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Abstract

The collection of §'80 data from carbonates provides insight into the temperature
of Earth millions of years ago. Paleozoic 6*®*0 records are currently compiled from
brachiopod fossils because of their resistance to diagenetic alteration, but this data is
relatively sparse and not well time-resolved. Bulk carbonate §'%0 data can present a
more full view geographically and temporally, but is more susceptible to diagenesis.
Here we overcome these challenges by using simple age models alongside previously
collected §*¥0 data from 6'3C studies to show that bulk carbonates can preserve a
primary isotopic signal of Silurian temperatures, as well as generate a high-resolution
climate record of the Silurian Period that correlates climate fluctuations with §3C
events. We then present Ay7-derived temperatures from clumped stable isotope analy-
sis from four Silurian sites, and show that the reported temperatures can be consistent
with the bulk rock 60 record. With bulk carbonate §'*0O measurements able to re-
construct an accurate record of Silurian temperatures, this generates an even larger
dataset than the existing brachiopod compilation from E. Grossman and Joachimski
(2020), and shows that this technique can be further applied to construct temperature
records throughout the Paleozoic. Additionally, having a clear link between 6'2C and
temperature allows for a better understanding of carbon isotope excursions and their
causes.
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Chapter 1

Introduction

The Silurian Period is a geologic period spanning 443.8 to 419.2 Ma. Immediately
prior to the Silurian Period, the end-Ordovician mass extinction (the second largest
of the "big five" mass extinctions) killed nearly 85% of marine species and wiped out
several groups of brachiopods, conodonts, trilobites, graptolites, and more (Sheehan,
2001). Thus, the Silurian Period largely represents a time period of recovery from
this event. During the Silurian life diversified, and terrestrial life began with the
first fossil record of multicellular life on land, including vascular plants and arachnids
(Garwood & Edgecombe, 2011; Jeram, Selden, & Edwards, 1990). Marine life also
diversified to include the first bony fishes (Botella, Blom, Dorka, Ahlberg, & Janvier,
2007). Silurian climate has previously been thought to be generally warm and stable.
However, §'3C records show three minor extinction events (the Ireviken, Mulde, and
Lau) throughout the period, and it is possible that large temperature changes could
have been contributing factors to these events. Up to this point, Paleozoic climate
records have not linked the 6*C and temperature records, and developing a high-
resolution temperature record for the Silurian Period could provide insight into the
role of temperature in these three extinction events and the diversification of life
during the Silurian.

Since the late 1940s, scientists have been using the oxygen isotopic composition
(6'0) of marine carbonates as a temperature proxy to reconstruct and increase our

understanding of Earth’s past climates (Urey, 1948). Despite this long period of study,



temperatures on Paleozoic Earth (541.0 - 251.9 Ma) remain inadequately constrained.
To construct accurate and robust paleoclimate records, a reliable, unaltered, and sus-
tained calcite record is required. For the Paleozoic, brachiopod shells are the current
standard for providing §'*0O measurements. This is because they are widespread in
Paleozoic stratigraphy, relatively abundant, and are precipitated in isotopic equilib-
rium with seawater (Samtleben, Munnecke, Bickert, & Pétzold, 2001; E. Grossman
& Joachimski, 2020). Additionally, their thickness and low magnesium content make
them relatively resistant to diagenetic processes (Samtleben et al., 2001; E. Gross-
man & Joachimski, 2020). Paleozoic bulk carbonate rocks are generally not studied
because of their susceptibility to diagenetic alteration. These rocks can be affected
by coastal processes including restricted circulation and freshwater influx, or by pro-
cesses such as uplift and thermal alteration by burial (Wenzel, Lécuyer, & Joachimski,
2000; E. Grossman & Joachimski, 2020).

There have been several previous studies of Paleozoic climate analyzing the §80
composition of Silurian brachiopods. The results of these studies show a warm and
stable climate throughout the Silurian, with warming in the early Silurian and more
regular fluctuations between warm and cool temperatures in the mid to late Silurian
(E. Grossman & Joachimski, 2020). Silurian climate studies have also been conducted
on conodont 4O (Lehnert, Minnik, Joachimski, Calner, & Fryda, 2010; Manda,
Storch, Fryda, Slavik, & Tasaryové, 2019; Trotter, Williams, Barnes, Maennik, &
Simpson, 2016) with similar results. §'3C studies of the Silurian show three signifi-
cant carbon isotope excursions (the Ireviken, Mulde, and Lau events) with changes
on the order of 1-7 %o. These carbon isotope excursions are associated with minor
extinctions that may have been influenced by sudden changes in Silurian climate.
Silurian brachiopod data used to generate this temperature record has been compiled
in E. Grossman and Joachimski (2020), and this is currently the most extensive and
complete paleoclimate record of the Silurian Period.

The E. Grossman and Joachimski (2020) brachiopod compilation is extensive and
thought to be accurate, but the use of brachiopods as a source of §**O data is not

without downsides. Most notably, the dataset is not well time-resolved. In the Sil-



urian, brachiopod coverage is sufficient in the Sheinwoodian through Ludfordian, but
sparse in the Rhuddanian through Telychian and the Pridoli, which constitutes over
half of the Silurian Period. Within the Sheinwoodian through Ludfordian, there are
time gaps between sets of data points spanning hundreds of thousands of years. The
largest time gap in the Silurian occurs during the Aeronian and spans 1.4 million years.
Additionally, the E. Grossman and Joachimski (2020) compilation has relatively poor
geographic coverage, and thus does not represent as full a view of temperature as the
rock record may allow. A majority of samples in the compilation come from only a
few localities, most notably Gotland, Sweden and Anticosti Island, Canada.

Past §13C studies of the Silurian collect records of bulk carbonate rocks from strati-
graphic sections for §'3C analysis, but these studies also report 6'**O measurements
in the supplemental data. These supplemental 680 datasets remain unexplored for
their ability to preserve paleoclimate information because of concerns of diagenetic
alteration. If bulk carbonate §'80 measurements can be used to reconstruct an accu-
rate record of Silurian temperatures, this would generate an even larger dataset than
the E. Grossman and Joachimski (2020) compilation, spanning multiple continents
and filling in gaps in temporal coverage throughout the period. Additionally, bulk
rock data could be used to construct temperature records throughout the entire Pa-
leozoic, as well as reveal connections between the §'3C and §'80 records. Here we use
simple age models alongside previously collected 6**0 data from 6*3C studies to show
that bulk carbonates can preserve a primary isotopic signal of Silurian temperatures,
and generate a high-resolution climate record of the Silurian Period that correlates
climate fluctuations with §'3C events. We then present Ayr-derived temperatures
from clumped stable isotope analysis from four sites, and show that the reported

temperatures can be consistent with the bulk rock §**O record.



Chapter 2

Materials & Methods

2.1 ¢'®0 Data Compilation and Temperature Calcu-
lation

A literature search was conducted using online platforms to gather papers with pub-
lished Silurian 6'¥0 datasets from bulk carbonates. Initial data collection yielded
datasets that together spanned the entire Silurian Period (see Figure 2-1). Isotopic
datasets from the literature were then assessed for geographic and temporal cover-
age, and prioritized for digitization based on these factors. The isotopic datasets
were digitized into .csv files, along with supplementary information provided in the
text and stratigraphic columns such as mineralogy, description, location, stage, bios-
tratigraphic zones, etc. Datasets included in the §'*O data compilation come from:
Cramer and Saltzman (2005); Cramer et al. (2010); Gouldey, Saltzman, Young, and
Kaljo (2010); Hess and Trop (2019); Kaljo, Grytsenko, Martma, and Mé&tus (2007);
Buenger McAdams (2016); McAdams et al. (2019); M. J. Melchin and Holmden
(2006); Saltzman (2001, 2002); and Waid and Cramer (2017). Temperatures were cal-
culated following Goldberg, Present, Finnegan, and Bergmann (2021) and E. Gross-
man and Joachimski (2020) using fractionation factors from Kim, Mucci, and Taylor
(2007); Horita (2014); and O’Neil, Clayton, and Mayeda (1969). Data plotted for

each section can be found in Supplemental Figures A-2 to A-28.



: I Canada
I Estonia
(B I Latvia

[ ] F Sweden

1 O T USA

[GEE——ees] (X ] I Ukraine
(xx I I United Kingdom
R A T S H G L P
Ll w Lu P
. . Silurian . : .
440 435 430 425 420
Age (Ma)

Figure 2-1: Geographic and temporal coverage of data included in the Silurian bulk
carbonate 680 compilation. Outcrops come from Nunavut, Canada; Latvia; Lithua-
nia; Estonia; Sweden; Wales, United Kingdom; Ukraine; and across the United States,
including the Midwest, Appalachia, and Basin and Range Province.

2.2 Age Model

An age model was developed for each stratigraphic section using information found
within the stratigraphic columns, data tables, maps, and text of their corresponding
article (see Supplemental Figure A-1). Silurian stage boundary crossings were used
as primary age tie points, and assigned ages using dates from the 2020 Chronostrati-
graphic Chart, available from the International Commission on Stratigraphy. East
Baltic regional stage boundaries were used as tie points where applicable, with ages
from Nestor, Einasto, Raukas, and Teedumée (1997), approved by the Stratigraphical
Commission of Estonia. As a supplement to stage crossings, or when no stage cross-
ing data was available, conodont and graptolite biostratigraphic zones, as well as the
onset of three major Silurian §'*C excursions (the Ireviken, Mulde, and Lau events)
were used as tie points. Ages of biostratigraphic zones were assigned from Chapter
21 of The Geologic Time Scale 2012 reference (M. Melchin et al., 2012). 6'3C isotope
excursions for the Mulde and Lau events were assigned ages from Rothman (2017),
while the age of the Ireviken event was taken to be the same age as the stage bound-
ary between the Telychian and Sheinwoodian. For primary age tie points, ages were

assigned to the data points immediately stratigraphically above the meter at which
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events had occurred. Secondary age tie points were used to constrain the endpoints
of each section when no stage or biostratigraphic information was present nearby.
To get secondary age tie points, the midpoint between the nearest primary tie point
within the section and the next reasonable age tie point outside the section was used
as an estimated age tie point. Ages for data points falling between primary and sec-
ondary tie points were interpolated assuming a constant sedimentation rate between
tie points. Age models were checked for anomalously high sedimentation rates, and
adjustments were made to resolve problematic tie points. Figures plotting 6'*O using

age model data were generated using Bergmann Lab plotting scripts in Python.

2.3 6'%0 and A4; Stable Isotope Analysis Materials

Specimens for 50 and A,; stable isotope analysis were provided by the Harvard
Museum of Comparative Zoology stratigraphic collection. A total of seven different
specimens were analyzed from four different locations. Locations were selected based
on specimen availability and locations with the least evidence of diagenetic alter-
ation based on the data collected in the §**O compilation. Specimens MCZ-198080
and MCZ-198081 both come from the Viita Farm locality near Kihelkonna, Estonia
(58.355083 , 22.017022 ) on the Island of Saaremaa. The specimens are Rootsikiilan
(Middle to End Homerian) in age and come from the Viita Beds of the Rootsikiila For-
mation, known for abundant fossils of eurypterids and fish. Specimen MCZ-198082 is
from the Blue Mound Glade in the Perryville Quadrangle (35.593043 , 88.044003 ) in
Western Tennessee. The specimen consists of loose material from the Bob Limestone
of the Brownsport Group that is Ludfordian in age. Specimen MCZ-198076 is from
Waldron, Indiana (39.45025 , 85.656895 ) and comes from the Waldron Member of
the Niagara Group (now assigned to the Pleasant Mills Formation). The specimen
is Homerian in age. Specimens MCZ-198077, MCZ-198078, and MCZ-198079 are all
from Masonville, Towa (42.482619 , 91.591194 ), and are Aeronian in age. The sam-
ples come from an area containing the Hopkinton, Blanding, Tete des Morts, and

Mosalem Formations. The Harvard Museum metadata is insufficient to constrain the

11



samples to a specific formation.

2.4 60 and A4; Stable Isotope Analysis Methods

On each specimen, two small holes were drilled in different locations using a drill
press to collect a 5 mg sample of material from each hole. Locations for drilling and
sample collection were selected in areas with uniform composition, away from any
fossils. Sample MCZ-198082 was composed of loose material, and was prepared by
grinding a 30 mg sample with an agate mortar and pestle.

Samples were analyzed for A7 and 6180 in the MIT Bergmann Lab using a Nu Per-
spective dual-inlet isotope ratio mass spectrometer coupled to a NuCarb automated
sample preparation unit held at 70 °C. Five replicates of sample material weighing
400-500 pug were reacted in sample vials with 150 ul. orthophosphoric acid. For sam-
ples MCZ-198076-A and MCZ-198076-B, 800-1000 ug of material was used due to low
carbonate content. After reaction, the CO, gas was purified using a Porapak trap
at -30 °C, transferred to a cold finger, and warmed to room temperature. Purified
CO4 sample gas was measured in alternation with reference gas of known isotopic
composition at m/z 44-49 in three blocks of 20 integration cycles of 20 seconds each
(30 minutes total).

Samples were run in a 1:1 ratio with a combination of standards ETH-01, ETH-02,
ETH-03, ETH-04, TAEA-C1, TAEA-C2, and MERCK; each with a known composi-
tion (Bernasconi et al., 2021). Standards IAEA-C1, TAEA-C2, and MERCK were
each measured once throughout each run of 50 samples. Standards ETH-01, ETH-02,
ETH-03, and ETH-04 were each run in blocks of two ETH-01-04 standards, alter-
nating with three unknowns. Analysis of raw mass spectrometer data was conducted
using a combination of Easotope software and Bergmann Lab scripts using R and
Python. Temperatures were calculated using a recent calibration generated in the
Bergmann Lab at MIT (Anderson et al., 2021). Clumped isotope figures were gener-
ated using plotting scripts in R.

12



Chapter 3

Results

3.1 Silurian Composite 60 Temperature Record

Measurements of §'**O and their corresponding calculated temperatures were influ-
enced by both location and mineralogy, and in some cases produced anomalous
datasets believed to be altered by diagenetic processes. Figure 3-1 shows two datasets
that led to anomalous results: dolomitic data and data from Nevada. In general,
consistently higher temperatures were recorded from dolomitic samples compared to
calcitic samples from the same time period, evidence that alteration may contribute to
deviant oxygen isotope ratios. Additionally, very erratic and anomalously light 5O
measurements that led to high temperatures were recorded in sections from Nevada’s
Basin and Range Province. The three sections that came from Nevada (see Figure 3-
1, Supplemental Figures A-13, A-24, and A-26) were responsible for all data points
less than -10%¢ in the compilation. In both the dolomitic and Nevada datasets, the
periods of time with the highest and most erratic 90*" percentile decile correspond
to time periods containing measurements from these datasets. As a result of this,
dolomitic data points and datasets from Nevada have been excluded from the final
composite record and when evaluating temperature implications.

Figure 3-2 shows the final global composite results of the bulk rock 6*0O data
compilation (Figure 3-2B), along with calculated temperatures (Figure 3-2C) and
§13C data (Figure 3-2A). The final compilation consists of 2400+ data entries, and

13
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Figure 3-1: Global composite §3C, 6'0, and calculated temperature data for anoma-
lous data in bulk rock 6'¥0 compilation. The 5™ to 95" percentile of data is shown
underneath as a decile plot. Orange line shows the 50" percentile of data. Left:
Dolomitic data. Right: Three sections from the Nevada Basin and Range province,
from Gouldey et al. (2010), Saltzman (2001), and Saltzman (2002)

data points come from different paleocontinents to differentiate regional and global
trends. Temporal coverage spans the entire Silurian Period and fills in gaps in the
E. L. Grossman (2012) and E. Grossman and Joachimski (2020) compilations, par-
ticularly in the Rhuddanian through Telychian and the Pridoli. Figure 3-3 shows the
25 and 50" percentiles of both the bulk carbonate and E. Grossman and Joachim-
ski (2020) datasets. The global composite temperature record shows a warm climate
throughout the Silurian Period with the 50*" percentile of global temperatures ranging
from 24.9 °C to 38.3 °C. Within the period, there are several significant warming and
cooling events. In comparison with data from E. Grossman and Joachimski (2020),

these trends in the bulk rock composite 680 record agree with the trends presented

14



in their findings, but produce warmer temperatures from the Rhuddanian through
Telychian and cooler temperatures in the Sheinwoodian through Pridoli with few

exceptions.
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Figure 3-2: Top to Bottom: Global composite §'3C, §'80, and calculated temperature
data for the Silurian Period. Data is overlain by a compilation of brachiopod data
assembled in E. Grossman and Joachimski (2020), plotted as dark blue circles, as well
as Ayr-derived temperatures from laboratory analysis, plotted as red diamonds.
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Figure 3-3: 25" and 50" percentiles of global composite 6'3C and calculated temper-
ature data for the Silurian Period. Data is overlain by a Ay7-derived temperatures
from laboratory analysis that are not suspected of alteration, plotted as red dia-
monds. Orange lines show the 25" and 50*" percentiles of bulk rock data. Dark blue
lines show the 25" and 50" percentiles of brachiopod data from E. Grossman and
Joachimski (2020). Carbon isotope excursion events are shaded in gray.

In the global composite of bulk rock measurements (See Figure 3-3), the main
trends over the Silurian Period show a sharp warming in the early Rhuddanian fol-
lowing the end-Ordovician Hirnantian Glaciation, followed by a warm period from the
Rhuddanian through the Telychian, with a slight dip during the Aeronian. Silurian
temperatures peaked during the late Telychian, with the 50" percentile at 38.34 °C.
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Another temperature peak occurs near the Telychian-Sheinwoodian boundary, just
before the Ireviken carbon isotope excursion and a slight decline in temperature. Tem-
peratures drop throughout the Sheinwoodian and Homerian, with a temporary tem-
perature spike and then sudden drop associated with the Mulde event. The Gorstian
and Ludfordian are characterized by a warming event, followed by a sudden cooling
in the late Ludfordian associated with the Lau event. In the Pridoli, temperatures
recover from the Ludfordian cooling event and are stable through the remainder of

the Silurian.

3.2 Silurian A4; Stable Isotope Analysis

The measurements and calculated temperatures of the Ay; stable isotope analysis
from the four locations are reported in Table 3.1. Reported A47 isotope temperatures

and the corresponding water 6O values for each sample are shown in Figure 3-4.

Table 3.1: Isotopic composition and calculated temperatures of analyzed samples (%o).

Sample Name N Min Age Location  6%Cyppg  0°Ovypps  Aur SE 95% CL SD PrLevene 95% CL T (°C) MIT  Water " Ovsvow
MCZ-198076-A 2 Ca  Homerian  Indiana 2.96 -1.5 0.5781 0.0203 0.0406  0.0126 0.0187  29.7 1.9
MCZ-198076-B 2 Ca  Homerian  Indiana 2.78 -1.7 0.5986 0.0204 0.0408  0.0116 0.0187  22.7 0.3
MCZ-198077-A 3 Ca  Aeronian Towa 0.96 -3.4 0.5488 0.0167 0.0334  0.0276 0.688  0.0153  40.8 2.1
MCZ-198077-B 3 Ca  Aeronian Towa 0.66 -3.8 0.5425 0.0167 0.0333  0.0212 0.522  0.0153  43.3 2.2
MCZ-198078-A 3 Ca  Aeronian Towa -1.21 -5.9 0.5269 0.0164 0.0328 0.0036  0.232  0.0153 49.8 1.1
MCZ-198078-B 3 Ca  Aeronian Towa -0.76 -5.3 0.5842 0.0168 0.0335  0.0275 0.683 0.0153  27.6 -2.4
MCZ-198079-A 3 Ca  Aeronian Towa -0.70 -5.3 0.5461 0.0166 0.0331  0.0105 0.329 0.0153  41.8 0.3
MCZ-198079-B 3 Ca  Aeronian Towa -0.34 -5.9 0.5623 0.0165 0.0329  0.0116 0.348  0.0153  35.5 -1.5
MCZ-198080-A 4 Ca  Homerian  Estonia -4.27 -1.6 0.5351 0.0145 0.0289  0.0207 0.544 0.0132  46.3 5.0
MCZ-198080-B 4 Ca  Homerian  Estonia -4.29 -1.4 0.5414 0.0145 0.0290  0.0126 0.321  0.0132  43.7 4.7
MCZ-198081-A 3 Ca  Homerian  Estonia -4.13 -14 0.5558 0.0165 0.0329  0.0226 0.558  0.0153  38.0 3.6
MCZ-198081-B 4 Ca  Homerian  Estonia -4.16 -1.5 0.5353 0.0145 0.0289  0.0186 0.430 0.0132  46.2 5.0
MCZ-198082-A 2 Ca  Ludfordian Tennessee 0.17 -3.5 0.5796  0.0200 0.0400 0.0016 0.0187 29.2 -0.3

Overall, clumped isotope analysis produced warmer and more highly variable tem-
peratures than the 680 data compilation. Average temperatures from each location
(see Figure 3.1) were 39.8 °C (Iowa, Aeronian), 26.2 °C (Indiana, Homerian), 43.55
°C (Estonia, Homerian), and 29.2 °C (Tennessee, Ludfordian). It is worth noting that
temperatures from Masonville, lowa had a particularly large spread, with tempera-
ture ranging from 27.6 °C to 49.8 °C. Sample MCZ-198078 had a particularly high
variability, as both the highest and lowest temperature reading came from this sam-
ple. Additionally, the samples from Estonia have a more enriched water 6'*O than the

other samples and record much hotter temperatures than the samples from Indiana,
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Figure 3-4: Compilation of Ayr-derived temperatures and calculated water
§80vsmow for Silurian laboratory analyzed samples. Symbols and color denote sam-
ple location. (A) Clumped isotope temperatures calculated using Ay7cpsgeo values
(£1SE). (B) Calculated water §'**Oysyow-

which occur during the same time period. Data from the Aeronian produced much
higher temperatures than data from the Homerian or Ludfordian, possibly because

samples from the Aeronian may have been more dolomitic than other sites.
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Chapter 4

Discussion

4.1 Evaluating the Silurian Bulk Rock §'*0O Temper-

ature Record

4.1.1 Broad Comparison Between Records

To evaluate the bulk rock §'80 record, the results of the data compilation can be com-
pared to previously collected data compiled in E. Grossman and Joachimski (2020).
This dataset contains brachiopod ¢80 measurements reported in Azmy, Veizer, Bas-
sett, and Copper (1998); Bickert, Pétzold, Samtleben, and Munnecke (1997); Brand
(2004); Carden (1995); Samtleben, Munnecke, Bickert, and Patzold (1996); Veizer,
Fritz, and Jones (1986); Wadleigh and Veizer (1992); and Wenzel and Joachimski
(1996). Diagenetic alteration often drives %0 values lighter, and for this reason the
25" and 50" percentiles of both datasets are compared, with the 25" percentile as a
conservative estimate representing less diagenetically altered materials (See Figure 3-
3). A broad comparison of the two records shows that all four metrics have strong
agreement with respect to temperature trends over time, though some disagreement
over specific temperature values. The E. Grossman and Joachimski (2020) 25 and
50" percentiles contain temperatures much closer together in value than the 25™ and

50" percentiles of bulk rock data. With three brief exceptions, the 25" percentile
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of bulk rock data is always cooler than the E. Grossman and Joachimski (2020) 25
percentile. The bulk rock 50" percentile is a much better temperature match to both
metrics from E. Grossman and Joachimski (2020) than the 25™ bulk rock percentile,
especially during the Sheinwoodian through Ludfordian, when there are significantly
more brachiopod data points. However, in all cases, the bulk rock 68O produced gen-
erally higher temperatures than the E. Grossman and Joachimski (2020) data during
the Rhuddanian through Telychian, and cooler temperatures from the Sheinwoodian
through the Pridoli.

The strong agreement in trends between the bulk rock dataset and the E. Gross-
man and Joachimski (2020) compilation shows that calcite bulk carbonates often
preserve the primary isotopic signal of Silurian temperatures, and can thus pro-
duce reliable measurements similar to brachiopod data. This new bulk rock dataset
improves upon the spatial and temporal coverage of the brachiopod dataset. The
bulk rock dataset produces a more global view of temperature by including §'80-
derived temperatures from sites throughout North America and Eurasia, whereas the
E. Grossman and Joachimski (2020) compilation contains data primarily from Got-
land, Sweden and Anticosti Island, Canada. Additionally, the bulk rock compilation
contains higher resolution data. Data from the E. Grossman and Joachimski (2020)
compilation is sparse during the Rhuddanian through Telychian, as well as the Pridoli
(and completely absent during most of the Aeronian). On the other hand, the bulk
rock compilation contains copious data from these stages. Even in the Sheinwoodian
through Ludfordian, when brachiopod data is abundant, there are time gaps between
sets of data points. The calcite bulk rock record contains data from these missing

time intervals, which can be used to fill in gaps in the temperature record.

4.1.2 High-Resolution Silurian Climate Trends

There are three major carbon isotope excursions within the Silurian period. The
E. Grossman and Joachimski (2020) compilation noted cooling with one of them (the
Lau Event in the Ludfordian), along with warming in the Llandovery. We can assess

the bulk rock 580 structure in the context of these two identified climate events from
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E. Grossman and Joachimski (2020), as well as with all three of the Silurian carbon
isotope excursions (Ireviken, Mulde, and Lau).

In the Rhuddanian through Telychian, E. Grossman and Joachimski (2020) de-
scribes the Llandovery Warm Trend (LWT), which occurred 443 to 437 Ma. The
bulk rock 60 data also clearly displays this trend. In all four records, temperatures
peak in the Rhuddanian, drop in the Aeronian, and warm to a peak again in the
early Telychian. During this time, reported temperatures are warmer in the bulk
rock §'80 record than the E. Grossman and Joachimski (2020) compilation for both
the 25" and 50" percentiles, with the exception of a short interval during the late
Rhuddanian. Temperatures fall in the mid Telychian, but peak again directly at the
boundary between the Telychian and Sheinwoodian. This peak in temperature occurs
just before the Ireviken event in both the 25" and 50" percentiles. Minimal cooling
associated with the Ireviken event may be linked to it being the smallest and most
gradual of the three carbon isotope excursion events.

After the Telychian, temperatures in all four records drop throughout the Shein-
woodian, and reach a low in the early Homerian. In the mid to late Homerian, all
four temperature records experience an abrupt warming, followed by a sharp decline
in temperature centered around 428.5 Ma. This sharp cooling event corresponds per-
fectly with the Mulde event, further evidence that carbon isotope excursions can be
directly tied to the temperature record. This temperature drop suggests a climatic
shift is at least partially responsible for the extensive graptolite extinctions, and is
consistent with the proposed Gannarve Glaciation associated with the Mulde event
as noted by Jeppsson and Calner (2003).

Following the Mulde event, the latest Homerian and early Gorstian was a period
of warming in all four records. Temperatures were elevated through the Gorstian
and Ludfordian until a sharp cooling event at approximately 424 Ma recorded in all
four records. After the Ludfordian Cooling Event, temperatures quickly recover to
previous levels in all four records, and remain stable throughout the Pridoli. Reported
temperatures in the Pridoli and late Homerian to early Ludfordian are higher in the

E. Grossman and Joachimski (2020) compilation than the bulk rock data. The cooling
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event at 424 Ma is described in E. Grossman and Joachimski (2020) as the Ludfordian
Cooling Event (LCE), and corresponds perfectly with the Lau event. This isotopic
excursion has previously been interpreted as coinciding with the buildup of polar ice
caps by Lehnert et al. (2006), and glaciation has been supported by independent
sedimentary evidence from Gotland (Lehnert et al., 2006). This, along with warming
prior to all three carbon isotope excursions and cooling during them, is compelling

evidence that there is a clear linkage between the §'*C and temperature records.

4.2 Ay; Stable Isotope Analysis

Recent Ay; studies of Ordovician and Silurian brachiopods from Bergmann et al.
(2018); Came et al. (2007); Cummins, Finnegan, Fike, Eiler, and Fischer (2014);
Finnegan et al. (2011); Goldberg et al. (2021), and Henkes et al. (2018) argue for
warmer average temperatures ranging from 33 °C to 37 °C (with the exception of
brief cooling during the end-Ordovician Hirnantian Glaciation), and seawater 680
close to modern values of -2 to -1%ovsmow. The bulk rock 6'*O data only reaches
temperatures above 33 °C in the early Rhuddanian, early to mid Telychian, and at the
Telychian-Sheinwoodian boundary. Similarly, data from previous Silurian clumped
isotope studies comes from the Rhuddanian through early Sheinwoodian, when Sil-
urian temperatures were warmer. Cummins et al. (2014) produces an average tem-
perature of 33 °C during the late Telychian to early Sheinwoodian, which is consistent
with the 50" percentile of bulk rock §'®0 data. Finnegan et al. (2011) and Came
et al. (2007) both produce higher average temperatures of around 35 °C during the
Rhuddanian, which is consistent with the 50" percentile of bulk rock 680 data, but
inconsistent with the E. Grossman and Joachimski (2020) compilation, which has a
50" percentile around 25 °C.

The temperatures produced from our Ay, stable isotope analysis can be divided
into two sub-populations: one that is high-temperature, and one that is low-temperature.
Data from Iowa (Aeronian) and Estonia (Homerian) produced average temperatures

of 39.8 °C and 43.55 °C, respectively. These temperatures are much higher than ex-
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pected, and reflect conditions of even higher temperatures than those produced by
the 100" percentile of calcite 680 bulk rock data. There is no additional context
on petrographic character, XRD results, or cementation and recrystallization history
from these samples, but possibilities include that they are more diagenetically altered,
or even include dolomite. The mineral 680 values of these samples are heavy, with
many falling below the 5™ percentile, but §'80 is more resistant to alteration than A7
measurements, which are highly susceptible because measurements can change with
the addition of any new carbonate phase. As a result, these high temperature mea-
surements from lowa and Estonia are rejected as reflecting diagenetic processes, and
cooler temperatures from Tennessee and Indiana will be focused on when evaluating
temperature implications.

Cooler temperature data from Indiana (Homerian) and Tennessee (Ludfordian)
produced average temperatures of 26.2 °C and 29.2 °C, respectively. Both tempera-
tures fall between the 25" and 50" percentiles of the bulk rock §'#O-derived temper-
ature record, and are a very close match to the 50" percentile at their respective ages.
The consistency between the A,7 temperatures and 50" percentile §'80-derived tem-
perature record directly suggests that the bulk rock §'*O-derived temperatures are
accurate, and that Silurian temperatures in the Sheinwoodian through Pridoli were
cooler than previously reported. Additionally, the agreement of Ay; temperatures
with the 50" percentile of §'*O-derived temperatures, along with the consistency be-
tween the 50" percentile §'%0 measurements and the 50 percentile of the E. Gross-
man and Joachimski (2020) compilation, is further evidence that the 50" percentile
of data is the best estimate for tropical to sub-tropical coastal Silurian temperatures

(Judd, Bhattacharya, & Ivany, 2020).
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Chapter 5

Conclusions

A global compilation of Silurian bulk rock §'80 data was created to increase the
geographic and temporal resolution of the Silurian paleoclimate record. The agree-
ment between the global §'*0 compilation and brachiopod data from E. Grossman
and Joachimski (2020) demonstrates that bulk carbonate §'*0O measurements can pre-
serve the primary isotopic signal of Silurian temperature. This finding, along with the
consistency between the bulk rock temperature record and Ayr-derived temperatures,
provides evidence that these temperatures are accurate, with warmer temperatures
than previously reported in the Llandovery and cooler temperatures than previously
reported in the Wenlock through Pridoli. The global temperature curve shows warm-
ing throughout the Llandovery, cooling during the Wenlock, warming with subsequent
cooling in the Ludlow, and stable temperatures in the Pridoli. We find a strong con-
nection between sharp warming and cooling trends in the temperature record and
§13C excursions, evidence for a clear link between the §'3C and temperature records,
and that changes in climate may have contributed to these minor extinction events.
These results show promise for the application of these methods to other time periods

during the Paleozoic which may also lack substantial brachiopod data.

24



Appendix A

Supplemental Figures
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Figure A-1: Age model and sedimentation rate for sections included in the Silurian
bulk carbonate §'*O compilation. Red dots denote age tie points. Solid black lines
show sedimentation rate given the age model. Light gray lines show the meter of
samples with age. Sections with no data indicate that there were not enough tie points
to construct an age model, and these sections were not included in the compilation.
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Figure A-2: Oxygen isotope data (§'0) plotted against time for the Newsom Roadcut
section from Cramer and Saltzman (2005).
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Figure A-3: Oxygen isotope data (6'0) plotted against time for the IPSCO Core
OW-5 section from Cramer and Saltzman (2005).
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Figure A-4: Oxygen isotope data (6'0) plotted against time for the Azipute-41 core
from Cramer et al. (2010).
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Figure A-5: Oxygen isotope data (§'%0) plotted against time for the Azipute-41 core
from Cramer et al. (2010).
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Figure A-6: Oxygen isotope data (6'80) plotted against time for Gotland, Sweden
brachiopods from Cramer et al. (2010).
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Figure A-7: Oxygen isotope data (6'®0) plotted against time for Gotland, Sweden
from Cramer et al. (2010).
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Figure A-8: Oxygen isotope data (6'80) plotted against time for the Ohesaare core
from Cramer et al. (2010).
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Figure A-9: Oxygen isotope data (6'¥0) plotted against time for the Viki core from
Cramer et al. (2010).
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Figure A-10: Oxygen isotope data (§'80) plotted against time for the Ruhnu core
from Cramer et al. (2010).
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Figure A-11: Oxygen isotope data (6'®0) plotted against time for the Robert Moses
Power Plant S-1 core from Cramer et al. (2010).
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Figure A-12: Oxygen isotope data (6'%0) plotted against time for the Ikla core from
Gouldey et al. (2010).
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Figure A-13: Oxygen isotope data (6'®0) plotted against time for the Pancake Range
section from Gouldey et al. (2010).
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Figure A-14: Oxygen isotope data (6'¥0) plotted against time for the Braga 49, Ataki
117, Zhvanets 39, Malinovtsy 150, Tsviklevtsy158, Muksha 33, Bagovitsa 120a, and
Kitaigorod 30 sections from Kaljo et al. (2007).
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Figure A-15: Oxygen isotope data (§'80) plotted against time for the Knapp Creek
core from Buenger McAdams (2016).
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Figure A-16: Oxygen isotope data (§'%0) plotted against time for the Dongla Hollow
Cemetery section from McAdams et al. (2019).
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Figure A-17: Oxygen isotope data (6'®0) plotted against time for the I-55 North-
bound section from McAdams et al. (2019).
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Figure A-18: Oxygen isotope data (6'®0) plotted against time for the Schlamer #1
drill core from McAdams et al. (2019).
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Figure A-19: Oxygen isotope data (6'®0) plotted against time for the Schlamer #1
drill core from McAdams et al. (2019).
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Figure A-20: Oxygen isotope data (6'®0) plotted against time for the Schlamer #1
drill core from McAdams et al. (2019).
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Figure A-21: Oxygen isotope data (6'%0) plotted against time for the Cape Phillips
South section from M. J. Melchin and Holmden (2006).
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Figure A-22: Oxygen isotope data (6'%0) plotted against time for the Cape Manning
section from M. J. Melchin and Holmden (2006).

37



FileName = Saltzman_2001_A

|
@ o

510ypog (%o)
L
s

® Calcite Fossil
Calcite Rock

4 Dolomite Rock

4 Laboratory Data

|
-
@

o N ou N,
S » oo B

-2.5

-5.0

8%3Cypos (%)

-7.5

-10.0

Temperature (C)

Uandovery. Wenlock  Ludiow W Pridoli

o -—— Siurian |
445 440 435 430 425 420 415
Age (Ma)

Figure A-23: Oxygen isotope data (§'%0) plotted against time for the Highway 77
section from Saltzman (2001).
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Figure A-24: Oxygen isotope data (§'%0) plotted against time for the Pete Hanson
Creek II section from Saltzman (2001).
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Figure A-25: Oxygen isotope data (6'®0) plotted against time for the Smoke Hole
section from Saltzman (2002).
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Figure A-26: Oxygen isotope data (6'®0) plotted against time for the Roberts Moun-
tain section from Saltzman (2002).
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Figure A-27: Oxygen isotope data (§'80) plotted against time for the I-35 section
from Saltzman (2002).
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Figure A-28: Oxygen isotope data (6'%0) plotted against time for the Garrison core
from Waid and Cramer (2017).
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