late Neoproterozoic and early Phanerozoic are also broadly
consistent with other inferences (Canfield and Farquhar, 2009), as is the prediction of high CO,, warm

global temperatures and lack of widespread or prolonged glaciation.

The model 8*S record is strongly dependent on the assumed weathering rates for pyrite. Model 5**S
shows a similar negative excursion to 3'3C when pyrite weathering is included, but less so when it is
not. This is because pyrite weathering introduces sulfate with low 8**S values. Available sulfur
isotope data point to a neutral-to-negative 6°*S trend across the Shuram excursion (Fike et al., 2006;
Wu et al., 2015), which is broadly consistent with our model, but COPSE includes only a simplified
sulfur cycle (e.g. without explicit production and oxidation of H,S) and further work is needed to

uncover the finer details of the sulfur isotope record during negative carbon isotope anomalies.
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Figure S2. COPSE model run with no climate feedback on sulfate weathering. A. Input rates of
sulphate from pulses of gypsum and pyrite weathering. B. Size of DOC reservoir in moles of carbon. C.
Relative atmospheric oxygen concentration. D. Degree of ocean anoxia. E. Relative atmospheric

carbon dioxide concentration. F. Relative ocean sulfate concentration. G. Calculated 6”°C of new

carbonate. H. Calculated seawater 6°*S.
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Figure §3. COPSE model run with no climate feedback on sulfate weathering and no pulsed input
of pyrite-derived S. A. Input rates of sulphate from pulses of gypsum and pyrite weathering. B. Size of
DOC reservoir in moles of carbon. C. Relative atmospheric oxygen concentration. D. Degree of ocean
anoxia. E. Relative atmospheric carbon dioxide concentration. F. Relative ocean sulfate concentration.

G. Calculated 6" C of new carbonate. H. Calculated seawater 6°°S.
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Figure §4. COPSE model run with different set points for DOC oxidation (c in the DOCox equation).
A. Input rates of sulphate from pulses of gypsum and pyrite weathering. B. Size of DOC reservoir in
moles of carbon. C. DOC oxidation rate. D. Relative atmospheric oxygen concentration. E. Degree of

ocean anoxia. F. Relative atmospheric carbon dioxide concentration. G. Relative ocean sulfate

o

[

[+]

{x 10" mal)

DOC reservoir

m

0 10 20 30
Time (Myrs)

Degree of anoxia

@

o 10 20 30
Time (Myrs)

[SO,] relative

1

0 0 20 30
Time (Myrs)

seaawakter

&

&

1] 10 20 30
Time [(Myrs)

concentration. H. Calculated 6”°C of new carbonate. 1.

O

DOC oxidation
rate (ol yr'1J

=

-
L |



10 10
g — = — No P release
2 s % ‘é* —CP g, = 1000
[=] . -
2E ;5 2o 5 —— CiPpy, =250
2% SR
s g =
= = 0 0
0 10 20 30 0 10 20 30
C Time (Myrs) D Time (Myrs)
1.5 o 1
- 3
2 1 &
a B 05
o [}
Q 05 2
@
=]
0 . " 0 . N N
0 10 20 30 0 10 20 30
Time (Myrs) Time (Myrs)
E =20 F
2
o E
Q 3]
o 20 E 05
o O"
w
10 0
0 10 20 30 0 10 20 30
Time (Myrs) Time (Myrs)
G H s
0 u
@O
a @ 30
g H
S 5 s
S ¥ 2
10 . . . 20 . . .
0 10 20 30 0 10 20 30
Time (Myrs) Time (Myrs)

Figure S5. COPSE model run with consideration of potential P release from DOM oxidation.
Consideration of total P release from DOM oxidation makes very little (<1%o) difference to predicted
0"3C. A. Input rates of sulphate from pulses of gypsum and pyrite weathering. B. Size of DOC reservoir
in moles of carbon. C. Relative atmospheric oxygen concentration. D. Degree of ocean anoxia. E.
Relative atmospheric carbon dioxide concentration. F. Relative ocean sulfate concentration. G.

Calculated 6" C of new carbonate. H. Calculated seawater §°*S.



Supplementary information 3: full COPSE model equations.

Below are the details of the modified COPSE model used in this work. Aside from the additions noted
in the methods section, these details replicate those in Lenton et al. (2017). Figure S5 shows the
model schematic, tables ST1-ST6 show model equations and parameters. Equations altered for this
work are denoted by asterisks. Note that fluxes in the manuscript are denoted ‘F’ for better readability
in that context, but fluxes in the model description drop the F to allow longer and more complex

names, and to follow the code.




Figure S6. COPSE model schematic: (4) Carbon, Sulphur and Oxygen cycle fluxes. Here arrows
show mass fluxes, blue arrows show oxygen sources and red arrows show oxygen sinks. Dashed lines
show DOC reservoir fluxes added for this work. (B) Dynamic nutrient and biosphere system. Here
arrows show positive/direct (solid) or negative/inverse (dashed) relationships between model
parameters. In both diagrams blue ovals show burial fluxes of organic carbon and pyrite sulphur,

which are the long term sources of free oxygen.

Table ST1. Core COPSE model reservoirs and differential equations.

Reservoir Label Differential equation Initial size
(mol)
O ti dN 435x10'°
cean (reactive) N o= nfix — denit — monb 35x10
nitrogen
O hosphat dpP 3.1x10%
cean (phosphate) P i psea — mopb — fepb — capb *
phosphorus
4 DOCox
CPpoc
At here- do 7x101°
mosphere-ocean O 0 Frin locb + mocb — oxidw — ocdeg 3.7x10
+ 2 -mpsb — 2 - pyrw
— 2-pyrdeg — DOCox
At here- dA .193x10"8
mosphere-ocean €O, | A Fri oxidw + ocdeg + carbw + ccdeg 3.193x10
— loch — mocb — mcch
—sfw+ D0OCox
Sediment i dG 1.25x10?!
cimentaly organic G P lochb + moch — oxidw — ocdeg X
(reduced) carbon




Sedimentary carbonate C Ccli_f — mech — carbw — cedeg 5.0x10%!
(oxidised) carbon
Ocean (sulphate) sulphur | S as 4.0x10"
& 9yrw + pyrw + gypdeg
+ pyrdeg — mgsb
— mpsb
Sediment it dPYR 1.8x10%°
edimentary pyrite PYR — — mpsb — pyrw — pyrdeg X
(reduced) sulphur
Sedimentary gypsum GYP dGYP 2.0x10%
¢~ Mmgsb —gypw — gypdeg
(oxidised) sulphur
* dDOoC
Deep ocean DOC DOC — _DOCox 20 X Ag,
dt
30 X 4,

Table ST2. Isotope calculations.
These quantities track the isotopic composition of the surface sulfur and carbon reservoirs.

At h d | d(A-64
mosphere an % = oxidw - §; + ocdeg - 8¢ + carbw - §. + ccdeg - &
ocean carbon
—locb(64 — AB) — mocb(54 — AB) — mcech - 64 — sfw
. 6A + DOCO.x . 6D0C
Ocean sufate d(s-8s)
—ar ~ 9YPw Oyp +pyrw - Opy + gypdeg - Sgyp + pyrdeg
 Opyr — mgsh - 5¢ — mpsb(6s — AS)
Table ST3. Baseline values.
Process Label | Constant | Value
(mol/yr)

Nitrogen cycle




Nitrogen fixation nfix ks 8.67
Denitrification denit 2k 8.6
Marine organic N burial monb | k2/CNgea | 0.07
Phosphorus cycle

Reactive P weathering phosw | ko 42.5
Terrestrial organic P burial | pland | kiikio 2.5
Reactive P to ocean psea (1-ki)kio | 40
Marine organic P burial mopb | ka/CPge 10
Iron-sorbed (Fe-P) burial | fepd ke 10
Ca-bound (Ca-P) burial capb k7 20
Carbon cycle (inorganic)

Carbonate C degassing cedeg | ki 15
Carbonate weathering carbw | kis 8
Silicate weathering silw Ksitw 12
Granite weathering granw | kganw 9
Basalt weathering basw | kvasw 3
Seafloor weathering sfw Festw 3
Carbonate burial meceb | kutkan | 20
Carbon cycle (organic)

Organic C degassing ocdeg | ki3 1.25
Oxidative C weathering oxidw | kiz 3.75
Marine organic C burial moch | k» 2.5
Terrestrial organic C burial | loch ks 2.5
Sulphur cycle

Gypsum degassing gypdeg | keypdee 0.5
Pyrite degassing pyrdeg | kpyrdeg 0.25
Gypsum weathering* gpw | kn 1.0
Pyrite weathering pyrw ka1 0.45
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Gypsum burial*

mgsb | kmgso 1.5

Pyrite burial

Table ST4. Model forcing factors. (All normalised to 1 at present with the exception of insolation.)

Note that all forcings are set to their starting early Phanerozoic values for the ‘Ediacaran’ state
explored here. This includes setting all land-plant-related forcings to zero.

Forcing | Description Basis Source(s)
1 Insolation (solar luminosity) Stellar physics (Caldeira and
Kasting, 1992)
D Metamorphic and volcanic Inversion of sea level curve (Mills et al., 2017)
degassing
U Tectonic uplift Sediment accumulation rates ((Berner, 2006;
Ronov, 1993)
E Plant evolution and land Fossil record and model (Lenton et al.,
colonisation estimates of global net primary | 2016), updated
productivity here
w Plant enhancement of Experimental and field study (Lenton et al.,
weathering results 2012), updated
here
CPrana C/P burial ratio of terrestrial Attempt to capture Paleozoic (Lenton et al.,
plant material coal deposition 2016), updated
here
B Apportioning of carbonate Fossil record of evolution of (Berner, 1994)
burial between shallow and planktonic calicifiers
deep seas
Qbas Exposed area of volcanic Reconstructed area of large (Ernst, 2014; Mills
silicate rocks igneous provinces (LIPs) and etal., 2014)
volcanic islands
Agran Kinetically-weighted area of Reconstructed lithology of (Bluth and Kump,
non-volcanic silicate rocks shield, shale, coal, evaporite 1991)
PG Paleogeography effect on Climate model simulations (Royer et al., 2014)
runoff/weathering
beoat Depositional area of coal basins | Coal abundance data (Bartdorff et al.,
2008)
F Selective biotic weathering of P | Experimental results (Lenton et al.,
relative to host rocks 2016, 2012)

11
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Ceal Ocean calcium concentration

Best fit to fluid inclusion data

(Horita et al., 2002)

Sinput Sulfate input pulse

Exploring this hypothesis

This work;
Wortmann and
Paytan, 2012)

Table ST5. COPSE model functional forms
Units are mol/yr unless otherwise stated

€0, = a? PAL
AT = k.-InCO, — k; - t/570 K
ignit = min(max(48 - m0, — 9.08,0),5) No units
2 .
Vipp = knpp - E - (1.5—0.5-0) - (1 — (T ;525) ) . <P1/:f_0pZC:)ZPT;mm> Relative
mo, = 0 Atmospheres
0+ kqg

Kri Relative
V= Vapp kire —fllrj- ignit
foiota = [(1 —min(V - W, 1)) - kys - c0,%> 4+ V- W] Relative
frunofs = [1+ 0.038AT]*6> Relative
runosr = 1+ 0.087AT Relative
fi = e KPAT Relative

granw = kgranw U - PG - Agran 'ngran 'frunoff * fpiota

basw = kpgsw - PG * Qpas * frpas 'frunoff * friota

silw = granw + basw

carbw =ky4-C-U- PG " Grunoff * foiota

gypw*= kgpr ' grunoff + kgyp ' grunoff ' Sinput

pyrw*= kuTW | grunoff + kpyr ' grunoff ' Sinput

sfw
Sfw = kgpy - D - efr AT

oxidw = ky;-U-g- 0%+ g,




silw carbw oxidw
phOSW = k10 F- (szilW ke + charbw "k + kPoxidw i )
silw 14 17

pland = k{, -V - phosw - (kaq + (1 — kaq) . bcoal)

loch = (E) ‘pland = ks - CPgnq - pland’
and

P/

psea = phosw — pland

newp = r¢.p - min(30.9 - n/ry.p, 2.2 - p)

1

Fraction of

O = A e KanoxUeymewpr—o) seafloor
denit =k, (1 + anox ) 'n
11—k

nfix = kg (%)Zfor% < P,else 0
monb = mochb/CN;,,
moch = k, - (newp')?
mopb = mocb/CP,,,

Koxic " Kanoxic C:P ratio

CPq =

(1 — anox) * kgnoxic + anox - kyic

ke
fepb = T (1—-anox)'p
1

capb = k, - newp'? - f (anox)

1
mpr* = kmpsb 5 -8 -moch’ + pyfrac- (pyrwpulse + gypwpulse)

mng* = kmgsb 0.5+ (1- pyfrac) ’ (pyrwpulse + gypwpulse)

mccb = silw + carbw

gypdeg = kgypdeg ‘D-gyp

pyrdeg = kpyrdeg D -pyr

ccdeg =ki3-D-B-c

ocdeg =ki3-D-g

0, DOC < 1 x 102 mol
DOCox* = k (DOC)

— 12
1+ o-at=anox-0 \Doc, DOC =1 x10*“ mol
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Table ST6. COPSE model non-flux parameters.

Label | Meaning Default value
ki Present ocean oxic fraction 0.997527
kis Pre-plant weathering 0.15

kpire Fire frequency control 3

ke Climate sensitivity control 4.328°C
ki Luminosity sensitivity control 7.4°C
ks | Temperature sensitivity of seafloor weathering 0.0608
k5" | Temperature sensitivity of granite weathering 0.0724
ki** | Temperature sensitivity of basalt weathering 0.0608
kpsine | Silicates fraction of P weathering 0.8
kprearvw | Carbonates fraction of P weathering 0.14
kpoxiaw | Oxidative fraction of P weathering 0.06

kaq Terrestrial organic matter burial fraction in aquatic settings | 0.8

k) Nutrient utilisation efficiency 0.4

kanox | Sharpness of oxic-anoxic transition 10

14
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Supplementary Information 4: Geological record of Tonian evaporite sulfate deposits and their

erosion during middle Ediacaran time

The Tonian Period witnessed the largest evaporite depositional event of pre-Ediacaran time during the
break-up of the Rodinia supercontinent (Evans, 2006). Estimates for the current preserved volume of
Tonian evaporites range from 375,000 km® (Evans, 2006) to 912,400 km? (Prince et al., 2019) and place
Tonian deposits (ca. 830 — ca. 770 Ma) among the largest basin-scale evaporite deposits in the world.
As outlined further below, later erosional events mean that initial volumes would have been
substantially higher. The high calcium sulfate content of these evaporite deposits (Prince et al., 2019;
Schmid, 2017; Turner and Bekker, 2016) and relatively unchanging seawater 6**S values (Prince et al.,
2019; Strauss, 1993) are consistent with the build-up of a large marine sulfate reservoir during the early

Neoproterozoic (Fakhraee et al., 2019).

Because evaporite basins are restricted geographically, their emergence and erosion depend on regional
tectonic events. Fold belts preserving relicts of major Tonian evaporite basins are consistent with initial
inversion and weathering in middle to early late Ediacaran time. Their geographic situations, in some
cases, suggest proximity to areas of high productivity, consistent with anoxia and pyrite burial.
However, it is entirely plausible that areas of evaporite weathering (high sulfate input) and pyrite burial
(high sulfide output) were geographically separate, as the latter would be more closely related to locally
high nutrient input, either through chemical weathering or upwelling. Area estimates below in brackets

derive from Prince et al (2019).

Centralian Superbasin, Australia (683,000 km?). The largest preserved Tonian basin-scale evaporite

deposit, that of Australia’s Centralian Superbasin (Browne and Bitter Springs formations and
correlatives), was deposited at 20 + 5° palaeolatitude (with normalised preserved area factor of 2.8x
(Evans, 2006) in an intracontinental sag or else continent-scale re-entrant (Li and Evans, 2011).
Stratigraphic coherence of the Centralian Superbasin (Walter et al., 1995) or at least persistence of
accommodation space (Camacho et al., 2015) continues into Ediacaran time when local unconformities

(e.g., between lower and upper Arumbera Formation; beneath Table Hill Formation; and above the
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Rodda beds) express tectonic effects of the 650-550 Ma Paterson-Petermann Orogen, across which
northern and southern Australian subcratons shortened by 100’s km (Bagas, 2004). Preserved
Centralian strata are truncated locally after the Shuram-Wonoka-DOUNCE carbon isotopic excursion
had begun in Boondawari Formation and metamorphosed elsewhere by 560 Ma and thickened
transpressionally by 550 Ma (Camacho and Mcdougal, 2000). It is reasonable to extrapolate that
regional exhumation and tectonic erosion of the Centralian Superbasin had begun no later than ~10

million years earlier, ~570 Ma (i.e., ~cm/yr rate-of-collision extrapolated to ~100 km shortening).

At that time, applying Bunyeroo-Wonoka palacomagnetic poles (Williams and Schmidt, 2018),
weathered Centralian evaporite would have washed southward into an equator-facing, northern margin
of a “Kuunga embayment” of the meridional, proto-East Gondwanaland margin. This Panthalassa-
facing, trans-equatorial embayment to a high-relief, western continental boundary swathe would have
been an expected site for subtropical upwelling, high primary productivity, and tropical stagnation in

the near ocean basin.

Amundsen_and Mackenzie-Ogilvie basins, Canada (193,000 km’). The next largest preserved

deposit (norm’d area 1.8x), ¢.g. Minto Inlet Formation (Evans, 2006) or Ten Stone Formation (Turner
and Bekker, 2015), extends across both Amundsen Basin and Mackenzie-Ogilvie Basin of NW Canada
and was deposited at 20 + 5° along aulocogens of the rifting NW Laurentian margin (Prince et al.,
2019). While accommodation probably was enabled by post-rift sag, the region was always low-relief,
receiving mostly distal siliciclastic debris from the Grenville Orogen (Rainbird et al., 2012). A low-
amplitude, Ediacaran-age Mackenzie Arch inverted part of these depocentres, particularly in the modern
Mackenzie Valley. Time-transgressive onlap of Ediacara-bearing siliciclastics atop a post-632 Ma,
earliest Ediacaran exposure surface indicates that most exhumation occurred ca. 572-565 Ma though
persisting locally into the Cambrian (MacLean et al., 2014), adopting early Ediacaran ages (Pu et al.,

2016).

At that time, applying the Johnnie Fm pole (Gillett and Van Alstine, 1979), Minto Inlet-Mackenzie

Arch evaporite would have washed northward into the offshore of a zonal, equatorial passive margin
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facing expansive ocean poleward. This equatorial position along a straight, zonal margin would have
been an expected site for periodic anoxia associated with temperature-driven dysoxia and shallow-level

return flow of the broader thermohaline circulation.

Adelaide fold belt, South Australia (100,000 km®). Smaller preserved Tonian evaporites in the

Adelaide Rift Complex of South Australia (norm’d preserved area 1.5x [Evans, 2006]) were deposited
at subtropical latitude. Salt tectonics are evident throughout Cryogenian and into Ediacaran time
(Preiss, 2000), presumably responding to buoyancy of attenuated crust throughout a wide, actively-
rifting plate boundary zone inheriting complex architecture from Archean through Mesoproterozoic
tectonic domain-bounding structures. Because the steeply-dipping, volcanic margin was established
and drift phase begun along the Tasman line no earlier than 586-575 Ma (Calver et al., 2004; Meffre et
al., 2004), exhumation along a continental raised rift shoulder and potential erosion of exposed salt

diapirs is reasonably estimated as mid-Ediacaran age.

At that time, applying published Bunyeroo-Wonoka palacomagnetic poles (Williams and Schmidt,
2018), weathered Adelaide Rift Complex evaporite would have washed south-eastward across a storm-
dominated, Wonoka carbonate platform (Haines, 1988) along structural inlets at subtropical latitude.
The character of the deep ocean basins offshore the volcanic rifted margin of south-eastern Australia

seem more speculative than that of the margins offshore Centralian and Minto Inlet Tonian evaporites.

Duruchaus basin, Namibia (30,000 km?). Contiguous correlatives of minor playa-setting evaporite of

the Duruchaus Formation in the Gariep-Kaoko belt of Namibia (norm’d preserved area 0.3x [Evans,
2006]) would have been inverted and eroded starting ~575 Ma, when subduction began along the
Damaride margin of Congo craton (Frimmel and Frank, 1998). Such erosion probably ended by ca. 545
Ma (ibid.), when the foreland basins were established after oceanic terranes accreted, although collision

with Kalahari craton continued in the Gariep belt throughout the Cambrian (Gray et al., 2008).

Through the last half of the Ediacaran Period, weathered Duruchaus evaporite would have washed into
archipelagos of the Adamastor-Khomas oceans, conventionally placed at temperate southern

palacolatitudes although no direct or straightforward applied palacomagnetic constraints are applicable.
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Aside from the spatially restricted character of these ocean basins with convolute passages and bays
between high-relief cratonic margins, other aspects affecting potential pyrite burial must remain

speculative.

Central African copperbelt (50,000 km?). Tonian evaporite of the Zambian-Congolese Copperbelt

(normalised preserved area 0.5x (Evans, 2006)) also was exhumed in middle to late Ediacaran time:
probably <573 Ma, the age of a detrital zircon in the foreland Fungurume Group, which unconformably
overlies earlier Ediacaran siliciclastics, ¢f. (Master and Wendorff, 2011). This age is consistent with the
age of extensive anorogenic Hook batholith intrusion in Zambia and probably intrusion of mantle-
derived mafic plutons in the “domes” belt of the Zambian-Congolese border zone; both should have
driven regional exhumation of Copperbelt rift-fill. However, it must be noted that major collision and
inversion of the Lufilian arc, which certainly included salt diapirism and exploitation of Tonian
evaporite by thrust faults in the Congolese foreland, was an entirely Cambrian event which persisted to

the Cambrian-Ordovician boundary.

The palaeolatitude and character of the Zambezi-Mozambique belt ocean basins into which Copperbelt

evaporites would have washed is speculative.

Considered altogether, every major Tonian evaporite deposit was tectonically exhumed during middle
to late Ediacaran time; mostly after ca. 570 Ma. This is a remarkable coincidence since the geodynamic
settings of these deformation events were diverse. Centralian evaporites were exhumed by
transpressional orogenesis and intraplate deformation at the edge of the Kuunga Orogen; Amundsen-
Mackenzie-Ogilvie evaporites were exhumed by cryptic rejuvenation of a long-lived basement structure
on a passive margin; South Australian evaporites were exhumed sympathetic to development of a raised
volcanic rift margin; Duruchaus was exhumed by early Damaride accretion of terranes onto an active

margin; and the Copperbelt was exhumed by intrusion of an anorogenic large igneous province.
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