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The habitability and ecology of Earth is fundamentally shaped by surface tem-



perature, but the temperature history of our planet is not easily reconstructed
before the evolution of early biomineralizing animals. This work presents a
billion year, high-resolution, mineral-specific record of oxygen isotope mea-
surements in shallow marine rocks. Clumped-isotope paleothermometry re-
sults from four minerals resolves previous ambiguity with seawater oxygen iso-
tope composition and confirms that long-term cooling punctuated by higher-
frequency variations are dominant components of this record. We consider
post-depositional effects by comparing Phanerozoic rock and fossil records,
and identify temporal and spatial controls on alteration. Key differences in the
dolomite oxygen isotope record exist between the Neoproterozoic (1000-538.8
Ma) and the Phanerozoic (538.8—-0 Ma), suggesting a shift from proto-dolomite
or primary dolomite to secondary dolomite formation processes. This record,
when viewed alongside the fossil record, suggests temperature change is tightly
coupled to extinction and origination in the history of life and carbon cycle

perturbations over the last billion years.

One sentence summary: Earth’s long-term temperature evolution, as recorded by oxygen

isotopes in shallow marine rocks, shows that temperature was a key variable in the expansion

of complex life.

Uncertainty in Earth’s surface temperature through time To understand why complex
life evolved on Earth—and to grasp how rare it may be in the Universe—we must identify and
quantify the variables that have controlled habitability and permitted the emergence of complex
life. The temperature of Earth’s surface environments is a key control on modern ecosystems,
yet it is poorly constrained in Earth’s distant past. Quantifying Earth’s surface temperature

history in deep time (~10? y) will inform our understanding of the interplay between climate,
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carbon, and life on Earth.

For decades, consensus from models and data analysis has held (/—4) that average global tem-
peratures in the deep past were similar to those observed in the Cenozoic (5). Previous efforts
document a protracted increase towards the modern in the oxygen isotopic composition (5'20)
of various minerals precipitated from seawater (e.g. calcite (/, 2, 6), apatite (6, 7), chert (8, 9),
iron oxides (3)) and preserved in ancient marine sedimentary rocks. However, interpretations of
this increases in mineral §'®0O are inherently equivocal because of a dependence on the tempera-
ture of precipitation, oxygen isotopic composition of seawater, and post-depositional alteration.
This uncertainty has provoked a half-century of debate about the relative importance of long-

term cooling, secular increase in seawater ¢§ B0 values, or diagenetic alteration (/—4, 7, 8).

Carbonate clumped-isotope (A47) thermometry has the potential to resolve this debate (/0)
and, when paired with petrography and constraints on burial history, yields insights into post-
depositional alteration (i.e., (//—13)). The thermodynamic underpinning of clumped-isotope
thermometry relies on the temperature-dependence of multiple substitutions of heavy isotopes
within a given molecule independent of seawater oxygen isotope composition (/0). In the
absence of post-depositional alteration, seawater 580 values can be calculated from coupled

measurements of A,;-temperature and mineral §'*O values (10).

To build an improved record of Earth’s temperature history, we must both quantify the com-
peting effects of temperature and seawater oxygen isotope composition using clumped isotope
thermometry, and contend with significant changes in the carbonate record over its 3.8 billion
year history. These changes include a lack of open ocean and deep ocean records before ~145
Ma (14) and coastal fossils prior to 538.8 Ma (/5). A comprehensive, continuous carbonate

oxygen isotope record will necessarily include samples that have been altered, that formed



from environments with varying primary temperatures and water oxygen isotope values, and
that reflect material-specific formation processes. This paper presents a time-resolved compila-
tion of calcite and dolomite mineral 6'*O values spanning the last billion years in the context
of A,7-temperature and A,7-derived water values. After exploring controls on 60 values
and variability between materials, we develop an approach to minimize the effects of alteration
and present an estimate of shallow marine temperature over the last billion years. Finally, we
consider the implications of our results for Earth’s habitability and the evolution of complex

life.

Assessing temperature versus seawater oxygen isotope evolution in the Neoproterozoic
In total, our compilation includes 30,981 mineral & 180 and 75 A g7-temperature values of lime-
stone rocks and 5,574 mineral 6'®0 and 128 A,;-temperature values of dolomite rocks (Fig.
1)(See SI for a complete reference list). This record is combined with 7,418 previously com-
piled mineral 6**0O values and 163 A ;-temperature measurements of calcite fossils (e.g., bra-
chiopods and belemnites) from shallow nearshore environments and 71,452 %0 values from
open ocean and deep sea planktonic and benthic foraminifera (5, 1/-13, 15-18). All datasets

use a consistent age model in the Phanerozoic (/9) and Neoproterozoic (20-22).

Initially, we consider all mineral 580 and A ,;-temperature values in the compilation, despite
clear evidence for alteration in some samples. We explore the implications of two end-member
interpretations of the long-standing paleoclimate debate using the mineral-specific functional
dependence of seawater §'80 values and temperature on mineral 580 values (23-25). In Sce-
nario 1, we assume an invariant seawater d'°Oy g0 value of —1.2%o, an estimate of recent
ice-free seawater 920 (26, 27), which we use to calculate the Gaussian kernel density estimate
of temperature over time (23-25)(Fig. 2, thin line, left panels). In Scenario 2, we hold seawater

temperature at a constant 25°C over the last 1.5 Ga, and use mineral 6'®0 values to calculate
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the Gaussian kernel density estimate of seawater 6O values (23-25)(Fig. 2, thin line, right
panels). This scenario predicts seawater 680y ;0w values with a mode of —6Y%y in the Neo-
proterozoic as suggested by (/, 2)(Fig. 2). Post-depositional alteration generally lowers mineral
§180—Ileading to a right-skewed distribution in Scenario 1 and a left-skewed distribution in

Scenario 2 (Fig. 2, thin lines).

To resolve Scenarios 1 and 2, we overlay A ;-temperature and A,;-derived seawater 6180
values from five different materials (limestone (n = 75) and dolomite rocks (n = 128); a collec-
tion of all calcite, apatite and aragonite fossils (n = 163)) (/7-13, 16—-18)(Fig. 2, bold lines).
The portion of overlap (1) between Gaussian kernel density estimates between each scenario
(light lines) and Ay4; results (bold lines), is shaded (Fig. 2). There is significant overlap be-
tween Scenario 1 and the A,;-temperature population over the entire record. While there is
overlap between Scenario 2 and A,;-derived water §'®0 values in the Phanerozoic fossil and
limestone rock populations, there is little overlap with Scenario 2 in the Precambrian limestone
and dolomite rock populations. Instead, the median of A,;-derived water 6**0O values indicate
that shallowly buried carbonate rocks and fossils have lithified in the presence of fluids with
580y garow values similar to or greater than -1.2% for the last billion years (Fig. 2). Our
results are compatible with an independent estimate of Neoproterozoic seawater 52Oy gp70mw
of —1.33 + 0.98%0 (28). A constant seawater composition over the last billion years of Earth’s
history is also consistent with ophiolite §'*O datasets indicating that mid-ocean ridge buffering
processes have not changed over this timescale (i.e., (29, 30)). Our results are inconsistent with
interpretations of seawater oxygen isotope estimates from iron oxides in the Neoproterozoic,

although iron oxide data is sparse (3).

Studies often document a range in A ;-temperatures from a given location and time interval,

reflecting alteration and solid state reordering (//—13, 16—18)(right-skewed bold distributions
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in Fig. 2a,b,c). Petrographic and crystallographic observations show that the preservation of
original carbonate fabric coincides with minimum A,;-temperatures and that visibly altered
carbonates record elevated A ;-temperatures, except for in regions affected by solid state re-
ordering. This suggests that the lowest Ay7-temperatures record marine or shallow burial
conditions (/7-13, 31)(Fig. 2). Samples with elevated A,;-temperatures have apparent Ay;-
derived elevated seawater 6'® Oy gy01 values either reflecting sediment-buffered alteration or
solid state reordering processes that do not reset mineral 'O values; this trend creates a right-

skewed distribution (bold lines in Fig. 2c,d,e).

Time-dependent variability across materials We explore controls on variability in the §'3O-
derived temperature data in Scenario 1 by considering limestone, dolomite, coastal shallow
marine fossils, open ocean and deep ocean fossil records individually and relative to each other
both temporally and spatially (Fig. 3, Fig. S2). There is agreement in both distribution and
variance between limestone and coastal fossils for many time periods in the Phanerozoic Era,
particularly in the early Phanerozoic (Fig. 3b). The Late Paleozoic Ice Age (345-290 Ma) is
one point of difference, likely because of the compounding effects of meteoric alteration on
limestone from high amplitude sea level oscillation and a switch from calcite to aragonite as
the dominant primary carbonate mineralogy (32)(Fig. 1,3). In the most recent portion of the
record, the bulk limestone dataset is currently sparse as it is less common to report §'80 values

in publications—a sparse record can be more easily biased by alteration (Fig. 3a,b).

Compiling all available mineralogies in our database reveals the ’dolomite problem’, the
significant contribution dolomite makes to the carbonate record in the early Phanerozoic and
Neoproterozoic compared to the recent (Fig. 1). Intriguingly, the Neoproterozoic limestone
and dolomite records often overlap in temperature space, indicating they formed from the same

fluid at the same temperature (Fig. 3b). This aligns well with petrographic and crystallo-
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graphic evidence that Neoproterozoic dolomite formed on or near the seafloor as proto-dolomite
or dolomite, and stabilized as dolomite in the shallow sediments without significant fluid-
alteration (33—35). This temperature similarity does not hold for locations in the Neoproterozoic
with lower limestone §'80 values indicative of more deeply buried strata (Fig. S2). In contrast,
early Phanerozoic dolomite is clearly "hotter’ under the Scenario 1 assumption (Fig. 3b). This
distinction aligns well with petrographic evidence that early Phanerozoic dolomite is often fab-
ric destructive and forms from fluid-buffered alteration at some point during burial (17, 36).
Together these results indicate shallow marine Neoproterozoic environments were conducive to
dolomite formation because of different physio-chemical parameters (i.e. high temperatures or

high silica, etc.) (33, 37).

Temperature can be strongly coupled to the carbon cycle, through feedbacks with enhanced
outgassing, organic matter remineralization, organic matter burial, terrestrial organic matter
addition to marine environments, deep ocean outgassing, or methane clathrate destabiliza-
tion (38, 39). Carbon cycle trends can in turn can impact the carbon isotopic composition
of marine carbonates. We also assess the §'3C variability across materials and mineralogies
through time keeping both alteration and carbon cycle processes in mind. In general, the lime-
stone record is even more similar to the coastal fossil record in §'3C values than 620 values,
in both distribution and variance, because carbon isotopes are more robust to alteration (Fig.
3c,d). While the 6'3C values of Neoproterozoic dolomite and limestone often diverge, we note
the significant variability in the record itself during this time interval. Some large carbon isotope
excursions have a temporal mineralogical signal across them (40, 41). Dolomite and limestone
are often forming in shallow and deeper water environments in the Neoproterozoic, respec-

tively (35). Their divergence may also reflect a water column depth gradient in §'3C (42).



Constructing a long-term temperature record To minimize outliers from meteoric or burial
alteration, we filter the dataset by only including the 5th to 50th quantiles of Scenario 1 tem-
perature with a moving distribution and the 25" to 75" quantiles of §'3C from limestone and
shallow marine fossil data from the entire available record and dolomite data from the Neopro-
terozoic younger than 800 Ma (Fig. 3c.f). Despite setting data limits, this is a warm-biased
temperature record because we can only sample past tropical, coastal environments in deeper

time including higher temperature peritidal environments (/4).

The Neoproterozoic experienced short intervals with hot coastal temperatures followed by
long-term cooling including into Snowball-earth glaciations (/3)(Fig. 4). The first third of the
Phanerozoic is characterized by significant cooling from coastal equatorial temperatures near
40°C to ~20°C. Climate events co-occur with §'3C perturbations across the entire record (38).
In periods with known glacial deposits (blue bars in Fig. 4), we observe cooler temperatures
than surrounding rocks in agreement with published A7 studies (12, 13, 18)(Fig. 4). Carbonate
rocks capturing the Sturtian *Snowball earth’ glaciation (660-717 Ma) (43) record some of the
most enriched mineral §'80 values in tropical environments over the last billion years, and thus
the coldest extrapolated temperatures in Scenario 1 (Fig. 4) (13). Note that the temperatures are
likely too cold because our first-order Scenario 1 assumption does not account for ice volume

changes during glaciations.

We identify four potential sources of error for earliest Phanerozoic and Neoproterozoic tem-
perature in the current approach: [1] shallow, coastal Precambrian dolomite might form in
more evaporatively ®*O-enriched water, [2] Neoproterozoic oceans may have been dominated
by aragonite precipitation similar to the Late Paleozoic, and thus are perhaps more suscepti-
ble to 630 alteration as a population, [3] Limestone and dolomite §'80 mineral values may

have been more prone to alteration before shells were a part of the carbonate depositional en-
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vironment, [4] sparse sampling (e.g., the earliest Neoproterozoic, 1000-850 Ma). To account
for these potential temperature offsets, more high-resolution paired §'®0 and A,;-temperature

studies are necessary from well-preserved rocks in the Neoproterozoic.

Out of the twilight zone and into the tropics Life remained microscopic for at least three
billion years of Earth’s history. Life rapidly explores its fitness landscape, so this size restric-
tion suggests that formidable evolutionary pressures kept life small. The hypothesis that low
dissolved oxygen concentrations was the dominant environmental parameter keeping Precam-
brian life microscopic and single-celled (44) has limitations (45). For example, marine oxygen
concentrations were likely spatially variable following the Great Oxidation Event as evidenced
by proxy variability (i.e., (46)). Furthermore, modern observations and experiments indicate

that some macroscopic animals can grow in exceedingly low oxygen conditions (47).

Our temperature record in the Neoproterozoic and early Phanerozoic—the interval of time
when complex, multicellular, macroscopic life evolved and thrived—is punctuated by higher-
frequency temperature variations suggesting that temperature was a key control on the emer-
gence and early evolutionary patterns of complex life (45, 48, 49). We present extinction and
origination intensities (%) for the Phanerozoic (50) and estimate them in the Neoproterozoic
for microscopic fossil populations (5/-53) and macroscopic Ediacaran fauna (54)(Fig. 4). In
the Phanerozoic, temperature increases are often associated with increased rates of extinction
following by increased intensity of origination (55); this pattern is particularly true in the early
Cambrian (Fig. 4). In the Neoproterozoic, high temperature events—evidenced by negative
carbon isotope excursions like the mid-Ediacaran Shuram excursion and Bitter Springs excur-
sions—were extinction events for nascent complex life (40)(Fig. 4). As silicate weathering
cooled the climate in response to the initial perturbation (4), periods of cooler temperatures and

increased dissolved oxygen in the oceans allowed for innovation and origination.
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Support for the controlling effect of temperature—both the longer-term cooling and rapid
shifts to elevated temperatures—on Earth’s habitability through time comes from the fossil
record in four forms: [1] in the modern, high temperature environments limit the size of both
larvae and adult ectotherms and endotherms, providing one potential control on the microscopic
body size of almost all taxa in the Precambrian (see (49)), [2] Macroscopic Ediacaran fauna ap-
pear first in deep water refugia, which likely experienced less temperature variability (45,48,49);
the first shallow water Ediacaran fossils appear after a 20-million year lag appear to go extinct
coincident with a temperature increase in shallow marine carbonates(Fig. 4), [3] significant eu-
karyotic lagerstatte, both microscopic and macroscopic appear in the strata between large nega-
tive carbon isotope and temperature anomalies (20, 21,45, 51, 53, 56)(Fig. 4), and [4] extinction
intensity (%) is elevated during high temperature perturbations (i.e., portions of the Cambrian)
and origination intensity (%) is high in their cooling aftermath (Fig. 4)(See Methods). The long-
term cooling may reflect periods of enhanced carbon sequestration, first into carbonate rocks
on continental crust in the early Paleozoic (57), later after land plant evolution (58), and finally
associated with the evolution of planktonic biomineralizing organisms in the Cretaceous and
Cenozoic (59, 60)(Fig. 4). Our record suggests that by the second half of the Phanerozoic equa-
torial sea surface temperatures remained below extinction thresholds for many macroscopic,
complex animals even during climate perturbations, providing a mechanism for the observed
decrease in extinction and origination intensities over the Phanerozoic (67). The Cambrian and
early Ordovician peak in extinction and origination intensities was previously poorly linked
to environmental change (46). Our record identifies intervals in the Neoproterozoic and early
Phanerozoic when shallow marine environments would have experienced changing dissolved

oxygen concentrations because O, solubility is temperature-dependant (48).
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Conclusions Pairing clumped-isotope thermometry and a data-rich oxygen isotope compi-
lation reveals that temperature change, not seawater oxygen isotope evolution, is the primary
driver of the long term increase in the oxygen isotope composition of carbonate rocks over the
last billion years. Our results suggest that well-documented Cenozoic cooling (5) pales in com-
parison to the cooling in Earth’s more distant past. On a finer scale, the record captures cooling
and warming associated with known glacial-greenhouse transitions. Our record suggests long-
held beliefs about the fallibility of the oxygen isotopic composition of carbonate rocks can be
overcome with large, global compilations. We also find evidence for dolomite formation on the
seafloor or in the shallowest sediments in the Neoproterozoic. Our record also suggests decreas-
ing volatility of both the carbon cycle and climate system through time in line with extinction
and origination rates, and that hot episodes were bottlenecks for early complex life. Compar-
isons to the fossil record suggest cooling following coupled climate-carbon cycle perturbations
allowed for origination and diversification, and volatility was critical for enhancing turnover

rates and clearing the evolutionary landscape.
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Fig. 1. Carbonate mineral 5>C and §'°0 values through the last 1 Ga (a) §'3C of
limestone rocks (blue squares), dolomite rocks (green diamonds), shallow marine coastal fossils
(purple circles), planktonic foraminifera (orange circles), benthic foraminifera (yellow circles),
and Ay; samples (lighter colors, same symbols). (b) §'¥0 values with same symbology as
above. Vertical bars indicate events: two Snowball Earth glaciations (dark blue), high latitude

glaciations (light blue), and the Neoproterozoic—Phanerozoic boundary (dashed black line).

41



Scenario 1 Scenario 2
constant seawater constant temperature

N=0614 [q=0.750 n,, = 162
ngis, = 6463

nN=0680 | n=0436 ny, =183
N = 24279
n=087 P

N

n =

ngiso = 2619

....... 2067 __4;3&._” - e, =22
n=07771n= =95

Ny,

L 1 1 1 1 1

0 20 40 60 80-15-10-5 0 5 10

Phanerozoic

Neoproterozoic

Temperature ("C) Water 5180VSMOW (%o)

Fig. 2. A comparison of Scenario 1 vs. A ;-temperature and Scenario 2 vs. A ;-derived
water 5'°Oy s);0w (a) Phanerozoic fossil (purple), limestone rock (blue), and dolomite (green)
and Neoproterozoic limestone (blue), and dolomite rock (green) Gaussian kernel density esti-
mates (KDE) of §'®0 translated under the assumptions of Scenario 1 (thin line) compared to
Phanerozoic fossil Ay7-temperature (thick line). The overlap (1) between the two is shaded
and number of overlap points is reported. The number of samples used in each KDE is to the
right of the plot. Scenario 1 assumes mineral §'®0 depends only on temperature using a water
580y garow value of —1.2%o to calculate temperature (23-25). (b) Phanerozoic and Neopro-
terozoic Gaussian kernel density estimates of 580 translated under the assumptions of Scenario
2 (thin line) compared to A47-derived water 6'®Oy sp0w (thick line). Scenario 2 assumes the
mineral §'%0 increase depends only on changing seawater 5'%0. Seawater temperature is held

at a constant 25°C to calculate seawater 680 (23-25).
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Fig. 3. Temperature and §'3*C temporal variability by material. (a,d) Distribution of
temperature estimates from Scenario 1 and 6'3C in 40 Myr windows estimated using Gaussian
kernel density estimates for limestone rocks (blue), dolomite rocks (green), shallow marine
coastal fossils (purple), planktonic foraminifera (orange), and benthic foraminifera (yellow).
(b,e) dolomite (green) and coastal fossil (purple) lines are the difference from of their respective
medians from the calcite median (blue) for temperature (b) and 6*3C (c). The shaded envelopes

are the 25" and 75™ quantiles. The limestone median is zero and the colored envelop represents
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the 25" and 75™ quantiles using Gaussian kernel density estimates in 40 Myr window. (¢) The
included temperature data for Fig. 4 by material, the 15 to 50" quantiles of Scenario 1 tem-
perature with a moving distribution with a 4 Myr window sampled each 2 Myr by type. No
dolomite in the Phanerozoic and early Neoproterozoic (>800 Ma) is included. (f) The median
of §®Cvalues, with a shaded envelop from the 25 to 75" quantiles with a moving distribu-
tion sampling each 1 Ma with a window of 5 Myr by type. No dolomite in the Phanerozoic
and early Neoproterozoic (>800 Ma) is included. Vertical bars indicate events: two Snowball
Earth glaciations (dark blue), high latitude glaciations (light blue), and the Neoproterozoic—

Phanerozoic boundary (dashed black line).
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Fig. 4. Critical radiations in the history of life, 5'>C, and a tropical temperature record
(a) Estimates of origination and extinction intensities following (50) for Neoproterozoic micro-
fossils using data from (57, 53, 56)(thin line in Neoproterozoic), macroscopic Ediacaran fossils
using data from (54)(medium line in Ediacaran), and fossil marine genera (50)(thick line in
Phanerozoic). (b) Median of 6'3C values, with a 25-75" shaded envelop with a moving distri-
bution sampling each 1 Ma with a window of 5 Myr from Fig. 3f. (¢) The 5-50"" quantiles of
coastal, shallow marine, tropical temperatures from Scenario 1 with a moving distribution sam-
pling each 1 Ma with a window of 5 Myr. Before 440 Ma, intervals > 1 Myr with a 25" quantile

temperature > 38°C are extended to the top of the plot. After 440 Ma, intervals > 1 Myr with
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a 25" quantile temperature > 28°C are extended. Grey band represents the upper temperature
limit of modern tropical subtidal ectotherms (62). Vertical bars indicate events: two Snowball
Earth glaciations (dark blue), high latitude glaciations (light blue), and the Neoproterozoic—

Phanerozoic boundary (dashed black line).
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Supplementary Materials for: A billion years of temperature variability: a key driver of
Earth’s long-term habitability
Authors:
Kristin D. Bergmann, Nicholas Boekelheide, Julia W. Clarke,
Marjorie D. Cantine, Julia Wilcots, Noah T. Anderson,
Adam B. Jost, Olivia Laub, Juliana Drozd, Samuel L. Goldberg,

Tyler Mackey, Fran Meyer, Athena Eyster

1 Materials and Methods

Mineral 50 compilation A literature search was conducted to locate published mineral
4180 data from shallow platform carbonates spanning 1.5 Ga to the modern. Most of this data
was associated with high-resolution §'3C studies, usually sampled at meter-resolution. The
6180 data from these datasets from bulk rocks had not been previously compiled. Isotopic
datasets from the literature were then digitized into .csv files, and metadata were added (loca-

tion, mineralogy, formation, etc.).

Data included in mineral §'*0 compilation
Mesoproterozoic: (22, 63—68)
Neoproterozoic: (13,21, 22,69-90)
Cambrian: (72, 91-99)

Ordovician: (91, 94, 96, 100-118)

Silurian: (/19-131)

Devonian: (125, 127, 132—146)
Carboniferous: (147—-154)

Permo-Triassic: (151, 154—164)
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Triassic-Jurassic: (165-177)

Cretaceous: (178-182)

Cenozoic: (183-186)

Fossils: (5, 6, 15) with only tropical/subtropical used

Clumped: (/11-13, 16, 17)

Age Model We created a consistent age model for all individual studies and opted not to use
previously published age models individual authors may have created. In the Phanerozoic, we
used the Geologic Time Scale 2020 to set period, stage, and age boundaries (/9). Regional stage
boundaries were used where applicable. We also used the GTS2020 to add additional tie points
based on biostratigraphy (i.e., trilobite, conodont, and graptolite zones) and §'*C excursions.
Age models were built using information provided within the datasets, stratigraphic columns,
and text of compiled articles. At the upper and lower boundaries of datasets when no other
tie point could be found, the midpoint between the nearest tie point within the section and
the next reasonable age tie point was used as an estimated age tie point. For all points in the
dataset, ages were interpolated using a linear model assuming a constant sedimentation rate
between tie points. Sedimentation rates were error checked for consistency. The age model for
compiled 620 Proterozoic datasets utilized U/Pb and Re/Os ages from the published literature

(20-22, 187) and §'3C excursions were used to build a new age model for each study.

Scenario 1 and 2 calculations We have gathered mineralogical information for all samples in
the §'80 compilation so that we can explore the implications of Scenario 1 and Scenario 2. This
mineralogical information was collected from stratigraphic columns and data tables. We used
mineral-specific fractionation factors to calculate either water 6'*0 using T = 25°C (Scenario

1) or temperature using a water 6'°Oy gy 01 value of —1.2%o(Scenario 2). Mineral-specific
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fractionation factors for calcite samples (23) and dolomite samples (24).

A,7 compilation Carbonate A,; data was compiled from (/7/-13, 16, 17) and references therein.
Results in (/6) were screened to remove all Arctic and Antarctic carbonates and all Cretaceous
Interior Seaway carbonates to provide the best constraints on marine, tropical carbonate plat-
forms through time. Results from (/3) are recalculated (see below), whereas all other measure-
ments were not analyzed with sufficient ETH-1-4 carbonate standards to use the I-CDES. We

estimate this may affect temperatures by ~5°C or less and will not alter the results in Fig. 2.

Materials for new A,; analyses All new samples presented are dolomite and were pro-
vided by Andrew Knoll. Three samples are from the Kotuikan Formation in the Anbar Up-
lift, Siberia (KG_92_21, KG_92_24, KG_92_27B, plotted at 1450 Ma), Five samples are from
the Dismal Lakes Group in NNW.T. (DL_.2_ B, DL_1.B, DL_1_A, DL_1.D, DL_2_A, plotted
at 1300 Ma). Five samples are from the Svanbergfjellet Formation, Svalbard (G3_129f_A,
G3129f B,G3_135.6, G3_157.2_ B, G3_157.2_A, plotted at 780 Ma). Four samples are from the
Thule Group, NW Greenland (KS_78_12A, KS_78_12_B, KS_78 22, KS_78_7, plotted at 1150
Ma). Three samples are from the Wynniatt Formation and Reynolds Point Formation, Shaler
Group (88_KL_119, 88_KL_68_A, 88_KL_100, 88_KL_68_B, 88_KL_108_B, 88_KL_108_A, plot-
ted at 802 Ma and 830 Ma respectively). Three samples are from the Pendjari Supergroup, Volta
Basin, Burkina Faso (PK99_KT 4c_A, PK99_KT_3A, PK99_KT4C_B, plotted at 635 Ma).

Methods for new A,; analyses A selection of the previously unpublished Precambrian sam-
ples described above were analyzed at the MIT Carbonate Research Lab on a Nu Perspective
dual-inlet isotope ratio mass spectrometer coupled to a NuCarb automated sample preparation
unit held at 70°C with 4 or more replicates. Approximately 450 ug of sample powder was

drilled from polished sample slabs and digested in sample vials with 150 pL. 104% phosphoric
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acid (H3PO,). Evolved CO, was purified cryogenically and by passage through a porapak trap
(1/4” inner diameter tube filled with 0.4 g 50-80 mesh PorapakQ bracketed by silver wool) held
at —30°C . After purification, evolved CO, was transferred to a cold finger in a microvolume
and warmed to room temperature. Reference gas pressure was balanced to match the sample
beam size. Beam intensities were collected in three blocks of 20 integration cycles of 20 sec-
onds each. Voltage on the m/z 44 beam at the start of each analysis is 8-20 V; this is depleted
by approximately 50% over replicate analysis.

The NuCarb autosampling device is equipped with a 50-vial carousel that is analyzed over ~
80 hours. Four carbonate standards (ETH-1, ETH-2, ETH-3, and ETH-4) were used to transfer
A7 values to the Carbon Dioxide Equilibrium Scale (CDES) (/88) using 25°C acid temperature
anchor values from the InterCarb interlaboratory comparison project (/89). Laboratory proto-
cols for the distribution of standards throughout the 50-vial carousel changed over the course of
this study. Prior to February 2018, queues were planned for >18 ETH standards alongside in-
house standards and <23 unknown samples; after this point, 22 ETH standards were included
in each run, along with three additional standards (IAEA-C1, IAEA-C2, and MERCK) and 25
unknowns. Uncommon shorter runs (i.e. <50 vials) exceeded the 1:1 sample:standard ratio.
Analytical failures due to autosampler or gas transfer malfunction led to differences between
planned standard:unknown distributions and actual analyses. Final A4; temperatures were cal-
culated using the calibration equation of (/90). As all samples are dolomite, A,7-derived water
5180 were calculated using (191-193) and results using the equation from (/91) are presented
in Fig. 2.

We provide a reanalysis of temperatures from (/3) using the standard values for ETH-1,
ETH-2, ETH-3, and ETH-4 from the InterCarb interlaboratory comparison project (/89) and
final A,; temperatures using the calibration equation of (/90). A4;-derived water 630y sarow

values were calculated using (23, 191-193) and dolomite samples using the equation from (/91)
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are presented in Fig. 2.

All of the new Precambrian samples were also analyzed 1-2 times at Caltech in 2015. Meth-
ods follow those outlined in (/2). Samples of 9-12 mg of powder were weighed into silver
capsules before being reacted in a phosphoric common acid bath (~ 103%;1.90 < p < 1.92)
for 20 minutes at 90°C. Evolved CO, was collected and purified with an automated acid diges-
tion and gas purification device as described by (/94). This device includes passing the CO,
through multiple cryogenic traps using either a dry ice and ethanol mix or liquid nitrogen as
well as through a Porapak-Q 120/80 mesh gas chromatography column held at —20°C using a
helium carrier gas. Sulfur was scrubbed from the CO, using an in-line silver wool trap. The
CO, was measured on the ThermoFinnigan MAT 253 IRMS, nicknamed ’Admiral’ housed at
Caltech. Each measurement consisted of eight acquisitions (16V on m/z = 44) of seven cycles
of unknown sample CO, versus Oztech working gas as outlined by (/95). Best practices in the
clumped-isotope community have evolved to better address pressure baseline issues, nonlinear-
ity in the source, scale compression, and necessary sample replication (e.g., (189, 196—198).
We input raw measurement files of 1000°C heated and 25°C equilibrated gases and carbonate
standard data along with raw measurement files of sample unknowns into Easotope, an open-
source software tool specifically developed for clumped isotope data processing (/99). The
carbonate §'%0 values were calculated using a 90°C acid-digestion fractionation factor for cal-
cite from (200) and for dolomite (201). Carbonate §'>C and 6'80 values were drift-corrected
using a 10 standard moving window to a NBS-19 and NBS-19 calibrated internal Carrara Mar-
ble standard (CIT). We corrected all of the A4; data using a 10 standard moving window using
heated gases, equilibrated gases, and two carbonate standards (CIT, TV04) for both the linearity
correction and empirical transfer function into the carbon dioxide equilibrated scale (CDES) as
defined by (/88). To better represent the true uncertainty the error on each sample is presented

as 2SE, twice the commonly reported 1SE (see (202, 203)). A Caltech-derived temperature cal-
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ibration from (202)(Eq. 3) was used for CDES90. As all samples are dolomite, A ;-derived
water §'%0 were calculated using (/197—-193) and results using the equation from (191) are pre-

sented in Fig. 1, S1, S2.

Figure Methods The distributions in Fig. 2 are generated on the unweighted points using
Gaussian kernel density estimates as implemented in the scipy package in python with band-
width selected using Scott’s Rule. The overlap 7 is the fraction of the distributions that overlay

each other. It is estimated as the area under the minimum of the distributions along the curves.

The distributions in Fig. 3a,d and the moving distributions in Fig. 3b,e are generated using
Gaussian kernel density estimates as above with window of 40 Myr. Windows with fewer than
14 points are excluded. The moving distributions are sampled each 2 Myr. The moving quartiles
in Fig. 3c,f are estimated using quantile regression on points within 4 Myr windows sampled
each 2 Myr. The first quartile is approximated using the 1% to 25" quantile, and the fourth
quartile is approximated using the 75 to 99*". Only the first and second quartiles are shown in

Fig. 3c,f. All of the quartiles are shown as Scenario 1 and 2 in Fig. S1.

The origination and extinction intensities in the Neoproterozoic in Fig. 4a are estimated us-
ing lists of taxa identified through time. The origination intensity is the number of species that
appear from one bin to the next. The extinction intensity is the number of species that disappear
from one bin to the next. The Neoproterozoic Ediacaran fauna data are from (54), Neoprotero-
zoic microfossils are from (5/-53), the Phanerozoic extinction and origination intensities are
from (50). Moving quartiles in Fig. 4b,c are generated as described above for Fig. 3. The §'3C
record is plotted using the 2" and 3" quartiles (25" to 75" quantiles). The temperature record

is plotted using the 1! and 2"¢ quartiles (1 to 50" quantile).
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2 Supplemental Materials

Solid-state reordering and elevated A ,;-temperatures We are undoubtedly presenting A ;-
temperatures that have experienced solid state reordering, particularly from Precambrian strata.
Solid-state reordering would result in “apparent” enriched water §'®0 compositions. Thus, one
could argue if all of our Precambrian samples have experienced significant solid state reorder-
ing, we have no basis for assessing seawater §'80 through time. We think our data set merits
consideration for the following reasons: [1] A4;-temperature results are from six different Pre-
cambrian carbonate platforms, some of which yield intact biomarkers (204, 205). It is unlikely
that all of these locations experienced similar degrees of solid state reordering. [2] Multiple
samples throughout the record approach or sit at or near water §'*O composition of -1.2%o in-
cluding bulk rock samples from both the Phanerozoic and Precambrian indicating bulk rocks
can lithify early, record seawater 6'*Oy g)01 values, and preserve them for hundreds of mil-
lions of years, [3] Almost all of the Precambrian samples are dolomite which has been shown
to be more resistant to solid state reordering than calcite (206, 207). It is also relevant for con-
siderations of the §'80 *bulk’ rock compilation that our A4; results in multiple locations (both
in the Phanerozoic and Precambrian (/7/-13, 208)), suggest that populations of carbonates in
carbonate platforms often lithify in the presence of minimal fluids (i.e. the pore fluids become
buffered by the carbonate rocks and new fluids are not introduced) which lends more plausi-
bility to interpreting the A ;-derived water 58Oy g0 results largely as a primary record.
In summary, we have found the clumped isotope record is more easily altered by lithification
and subsequent post-depositional alteration than mineral 6**Obut not so much that it looses all
meaning in many shallowly buried locations. Both records preserve stratigraphic trends that

suggest long-term (and shorter term) climate change.
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Fig. S1. Scenario 1 and Scenario 2 compared to A ;-temperature and A ;-derived wa-
ter 50y sy;0w values (a) Scenario 1 assumes mineral §'80 depends only on temperature.
Seawater §'*Oy ga70m is held at a constant value of —1.2%cto calculate temperature (23-25).
A 7-temperature values (larger symbols) are compared to Scenario 2. Results are plotted as
quantiles of a moving distribution sampling each 1 Ma with a window of 5 Ma. (b) Scenario 2
assumes the mineral §'80 increase depends only on changing seawater §'%0. Seawater temper-
ature is held at a constant 25°C to calculate seawater 520 (23-25). Horizontal line indicates
—1.2%0 seawater expected from Cenozoic ice-free conditions (26, 27). Results are plotted as
quantiles of a moving distribution sampling each 1 Ma with a window of 5 Ma. A,;-derived
water 680y gpron values (23-25) are compared to Scenario 2 (larger symbols). Vertical light
blue boxes indicate periods of glaciation. Dolomite rocks (green diamonds), limestone rocks

(blue squares), and calcite, aragonite and apatite fossils (purple circles).
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Fig. S2. Neoproteroizic Scenario 1 temperatures by location for limestone (blue) and

dolomite (green) rocks compared to the Phanerozoic distributions..
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Fig. S3. Exploration of the effects of removing planktonic foraminfera from Fig. 4. (a) Es-
timates of origination and extinction intensities following (50) for Neoproterozoic microfossils
using data from (517, 53, 56)(thin line in Neoproterozoic), macroscopic Ediacaran fossils using
data from (54)(medium line in Ediacaran), and fossil marine genera (50)(thick line in Phanero-
zoic). (b) Median of 6*3C values, with a 25-75" shaded envelop with a moving distribution
sampling each 1 Ma with a window of 5 Myr from Fig. 3f. (¢) The 5-50"" quantiles of coastal,
shallow marine, tropical temperatures from Scenario 1 with a moving distribution sampling
each 1 Ma with a window of 5 Myr. Before 440 Ma, intervals > 1 Myr with a 25" quantile

temperature > 38°C are extended to the top of the plot. After 440 Ma, intervals > 1 Myr with
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a 25" quantile temperature > 28°C are extended. Grey band represents the upper temperature
limit of modern tropical subtidal ectotherms (62). Vertical bars indicate events: two Snowball
Earth glaciations (dark blue), high latitude glaciations (light blue), and the Neoproterozoic—
Phanerozoic boundary (dashed black line). Cenozoic temperatures are not significantly warmer

than in Fig. 4. which may reflect shift in carbonate precipitation to mid-latitudes.
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