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ABSTRACT

The transition from the end of the Ordovician to the beginning of the Silurian Period is
characterized by the glaciation of the Gondwana paleocontinent, eustatic sea level change,
a perturbation to the global carbon cycle and one of the five major mass extinctions of the
Phanerozoic Eon. Due to significant sea level fall, the Ordovician-Silurian (O-S) boundary
is often marked by hiatus and exposure in the shallow marine geologic record (e.g., Copper
et al. [2013]). Two locations that host stratigraphic succession close to the boudary are An-
ticosti Basin of Quebec (Canada, e.g., Desrochers et al. [2010]), and the carbonate mounds

of the Siljan ring district (Dalarna County, Sweden, e.g., Ebbestad et al. [2015]).

The exact timing and dynamics of the glaciation and mass extinction are yet to be un-
derstood. Similarly, the interplay between those events and the carbon cycle perturbation
are still unclear. As a result, there is a serious need for radiometric age constraints in this
crucial part of the Paleozoic Era. The acquisition of more radiometric dates, achieved in
this study, aims to address the present dearth of absolute dates close to the boundary. The
dates produced in this study represent the first modern geochronologic constraints on the
O-S boundary, leveraging the development of the EARTHTIME initiative and the latest
U-Pb dating techniques that have improved accuracy and allowed for dating of single zircon

crystals at <0.1% precision level.

Here I present two new U-Pb zircon ages obtained via bentonite dating. The first ben-
tonite, 443.614+0.52 Ma (20, including analytical, tracer calibration and decay constant
uncertainties) was collected from the base of the Lousy Cove Member, Ellis Bay Formation
(Anticosti Island, Quebec, Canada). The second one, 443.2840.50 Ma (including analytical,
tracer calibration and decay constant uncertainties) comes from a karstic void within the

Boda Core Facies of the Boda Formation (Dalarna County, Sweden). U-Pb geochronology



v

(chemical abrasion, isotope dilution, thermal ionization mass spectrometry: CA-ID-TIMS)

on single zircons was used to obtain these ages.

These results are the closest radiometric ages to the current O-S boundary (compared to
any time constraints in the 2012 Geologic Time Scale) and allow to significantly reduce the
uncertainty of the current age boundary (443.8+1.5, Cohen et al. [2018]). Furthermore these
absolute ages have been used to make models that explore drivers of Earth system change,

such as an end-Ordovician global carbon cycle perturbation.
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Chapter 1

Introduction

This chapter has a three-fold purpose: to give an overview of the Ordovician-Silurian bound-
ary, to lay out the chronostratigraphic cornerstones of the current late Ordovician-early Sil-
urian time model and lastly, to introduce the motivation for this study. The first part,
section 1.1, presents the major events that characterize the boundary. The second part,
section 1.2, outlines some of the main stratigraphic correlation tools adopted to help define
the boundary. The last paragraph, section 1.3, introduces the problem that this research

project is trying to tackle, and describes the approach undertaken in this study.

1.1 The Ordovician-Silurian boundary

The transition between the Ordovician Period, presently defined as 485.4-443.8 million years
ago (Ma), and the Silurian Period, presently defined as 443.8-419.2 Ma, is marked by pro-
found perturbations to the Earth system. The geological record shows evidence of a large
scale glaciation, with its peak in the Hirnantian Stage (last stage of the Ordovician, 445.2-
443.8 Ma). Moreover lithological, stratigraphic and isotopic proxies indicate a mass ex-
tinction and a perturbation to the global carbon cycle (e.g., Melchin et al. [2013], Sheehan

[2001]). Sea level, ocean circulation and geochemistry were also significantly altered (e.g.,



Sheehan [2001]).

The strongest evidence for glaciation comes from the preservation of glacial deposits
(tillites) and glacial striations in Africa and South America (e.g., Hambrey [1985], Staden
et al. [2010]). Positive changes in d,50 isotope record (e.g., Brenchley et al. [1994], Marshall
and Middleton [1990]) and clumped isotope paleothermometry studies (e.g., Finnegan et al.
[2011a]) are also consistent with ice-age conditions. The glaciation was mainly limited to the
Hirnantian Age, during which a large ice-sheet covered the Gondwana paleocontinent (e.g.,
Finnegan et al. [2011a]). This glaciation was atypical considering the atmospheric conditions
of the time. In fact, even though the sun was approximately 5% dimmer than today, the
partial pressure of COy (pCOy) is thought to have been ~16x the present atmospheric level
(Sheechan [2001]). The glaciation included multiple smaller cycles of ice growth and retreat,
which are associated with high-frequency glacio-eustatic cycles (e.g., Dabard et al. [2015],
Desrochers et al. [2010]). Through a combination of ice-sheet volume and distribution esti-
mates, as well as an updated paleogeography, the eustatic sea-level fall is estimated as 130
m during peak glacial conditions (Creveling et al. [2018]). Due to the large sea level fall,
shallow marine basins became exposed, hence the rock record of this time is punctuated by
hiatuses, especially in epeiric seaways. The scarcity of continuous and well preserved strati-
graphic successions represents a significant challenge when it comes to analyzing events such

as the Late Ordovician Mass Extinction.

The Late Ordovician extinction is the first of the “Big Five” extinctions of the Phanero-
zoic Eon (e.g., Brenchley et al. [2001], Harper et al. [2014]). About 85% of marine species
went extinct (Jablonski [1991]). It has been suggested that the extinction occurred in two
pulses (e.g., Finnegan et al. [2016], Harper et al. [2014], Sheehan [2001]). The first occurred

as climate cooling began, near the end of the Katian Stage (453.0-445.2 Ma), and the second



pulse took place at the end of the Hirnantian Stage, during the climate warming that ended
the Ordovician glaciation. There is a general consensus that this mass extinction is linked
to glaciation (e.g., Crampton et al. [2016], Finnegan et al. [2011a,b, 2012}, Sheehan [2001]),
yet there is no clear consensus on the exact killing mechanism(s). There are a number of
potential factors, including temperature change, loss of habitat due to eustatic sea level fall,
and changes in ocean circulation patterns and marine geochemistry, such as oxygen levels
(e.g., Sheehan [2001], Smolarek et al. [2017], Zou et al. [2018]). Evidence from paleobiologic
studies suggests that multiple coinciding factors have contributed to the mass extinction

(e.g., Finnegan et al. [2012, 2016], Harper et al. [2014], Wright and Stigall [2013]).

Carbonate strata from the Hirnantian Stage record a positive C isotope excursion sig-
nal, considered indicative of a global carbon cycle perturbation. This perturbation, known
as the Hirnantian Isotope Carbon Excursion (HICE), has been linked with the glaciation
(e.g., Brenchley et al. [1994]). Carbon isotope analyses have been used not only to better
understand environmental perturbations (e.g., Quinton et al. [2016]), but also as a means to
improve global stratigraphic correlations (e.g., Bergstrom et al. [2014]), as C isotopic excur-

sions can be used as time markers for intra- and inter-basin correlation.

1.2 Ordovician-Silurian time-model: literature review

An inter-regional biostratigraphic correlation framework based on graptolite stratigraphy is
the foundation for a time model for the O-S boundary. Graptolites are colonial organisms
knows for their fast evolution and world-wide distribution which makes them ideal marker
fossils (e.g., Loydell [2012], Berry [1962]). They are often preserved as pale “films” in black

shales (e.g., Underwood [1992]). More recently, new approaches have been adopted to com-



plement and strengthen the biostratigraphic model. These approaches use isotopes, both sta-
ble and unstable. Stable isotopes of carbon (}2C and '*C) are widely used for chemostratratig-
raphy. Unstable isotopes, such as the ones belonging to the U-Th-Pb (uranium-thorium-lead)
decay chain, are used for radiometric dating. This type of dating produces numeric ages that
anchor the Geologic Time Scale. The following paragraphs give a brief overview of the time

constraints on the current O-S boundary (see Fig. 1.1 and Fig. 1.2).

. . 13
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P , , - ,
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Figure 1.1: Primary correlation events and generalized carbonate carbon isotope curve for
the Upper Ordovician and Lower Silurian (Llandrovery). Chronostratigraphic units and O-S
boundary age from Cooper et al. [2012], Melchin et al. [2013]. The correlation events are
from Ogg and Ogg [2008]. Generalized carbon isotope curve from Bergstroem et al. [2009],
Cramer et al. [2011], Melchin et al. [2013]. FAD=First Appearance Datum. LAD=Last
Appearance Datum. HICE=Hirnantian Isotope Carbon Excursion.

1.2.1 Biostratigraphy

The beginning of the Ordovician was marked by a significant radiation of marine organisms,

known as the GOBE (Great Ordovician Biodiversification Event), resulting in high levels



of biodiversity in marine ecosystems (e.g., Droser and Finnegan [2003], Munnecke et al.
[2010]). Graptolites, class Graptolithina of Phylum Hemichordata (e.g., Xu et al. [2006]),
are particularly abundant in Ordovician and Silurian sedimentary systems. Hence, grapto-
lite stratigraphy has been the dominant method used for global correlations (e.g., Loydell
[2012], Ogg and Ogg [2008], Toghill [1968], Xu et al. [2005]). Other biostratigraphic groups
such as conodonts and chitinozoans also are useful for global correlations; while some other
groups, such as brachiopods, corals and trilobites, have been found more suitable for regional

zonation (e.g., Ogg and Ogg [2008]).

The Hirnantian is the last stage of the Ordovician, while the Rhuddanian (443.8-440.8
Ma) is the first stage of the Silurian (see Fig. 1.1). Both the base of the Hirnantian and the
base of the Rhuddanian GSSP (Global Stratigraphic Section and Point) are defined in grap-
tolitic shales. Graptolites are commonly found in fine-grained and organic-rich siliciclastic
deposits (shales) rather than in coarse-grained siliciclastics and carbonate deposits. This
makes correlations difficult between shale-rich and shale-poor deposits, the latter of which
are typical of shallower marine environments. Therefore, tentative correlations between
graptolites and different taxa must be adopted to attempt correlations on a global scale.
The GSSP that marks the Hirnantian base is in Southern China, 0.39 m below the base
of the Kuanyinchiao bed in the Wangjawan North section, Yichang (western Hubei). This
corresponds to the FAD (First Appearance Datum) of the graptolite species Normalograptus
extraordinarius (Chen et al. [2006], Gradstein et al. [2012]). The GSSP for the base of the
Rhuddanian (equivalent to the Ordovician-Silurian boundary) is in Dob’s Linn, Scotland,
1.6 m above the base of the Birkhill Shale. This corresponds to the Akidograptus ascensus
FAD! (Cooper et al. [2012], Melchin et al. [2013], Rong et al. [2008]).

IThe base of the Parakidograptus acuminatus biozone (Holland [1985]) used to be considered the marker
for the O-S boundary, but today this is known to be incorrect (e.g., Ogg and Ogg [2008]).



1.2.2 Chemostratigraphy: carbon isotope stratigraphy

Carbon stratigraphy is a widely used chemostratigraphic approach for the Late Ordovician.
Carbon has two stable isotopes: 2C, with a nucleus composed of 6 protons and 6 neutrons,
is the most abundant (98.93%) and '*C (6 protons and 7 neutrons) is rare (1.17%; Ros-
man and Taylor [1999]). The ratio between the heavy (**C) and light (*2C) isotopes can
be measured in carbon in sedimentary rocks (either as carbonates (CaCOg) or sedimentary
organic matter). Natural variations in this ratio are very small (on the order of parts-per-
thousand), and so carbon ratios are expressed as 0 values, measured as permil deviation
from an internationally-recognized standard (White [2015]). In Equation 1.1, R is the ratio
between the heavy and the light isotope (in this case, R='3C/!2C) and the Vienna Dee Pee

Belemnite (VDPB) is the commonly used standard (e.g., Tiwari et al. [2015]).

580 = {((msﬂ—l}*loi” (1.1)

R) standard

In different stratigraphic successions across the world, a positive signal (known as the
Hirnantian Isotope Carbon Excursion (HICE), see Fig. 1.1) has been recorded in the §'3C
profiles of Hirnantian sediments (e.g., Brenchley et al. [2003], Holmden et al. [2013], Jones
et al. [2011]), suggesting global environmental changes. The 6'3Cq ., (6'3C of inorganic car-
bon) of pristine marine carbonates (i.e., carbonates that have a primary carbon isotopic
signature) reflects the §'3C..y, of dissolved inorganic carbon in the ocean (e.g., Kump and
Arthur [1999], Shackleton [1985]). It has been suggested that carbon isotope excursions
measured in carbonates are synchronous (e.g., Brenchley et al. [2003], Kump and Arthur

[1999])2. This is one of the reasons why many studies concerned with the Late Ordovician

2Synchroneity may not be valid for isotopic carbon peaks of carbonates (§'3Cear,) and organic carbon



have focused on chemostratigraphy. The positive excursion (up to >6%o in the Baltic re-
gion, e.g., Brenchley et al. [2003]) is recorded in sediments from different paleocontinents,
suggesting that this signal represents a large scale environmental change rather than a local
process (e.g., Brenchley et al. [2003], Munnecke et al. [2010]). Even though the positive
curve can be observed at a global scale, the absolute values of the excursion are different
in different locations. Such difference could suggest that regional paleoenvironmental and

geological settings also effect the carbon isotope record (e.g., Melchin et al. [2003]).

Nonetheless, the HICE has been recognized on different continents. Several studies focus
on the carbon isotope curves of deposits from Laurentia and Baltica (e.g., Bergstrom et al.
[2015], Brenchley et al. [2003]). These studies suggest that the carbon isotopic profile of the
Late Ordovician can be used as a chronostratigraphic ruler against which biozonal boundaries
and biotic events can be placed (see Fig. 1.1), enabling high resolution global correlation (e.g.,
Bergstroem et al. [2009], Bergstrom et al. [2014, 2015], Brenchley et al. [2003], Holmden et al.

2013]).

1.2.3 Radioisotopic dating

There are many radiometric dates that have been obtained for the Ordovician Period (e.g.,
Tucker and McKerrow [1995]), yet most of them are not accepted today for calibration of
geologic time because they do not achieve the acceptable standards of precision, accuracy
and suitable stratigraphic constraint to be useful (e.g., Cooper et al. [2012], Tucker et al.
[1990], Tucker and McKerrow [1995]). According to the most recent Geologic Time Scale
(GTS 2012), there are currently no radiometric dates for the Hirnantian Stage (Schmitz and
Kuiper [2013]).

bearing sediments (§'3C,yg), i.e., shales. This discrepancy can make correlations between carbonate and
shale deposits challenging.



During the 1980s, the first isotopic ages for the Ordovician and Silurian systems were
produced, using fission-track dating of zircons and apatites from tuffs and bentonites (Ross
et al. [1982]). The dated samples were biostratigraphically well constrained and easily corre-
latable with the British graptolite biozonation. Nevertheless, it has since become clear that
the fission-track methods are unsuitable for the refinement of the time scale, due to the large
uncertainty on the results obtained (as high as ~10%, 10). Therefore different techniques
that could achieve better precision were adopted thereafter. Uranium-lead (U-Pb) dating is
more reliable and can produce more precise dates, hence Tucker et al. (Tucker et al. [1990])
re-dated four samples (previously dated with fission track) with the isotope dilution method.
It became clear that most of the ages that were not obtained through U-Pb dating had to

be rejected (Cooper et al. [2012], Tucker and McKerrow [1995]).

In the GTS 2012, the radiometric ages closest to the O-S boundary are from the Katian
Stage (below the Hirnantian, 453.0-445.2 Ma) and from the Rhuddanian Stage (e.g., Kunk
et al. [1985], Ross et al. [1982], Tucker et al. [1990]). The Katian age (444.88+1.17 Ma),
was obtained with U-Pb dating of zircon in a bentonite collected in the Hartfell Shales
Formation of Dob’s Linn, Scotland (Fig. 1.2). There are two accepted radiometric ages for
the Rhuddanian Stage (Fig. 1.2). The first one (442.594+5.36 Ma) was obtained with Ar-Ar
dating of an ash collected in the Descon Formation of Esquibel Island, Alaska. The second
age (439.57£1.33 Ma) was obtained with U-Pb dating of an ash collected from the Birkhill

Shale Formation of Dob’s Linn, Scotland.

1.3 Motivations for this study

Numerous biostratigraphic and geochemical studies have been conducted to understand what

is the order in which the different Late Ordovician events occurred, how long they lasted, and



how they are interrelated. The number of geochronological studies, by contrast, is scarce.
The current timescale relies heavily on biostratigraphic and chemostratigraphic work. An
improved timescale can be produced with the aid of radiometric dating, by providing more
precise dates of geological deposits close to the Ordovician-Silurian boundary (henceforth,
O-S boundary). This study introduces two new radiometric dates from zircons extracted
from Upper Ordovician bentonite beds, which are layers derived from the weathering of a
volcanic ash (e.g., Ross and Shannon [1926]). One of the bentonites comes from Anticosti
Island (Quebec, Canada), while the other one is from the Siljan District (Dalarna County,
Sweden). U-Pb ages on single zircon crystals were obtained via chemical abrasion, isotope
dilution, thermal ionization mass spectrometry (CA-ID-TIMS) to date the bentonites. The
ages produced in this study are closer to the current O-S boundary than any age constraint
used in GTS 2012. In order to gain more insights on the mass extinction, glaciation and
carbon cycle perturbation that marked the O-S boundary, precise absolute ages are crucial

for constraining the rates of Earth system change and the processes that drove them.
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Figure 1.2: Calibration of the Ordovician-Silurian graptolite composite standard of the GTS
2012. The y-axis shows ages in Ma, and the x-axis is a composite section, designed to repre-
sent linear progress through a given time bin (i.e., 50% of total time elapsed). Radioisotopic
dates of bentonites of acceptable quality (GTS 2012, Appendix 2) have been included to
constrain this age model. Vertical analytical bars indicate the age error, while the horizontal
error bars show the stratigraphic uncertainty. Heavy black lines are Period boundaries. Note
the lack of ages near the O-S boundary. Figure edited from Cooper et al. [2012].
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Chapter 2

Study Areas

After describing the major Earth history events that characterize the O-S boundary and
the significance of developing more radiometric age control, this chapter gives more specific
details about the sampling localities and samples used for this work. The first locality
described is Anticosti Island, in eastern Canada (section 2.1) and the second locality is the

Siljan district of Sweden (section 2.2).

2.1 Anticosti Island

Anticosti Island (see map in Fig. 2.1) is located in in the Gulf of Saint Lawrence, Quebec
(eastern Canada). This island has long been the subject of stratigraphic and paleontologic
study (e.g., Achab et al. [2011], Barnes [1988], Delabroye et al. [2012], Jin and Copper
[2008], Melchin [2008]), owing to its superbly preserved Ordovician and Silurian fauna and
for its easily accessible outcrops. The Anticosti Basin has also been the object of chemostrati-
graphic studies, due to the dominance of carbonate strata suitable for isotopic analyses (e.g.,
Jones et al. [2011], Long [1993]). This study represents the first attempt to bring U-Pb age

constraints to this locality, which has long been important to the study of the O-S boundary.
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Figure 2.1: Geologic map of Anticosti Island, Quebec (Canada), edited from Desrochers
et al. [2010]. The different colors represent different geological formations. Stars indicate
sampling locations, with the filled star being the one sample that yielded a successful U-Pb
depositional age. The other samples were processed, but did not yield eruptive ages. From
left to right: LF=Laframboise Point, VR=Vauréal Falls, SR=Salmon River, MC=Macaire
Creek.

2.1.1 Paleo-geographic and geologic settings

Strata on Anticosti Island span the Upper Ordovican to Lower Silurian, and represent one
of the best preserved, most complete, fossil rich and well exposed stratigraphic successions
deposited in a paleo-tropical setting (e.g., Copper et al. [2013]). During the Ordovician this
site was situated in the southeastern margin of the Laurentia paleocontinent (see Fig. 2.2).
The Anticosti Basin lays on Mesoproterozoic crust (Mesoproterozoic era: 1600-1000 Ma)
(e.g., Waldron et al. [1998]). The Anticosti sediments were deposited in a foreland basin,
on the west margin of the lapetus Ocean (e.g., Long [2007]). As the Iapetus Ocean was

closing, the Appalachian mountains were forming via the Taconic Orogeny. These collisional
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Figure 2.2: This image shows the paleogeography of 444 million years ago. The red dot
within Laurentia shows where the Anticosti Basin was located. The red dot within Baltica
shows where the Siljan district was located at the time. Paleogeographic reconstruction from

Wright et al. [2013].

tectonic regimes have been connected with enhanced explosive volcanic activity (e.g., Huff
et al. [1998]). Syn- and post-Taconic load subsidence (e.g., Barnes [1988], Desrochers et al.
[2010]), accommodated a ~900 m thick carbonate-siliciclastic succession (Desrochers et al.
[2010]) that now extends for about 200 km from east to west, oblique to the paleo-shoreline
and with strata gently dipping (less than 2°) southwestward. These sediments were deposited
in a storm-dominated carbonate ramp environment (e.g., Desrochers et al. [2010], Long
[2007], Sami and Desrochers [1992]). As the orogeny ceased and flexural subsidence came to

an end, sediment deposition waned and halted in the Early Silurian (e.g., Long [2007]).

2.1.2 Stratigraphy

The central-western part of Anticosti is dominated by carbonate facies typical of distal
offshore environments, while the eastern part presents more siliciclastic facies typical of

near-shore environments (e.g., Desrochers et al. [2010], Long and Copper [1987], Sami and
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Desrochers [1992]). Fig. 2.3 shows a generalized stratigraphy of the west and east ends of the
island. These deposits are divided into seven formations (see geologic map in Fig. 2.1), which
from oldest to youngest are: Vaureal, Ellis Bay, Becscie, Merrimack, Gun River, Jupiter and

Chicotte.

This study focuses on the Upper Ordovician Ellis Bay Formation (Fmt) and the Lower
Silurian Becscie Fmt, both of which outcrop throughout the island, with exceptional coastal
exposures. The Lousy Cove Member (Mbr) is the upper part of the Ellis Bay Fmt (see
Fig. 2.3). On the eastern side of the island, this Mbr starts with an intraclastic conglomer-
ate overlain by interbedded limestone and shale. This is followed by a more massive nodular
wackestone, overlain by interbedded shale and limestone (with numerous centimeter scale
fossiliferous interbeds) grading up into a cross-stratified grainstone. The Lousy Cove is
topped by an erosional surface, which forms the base of the Laframboise Mbr, the last unit
of the Ellis Bay Fmt. This Mbr can easily be identified across the whole island as it includes
a prominent oncolite marker bed (indicated in blue in all the images contained in this chap-
ter), as well as an overlying calcimicrobial-coral bioherm with an erosional surface at the top.
The oncolite bed consists of a poorly-bedded grainstone containing oncoids, i.e. carbonate
spherules with semiconcentric layers which form as a product of microbial growth. The bio-
herm is a prominent thick-bedded boundstone (containing corals, stromatoporoids and other
fossils), interbedded with thin calcareous and shaly layers. The characteristic oncolite bed
will be recurrently used in this chapter as a way to stratigraphically constrain the collected
samples. Eustatic fluctuations associated with the Late Ordovician glaciation are recorded
by deposits showing transgressive-regressive (deepening-shallowing) depositional cycles in
the Ellis Bay Fmt, as well as in the underlaying Vauréal Fmt (Desrochers et al. [2010]). The
Ellis Bay Fmt is overlain by the Becscie Fmt. This Fmt begins with the Fox Point Mbr, a

cross-stratified calcarenite on the eastern side of the island.
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The Anticosti Basin is richly fossiliferous, owing in part to its very low levels of deforma-
tion (regional dips are ~2°) (Barnes [1988], Copper et al. [2013]). Some of the most studied
taxa include chitinozoans (Soufiane and Achab [2000]), brachiopods (Copper et al. [2013]),
conodonts (Barnes [1988]) and acritarchs (Delabroye et al. [2012]). It has been suggested
to place the O-S boundary statotype here instead of Dob’s Linn (Barnes [1988]). The main
biostratigraphic element missing is a thorough graptolite stratigraphy, most commonly used
for Orodovician-Silurian correlations. Well preserved graptolites are found in shale deposits,
such as the ones in Yichang (Weatern Hubei, China) and the ones in Dob’s Linn (Scotland).
This facies dependence of graptolites makes correlation difficult with carbonate rich sedi-
ments, such as the ones on Anticosti and in the Siljan district (described in the following
section). To help address this limitation, high resolution chemostratigraphic studies that
rely on C isotope excursions (such as the HICE) as correlating tools have helped refined the

stratigraphy (e.g., Jones et al. [2011], Jones and Fike [2013]).

While the Ellis Bay Formation is constrained to be Ordovician and the overlying Becsie
is Silurian, the exact extent of the Hirnantian Stage (last stage of the Ordovician) on Anti-
costi Island remains a matter of debate. According to several paleontological studies, faunal
assemblages such as brachiopods, (e.g., Copper et al. [2013]); chitinozoans (e.g., Melchin
et al. [2003]); and graptolites (e.g., Melchin [2008]), suggest that the whole Ellis Bay Fmt
is Hirnantian in age (e.g., Melchin [2008]). These studies correlate the central and upper
portion of the Ellis Bay Fmt (Prinsta to Laframboise members, see Fig. 2.3) to the Nor-
malograptus persculptus biozone and the lower Ellis Bay (Grindstone and Velleda members,

which underly the Prinsta Mbr) to the Normalograptus extraordinarius biozone.

By contrast, chemostratigraphic studies (e.g., Brenchley et al. [2003], Jones et al. [2011],
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Underwood et al. [1997]), argue that the Hirnantian Stage is confined to the topmost of the
Ellis Bay Fmt (mainly the Laframboise Mbr, but also possibly the uppermost part of the
Lousy Cove Mbr and the lowermost part of the overlaying Becscie Fmt; Fig 2.3). According
to these studies, the Hirnantian in Anticosti corresponds to the prominent HICE positive
signal (see Fig. 2.3). These studies show that the Ellis Bay strata below the Laframboise Mbr
do not host the HICE. There are a few biostratigraphic studies (e.g., Delabroye et al. [2008],
Delabroye and Vecoli [2010], Kaljo et al. [2008], Riva [1988]) that agrees with this view. Ac-
cording to these studies, Anticosti graptolite faunas are not diagnostic enough to be reliably
adopted as a correlation tool. Chitinozoans (flask-like marine organisms that appeared in the
Lower Ordovician and went extinct in the Upper Devonian, e.g., Paris et al. [2004]) may be
more useful for high resolution biostratigraphy for correlations between carbonate-rich suc-
cessions of Laurentia and Baltica (e.g., Soufiane and Achab [2000], Delabroye et al. [2008]).
For instance, Delabroye et al. [2008] states that the chitinozoan Belonechitina gamachiana
biozone (Soufiane and Achab [2000]) in the Ellis Bay (from the lowermost Grindstone Mbr
to part of the Lousy Cove Mbr, see Fig. 2.3) can be correlated with the upper Pirgu Stage in
Baltica (equivalent to the Katian Stage, immediately below the Hirnantian). This correlation
argument is then consistent with the Hirnantian being confined mostly to the Laframboise
Mbr (Fig. 2.3). Adding absolute dates to the Anticosti record will, amongst other things,

help resolve the conundrum of the length of the Hirnantian Stage on Anticosti Island.

2.1.3 Sampling localities

During a 10-day expedition to Anticosti Island in July 2017, 14 potential bentonite samples?
were collected from the Ellis Bay Fmt. These samples were collected from outcrops in four

different sites (see Fig. 2.1) consisting predominantly of carbonate or siliciclastic-carbonate

1See Tables 2.1 to 2.4 for GPS coordinates.
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sequences (see Figs. 2.4-2.8). The target horizons stood out because of their thickness (gener-
ally thicker compared to neighboring shaly strata), consistency (muddy /sticky, as compared
to more lithified calcareous shale strata) and different color (brownish/greenish grey, rather
than just dark grey). Collection was carried out with the aid of a geological hammer, which
allowed to scrape and dig out the clay, which was then packed in a thick plastic sample
bag. Samples range from a few centigrams to a couple of kilograms, depending on sampling

accessibility.

Macaire Creek
Upper Ordovician volcanic zircons were successfully found and dated in only one of the
samples collected on Anticosti Island. This sample was collected in the Macaire Creek (east-
ern Anticosti). Figure 2.4 shows the stratigraphic position of both samples collected in the
Macaire Creek, including the successful one. MC-17-1:3.5 consisted of a ~5 cm light brown,
sandy clay layer, while MC-17-2:1.4 consisted of an unlithified brown-green ~6 cm thick clay

horizon. Table 2.1 shows the GPS locations of the samples collected in this location.

H Location Sample name Latitude Longitude H

Macaire Creek MC-17-2:1.4 49.380191 -62.204263
Macaire Creek MC-17-2:3.5 49.378727 -62.203651

Table 2.1: List of samples collected in Macaire Creek, Anticosti Island.

While the rest of the sampling localities did not yield useful U-Pb ages, they are described
below to help guide any future U-Pb sampling campaigns to Anticosti Island. The remaining
sampling sites are listed from west to east: starting from Point Labramboise, moving onto

the Vauréal Falls and ending with Salmon River.
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Figure 2.4: This figure shows samples collected in Macaire Creek: MC-17-1:3.5 and MC-17-
2:1.4. From left to right: photo of the horizon collected, lithologic log (composite MC17-
1/MC17-2/D813) and §'3Cq .y, data. The §'3C..y, data is from [Jones, personal commu-
nication, 2018]. Lithologic legend on top left corner. Successful sample (MC-17-2:1.4) is
indicated in red. Both samples are situated below the oncolite bed (marked in blue).

Point Laframboise
The coastal succession in Point Labramboise (western Anticosti) consists of bioturbated grey

carbonates with an abundance of fossils, including corals, stromatoporoids and brachiopods.

The outcropping strata, over 300 m thick, expose nearly continuous stratigraphic record that
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Figure 2.5: This stratigraphic section shows the position of four samples collected from
Point Laframboise: LF-17-2E:0.2, LF-17-1A:0.2, LF-17-1E:3.95 and LF-17-1E:4.2. Lithology
legend at the bottom. Note: all samples are above the base of the oncolite bed (in blue).

On the right side there is §'3Cq .y, data from Jones et al. [2011].

Oncolite bed data are

shaded in grey. Unfilled data points are from the Becsie Fmt, and filled data points are from
the Ellis Bay Fmt. m=mudstone, w=wackestone; p=packstone, g=grainstone, r=rudstone,

f=framestone.

Location Sample name  Latitude Longitude
Point Laframboise  LF-17-1A:0.2  49.803344 -64.420165
Point Laframboise LF-17-1E:0.25 49.800713 -64.381182
Point Laframboise  LF-17-1E:4.2  49.799454 -64.379954
Point Laframboise LF-17-1E:3.95 49.799454 -64.379954
Point Laframboise LF-17-2E:18.25 49.811193 -64.390588
Point Laframboise LF-17-2E:17.2 49.811241 -64.390895

Table 2.2: List of samples collected at Point Laframboise.

spans the Vauréal Fmt, the entirety of the Ellis Bay Fmt, as well as part of the Becsie Fmt.

We collected six samples from potential bentonite beds at Laframboise Point (see Fig. 2.5,
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Figure 2.6: This figure shows the approximate stratigraphic position of samples LF-17-
2:17.2 and LF-17-2:18.25. MRS refers to TR3 (Transgressive-Regressive sequence #3) near
the contact between the Valleda and Prinsta Members, from Desrochers et al. [2010]. Legend
on the right.

2.6). Samples LF-17-1A:0.2 and LF-17-1E:0.25 are from two different sections but they are
the same stratigraphic horizon. The first four samples (see Table 2.2 and Fig. 2.5) were all
collected close to the base of the oncolite bed: 0.2 m, 0.25 m, 3.95 m and 4.2 m above it.
The last two samples are not as tightly constrained. Those were collected at a much lower
stratigraphic level, close to the contact between the Prinsta (see Fig. 2.6) and the underlay-

ing Velleda member, where a Transgressive-Regressive surface was identified by Desrochers

et al. [2010] (see Fig. 2.6).
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Vaureal Falls
Four samples were collected along the exposed layers adjacent to the Vaureal River, above
the Vaureal Falls, within the lower Ellis Bay Fmt. GPS coordinates (see Table 2.3) and
lithological description (see Fig. 2.7) are included, but where exactly these samples are
positioned within the Ellis Bay Fmt is difficult to determine.

(m)
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T Wakestone (w)

12 =

10 =

—_—_—3 Mudstone (m)

Nodular wackestone

———1 Mudstone

< VR-17-1:49 "] Sandstone (s)
VR-17-1:4.1
VR-17-1:3.9 ﬂ Trace fossils
4VR-17-1:2.3

m|w|s

Figure 2.7: Field sketch showing the position of the samples collected in the Vaureal River,
on top of the Vaureal Falls, Lower Ellis Bay. Legend on the right-hand side.

H Location Sample name Latitude Longitude H

Vaureal Falls VR-17-1:2.3  49.559998 -62.692596
Vaureal Falls VR-17-1:4.9  49.559896 -62.690408
Vaureal Falls  VR-17-1:3.9  49.559896 -62.690408
Vaureal Falls VR-17-1:4.1  49.559896 -62.690408

Table 2.3: List of samples collected in the Vauréal iver.
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Salmon River
Two samples were collected in Salmon River (see Table 2.4), central-eastern Anticosti Island.

One was sampled from above and one from below the oncolite bed (see Fig. 2.8).
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=== Fossiliferous
——== x-bedded

limestone
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wakestone

I
I
I
I
I
I
I
|
I Concretionary
|
I
-2 : T Fo{isiliferous
—= rudstone
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——— ackestone
T T T 11 .
%, 4.0 9%, OO0 813 Carb (%o, VPDB)
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Figure 2.8: This figure shows the stratigraphic location of samples SR-2-17:-0.4 and SR-2-
17:0.3 (which can be correlated to LF-17-1A:0.2 and LF-17-1E:0.25 as it is virtually in the
same stratigraphic position). Legend on the right-hand side. Note: oncolite bed marked in
blue. On the right side there is the §'3C curve, edited from Jones et al. [2011]. Oncolite bed
data are shaded in grey. Unfilled data points are from the Becsie Fmt, filled data points are
from the Ellis Bay Fmt.

H Location Sample name Latitude Longitude H

Salmon River SR-17-2:-0.4 49.399913 -62.388988
Salmon River SR-17-2:0.3 49.399913 -62.388988

Table 2.4: List of samples collected in Salmon River, Anticosti Island.
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2.2 Siljan District

One bentonite sample was successfully dated from the Jutjarn quarry, located in the Siljian
ring district (see Fig. 2.9), Dalarna County (central Sweden). Unlike the samples collected on
Anticosti, this one was collected by collaborators from the University of California, Berkeley,

in 2011.

w1

u 8 |
6\ smL}‘.dsbérgetf% E

2 -. o
Solberga - P
Boda
Ostbjorka — o ‘
Kullsberg enllo |
i b
AL = Q'Jut'ém
Nittsjo — I x Gl
. E\?/Z\
\\/J Rattvik
Lake Siljan ?
0 10 km \ -
I TN . N
Ordovician-Silurian
O oreovcer Al Towns A Kullsberg mounds * siljan district

[ oOrsa Sandstone |:| Precambrian bedrock o Boda mounds

Figure 2.9: This figure shows a geologic map of the Siljian Ring District, edited from
Ebbestad and Hogstrom [2007], Ebbestad et al. [2015]. The red arrow points at the sampling
location, the Jutjarn quarry.

2.2.1 Paleo-geographic and geologic settings

The Siljan district (Sweden) is part of the Baltica landmass (see Fig. 2.2 for its Late Or-

dovician paleogeography, red dot in western Baltica). It is called Siljan ring district due
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to the characteristic large circular structure (over 60 km wide), created by a late Devonian
impactor (e.g., Reimold et al. [2005], Jourdan et al. 2009, 2012]), and it is the largest impact
structure in Europe. Along its perimeter, Ordovician and Silurian sedimentary rocks are pre-
served. The strata that are most relevant to this study are the Late Ordovician (see Fig. 2.9):
the Kullsberg and the Boda limestones (e.g., Ebbestad et al. [2015], Kroger et al. [2016]).
These consist of massive carbonate mounds that can be up to 1000 m wide and up to 150 m
tall (Kroger and Ebbestad [2014]). These structures have been interpreted as stromatactis
carbonate mud-mounds (e.g., Kroger et al. [2016], Pratt [1995]). Stromatactis, which were
particularly common in the Paleozoic, develop as a result of the centripetal cementation of
an intricate cavity system by sparry calcite (e.g., Bathurst [1982], Kréger et al. [2016]). The
bentonite sample was collected from the Jutjarn quarry within the Boda Limestone, hence
the Kullsberg limestone will not be treated in this work. The Boda limestone mounds are
characterized by fissures and karstic voids with syn-depositional and early post-depositional

fossil rich fillings (e.g., Kroger et al. [2015, 2016]).

2.2.2 Stratigraphy

The sedimentary rocks within the Siljan district represent an important record for the Upper
Ordovician in Sweden. The faunal richness (trilobites, brachiopods, bryozoans, nautiloids,
gastropods, etc) and good fossil preservation within the cavities of the Boda Limestone has
allowed for numerous paleontological and biostratigraphic studies (overview in Ebbestad and
Hogstrom [2007]). Carbon stratigraphy has shown that the HICE is well developed in this
region (e.g., Bergstrom et al. [2012], Kaljo et al. [2008], Ebbestad et al. [2015]). An important
correlation tool used in the Baltic basin is the recognition and tracing of different bentonite
horizons found in Ordovician and Early Silurian deposits (e.g., Bergstrom et al. [1995], Huff
et al. [1998], Kiipli et al. [2008]). The geochemistry and petrographic characteristics of these

bentonite beds, rather than radiometric dating, has been used for correlation (e.g., Kiipli
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Figure 2.10: This figure shows the lithostratigraphy of the Boda Limestone and related
sedimentary units. Vertical lines indicate hiatus. Fm=formation. International and regional
stages on the lefthand side. The portion of the Porkuni Stage which is shaded in grey,
indicates the position of the HICE. Simplified stratigraphy from Suzuki et al. [2009] on the
righthand side. Figure modified from Kréger et al. [2016].

et al. [2008, 2010]). Nevertheless, K-Ar radiometric dating of Paleozoic K-bentonites of the

Ordovician and Silurian period has been adopted to a lesser extent (e.g., Min et al. [2001]),

but these ages are not precise or accurate enough to be useful for timescale calibration.

The stages of the Late Ordovician and Early Silurian have regional names in Baltica (see
Fig. 2.10). The upper Katian is referred to as the Pirgu Stage, while the Hirnantian Stage
is referred to as the Porkuni Stage (e.g., Cooper et al. [2012]). The Rhuddanian Stage is

divided into the Juuru and the Raikkiila stages (e.g., Cooper et al. [2012]).
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Figure 2.11: Stratigraphic and chemostratigraphic logs and C isotope data of two localities
within the Siljan Ring District: Osmundsbergert and Jutjarn. Chitinozoan biozonation,
graptolite zonation and chronostratigraphic units on the right-hand side. Light and dark
grey indicate different C isotope zones. BC=Baltic Carbon isotope zonation after Ainsaar
et al. [2010]. HA, HB, K1 and K2 are unconformities. Boda bentonite sample collected from
a karst pocket, as inidicated by the red arrow. Image modified from Ebbestad et al. [2015].
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2.2.3 Sampling locality

The bentonite sample, called Boda bentonite, comes from the Jutjarn Quarry. It was col-
lected from a karstic pocket within the carbonate mud mounds of the Boda Limestone Fmt,
about 15 m below the Hindella bed (see Fig. 2.11). The stratigraphic position of this sam-
ple is clear, yet its age relative to the encasing strata is debatable. As it is depicted in
Fig. 2.11, the potential bentonite was collected from a karstic pocket underlying the Hir-
nantian positive 6'3Cq,, excursion. The formation of the cave (and of the deposition of the
ash within it), could therefore be considered as postdepositional (younger) with respect to
the enclosing sediments. Nevertheless, according to Kroger (Kroger et al. [2016]) there is
faunal and lithological evidence that the karstic fillings are of Hirnantian Age, arguing for a
syndepositional or early postdepositional origin for these karst pockets. The pocket hosting
the Boda bentonite could be considered concomitant with one of the erosional surfaces, K1

or K2 (see Fig. 2.11) described in Kroger et al. [2015].
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Chapter 3

Methods

In the field, it can be very difficult to distinguish a mudstone (sedimentary origin) from a
bentonite clay (volcanic origin), as they can look exactly the same. The only way to confirm
whether a sample is a bentonite is sample collection and further mineralogical, petrographic

and geochemical analyses in the lab.

Zircons (ZrSiOy,) are common accessory minerals in felsic igneous rocks (including tuffs),
extremely resistant to degradation and ideal for U-Pb radiometric dating (e.g., Faure and
Mensing [2005]). U is compatible within the ZrSiO, crystal lattice, while Pb is incompatible.
Zircon is also a Th-poor mineral, meaning that its initial Th/U ratio is less than the Th/U of
the parent magma. Once a zircon crystallizes and becomes a closed system (no exchange with
the surrounding environment), radiogenic Pb begins to accumulate in the crystal through
the radioactive decay of 23U and ?**U, both of which are long-lived radioisotopes. The
half-life for 23°U parent isotopes to decay into its final, stable daughter isotope, ?°"Pb, is
703.81 Ma, and 238U has a half-life of 4468.3 Ma, with 2°Pb as final decay product (Jaffey
et al. [1971]). Thus, U-Pb geochronology involves two independent decay systems that can

be used to determine the zircon crystallization age. The decay of ?**U and #*>U into their
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stable daughters (*?Pb and 2°"Pb respectively), can be described by the following equation
(e.g., Faure and Mensing [2005]):

D* = Dy + N(eM - 1), (3.1)

where D* is the number of radiogenic daughter isotopes, Dy is the initial amount of daughter
isotope in the dated crystal, N is the number of parent isotopes, A is the decay constant and
t is time. Radioactive decay is a stochastic process. The decay constant, A\, indicates the
probability that a given parent atom will decay in a time, t. As mentioned earlier, zircons
incorporate U but not Pb, hence one can consider Dy as negligible, assigning it a zero value.

Then the equation can then be re-written as:

D* = N(eM —1) (3.2)

This general equation can be written for the two U-Pb decay systems of interest:

206 ppy* 238 U(e,\238t —1); (3.3)
207Pb* :235 U(e/\235t _ 1)7 (34)

where \gsg is the decay constant! for 238U and Mgs5 is the decay constant? for 23°U. In the
case of a perfectly closed system, the 2°"Pb/?*U and 2°°Pb /233U ages are the same. Zircons
dated via U-Pb thus have the advantage of having two independent “clocks” within them,
which allows for robust age interpretations. Moreover the soundness of U-Pb dating has
improved thanks to the technical and analytical advances that have been made in the last
15 years (annealing, chemical abrasion and standard tracer solutions), allowing to produce

highly precise dates.

! M\o38=1.55125 x 10710y~ Jaffey et al. [1971].
2X235=9.8485 x 10719 Jaffey et al. [1971].
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The details of the mineral separation steps adopted to extract zircons from each sample
are described in section 3.1. The U-Pb dating method via chemical abrasion, isotope dilution
thermal ionization mass spectrometry (CA-ID-TIMS), is described in section 3.2. Fig. 3.1
shows a succinct flowchart of all mineral separation, while Fig. 3.2 depicts the CA-ID-TIMS

procedures.

3.1 Mineral separation

Collected bentonite samples need processing to find and isolate the zircon crystals from
everything else (such as clay minerals, carbonate fossils and organic matter). Material that
was not needed for the radioisotopic analysis was progressively removed from each sample
by using the mineral separation steps explained below (see Fig. 3.2). The end product were

zircon-enriched separates.

3.1.1 Washing, drying and sieving

A mixture of sample and water (~1:5 ratio) was introduced inside of a regular 1.4 L kitchen
blender. The mixture was blended for about 20 seconds and was given about 20 seconds
for the majority of the particulate to settle down. Subsequently the clearer water at the
top was gently poured out and new water was poured in. Several cycles of adding water,
blending and decanting were carried out until the water lost the dark mud color and became
nearly transparent. Then, the water was decanted, and the wet sample placed in an oven at
70°C to dry for 24+ hours. This simple washing procedure allows the removal of the lightest
particles, which remain suspended in the water and are decanted. Once the samples were

dry, they were sieved with a 500 um mesh to remove larger granules and fossil fragments.
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Figure 3.1: Diagram showing the different mineral separation steps, in sequential order from
(a) to (e). The red crosses indicate the mineral fractions (legend on the right-hand side) that
are progressively removed from each sample. (a) Initial sample. (b) The lightest particles are
removed through washing. (c¢) a mesh 500um sieve is used to remove the coarser particles. (d)
A magnetic separator is used to remove the magnetic fraction. (e) Lithium metatungstate
(LMT) is used to remove the light fraction with densities < 2.95g/cm?. Note: the green
circles in Figs. d and e indicate the sample fraction which is retained and used for further
processing.
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3.1.2 Magnetic separation

Besides zircons, there are other minerals that have a high density, such as Fe-bearing min-
erals (specific gravity (SG) comparable or higher than zircons). Zircons, however, have low
magnetic susceptibility. Hence, to rid the samples from magnetic minerals, a Carpco (Model
MIH-13-111-5) high-intensity induced roll magnetic separator was employed. The sample
was sprinkled across a vibrating track which progressively moved the sample closer to a ro-
tating magnet. The non-magnetic fraction (containing the zircons), was not attracted by the
magnet and would fall down into a crucible through a slit. The magnetic fraction, (without
zircons) would be picked up by the rotating magnet and brushed off into a second crucible

(see Fig. 3.1d).
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3.1.3 Heavy liquid separation

With the removal of the magnetic fraction, most common minerals have a specific gravity
of less than 3.0, while zircons have a significantly higher SG of ~4.7 (e.g., Mungchamnankit
et al. [2008]). The heavy liquid used for this study is lithium metatungstate (LMT). This
is a non-toxic liquid, soluble in water and with SG of 2.95. For heavy liquid separation, a
glass insert was placed in a 50 mL Falcon test tube. Then ~40 mL of LMT were added
into the test tube (see 3.1e). Secondly, part of the non-magnetic fraction (2 to 5 mL) was
poured inside the test tube. The mixture of sample and LMT was stirred and centrifuged
three times (20 seconds at 1000 revolutions per minute each time), with the sample mixed in
between. Since LMT has a very high viscosity, heavy particles take a long time to settle as
predicted by Stokes law: the higher the viscosity of the fluid, the lower the terminal velocity
of a particle in that fluid. For this reason, the test tubes were left overnight. After a night
for settling (see Fig. 3.1e), a 6 mm knitting needle was inserted to stop the flow of the light
fraction through the neck of the insert during removal of the glass insert. The isolated heavy

fraction was washed repeatedly with Milli-Q water to remove the LMT residue.

3.2 U-Pb CA-ID-TIMS

There are different zircon dating techniques commonly used today. In situ techniques, also
known as spot analyses, such as laser ablation inductively coupled mass spectrometry (LA-
ICP-MS) and secondary ion mass spectrometry (SIMS), are semi-invasive techniques, as only
a small portion of the mineral is damaged. These types of analyses are rapid, and dates can
be generated in minutes. Nevertheless, they can only achieve precision levels of £5-8% for
one spot analysis and +1% for a group of analyses (e.g., Schmitz and Kuiper [2013]). Another
widely used dating technique is CA-ID-TIMS. This method involves the dissolution of the

whole zircon grain and the analysis requires hours (and 4-5 days of prepartory work in the
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clean laboratory prior to mass spectrometry). Nevertheless, it can achieve <0.1% precision
for a single crystal analysis, and +0.03% precision for a population of analyses (Schmitz and
Kuiper [2013]). Time scale work requires this level of precision, especially when the goal is
determining the order, causality or rates of events that can occur very rapidly (i.e., mass
exctinctions, glaciations, C cycle perturbations). Thus, U-Pb zircon dating by CA-ID-TIMS

is most suitable for this study.

With U-Pb dating of zircon, the major and most common problem is Pb loss, wherein
the zircon loses Pb after its formation and results in an age younger than its crystalliza-
tion. Before chemical abrasion, this problem was addressed by removing the outer part of
zircon grains (thought to be the region most susceptible to alteration and exchange with
the external environment) through an air abrasion technique, which significantly improved
the achievable age accuracy by eliminating over 90% of Pb loss areas (Krogh [1982]). The
modern technique to address Pb loss, chemical abrasion, is even more effective. Chemical
abrasion consists of the pre-treatment (prior to ID-TIMS) of zircons via annealing and par-
tial dissolution (Mattinson [2005]). Annealing is a high temperature treatment that repairs
the lattice radiation damage of zircons. Zircons are heated to 900°C for ~48 hours, which
repairs (anneals) lattice radiation damage in the crystal structure. Chemical abrasion (CA)
is a leaching procedure in which the zircon areas that have experienced Pb loss are prefer-

entially dissolved (Mattinson [2005]).

3.2.1 Pre-treatments: annealing and chemical abrasion

After annealing, zircons were identified and isolated from each sample under an optical mi-
croscope. Detrital zircons, likely introduced during field sampling of the bentonite from

surrounding sedimentary strata, are recognizable due to their rounded edges and are not rel-
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Figure 3.2: Diagram showing the workflow of the CA-ID-TIMS method. Edited from Schoene

et al. [2010].

evant for this study. Only euhedral zircons, which suggest a volcanic origin, are suitable for

this work. Therefore, only the samples that contain euhedral zircons (three from Anticosti

and one from the Siljan district) were processed further. These samples are: MC-17-1:3.5,

MC-17-2:1.4 and SR-17-2:0.4 and the Boda bentonite.
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Figure 3.3: These micrographs show some of the zircons that were hand-picked and processed
(optical microscope, polarized light). z12 and z8 are from sample MC-17-2:1.4; z7 and 29
are from the Boda bentonite.

Chemical abrasion and mass spectrometry were carried out in the Princeton Radiogenic

Isotope Laboratory. Single zircon crystals were hand-picked (see Fig. 3.3) from each of the

euhedral zircon-bearing samples with the aid of an optical microscope and fine tweezers. A

total of 22 grains were picked from sample MC-17-2:1.4, five were picked from MC-17-1:3.5,

15 from SR-17-2:-0.4 and 14 from the Boda bentonite. Each zircon was placed in a Teflon
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beaker that had previously been thoroughly cleaned with ethanol. The beakers were moved
to a clean laboratory and each zircon was then transferred into a 200 pl Savillex Teflon
pcapsule together with blank-checked hydrofluoric acid (HF') and nitric acid (HNOj3). Blank
refers to Pb blank, i.e., contamination Pb introduced while processing the sample (Mattin-
son [2013]), and blank-checked solutions contain < 0.1 picogram (pg) of Pb per gram of
acid. The pcapsules were then placed in a Parr bomb acid digestion vessel which was put
in an oven at 185°C for 12 hours. After this leaching treatment, the zircon areas that had

experienced Pb loss had been dissolved (Fig. 3.2).

After leaching, the pcapsules were extracted from the digestion vessel and the zircons
were then rinsed repeatedly, following a series of steps. Only blank-checked reagents are
used for rinsing. First, the solution inside each pcapsule (containing the leachate from
the zircon) was removed with a piston pipette set to 180uL, with care not to remove the
chemically-abraded, still-intact zircon crystal. Successively, the capsules were fluxed with
6N hydrochloric acid (HCl) — MQ water — 6N HCl — 4 drops MQ water, ending with 4
drops HF. The ucapsules, with caps on, were then left on a hot plate for 3 hours. One more
round of rinses was carried out: MQ — 6 N HCl — M@ — 6N HCI. The pucapsules were
left, with caps on, on a hot plate overnight. The next morning, another rinse cycle (MQ —
HF — MQ — HF) was carried out, ending with the removal of the acid (leaving only one

drop in the pcapsule, to make sure the zircon was not removed as well).

3.2.2 ID-TIMS

After the zircons have been annealed and chemically abraded, they must be completely dis-
solved in a solution spiked with an EARTHTIME tracer (Condon et al. [2015]. Pb and U
are measured separately in the mass spectrometer. The number of moles of Pb and U must

be calculated in order to solve equations 3.3 and 3.4 for time. To do this, we need to mix
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our 2%Pb and ?Y"Pb. with a tracer solution of known composition to solve for moles of
206ph and 207Pb. Different laboratories traditionally used their own tracer solutions, making
intercalibration and result comparison challenging. This situation has changed since the
EARTHTIME initiative (e.g., Bowring et al. [2005]). This initiative has addressed intercali-
bration issues and has fostered a more cooperative community of geoscientists from different
disciplines that come together with the goal to improve geochronology (e.g., Bowring et al.
[2005], Schmitz and Kuiper [2013], Condon and Schmitz [2013]). With this object in mind,
standardized tracer solutions® for U-Pb ID-TIMS that can be traced back to physical units

(SI) have been prepared and are now used internationally (Condon et al. [2015]).

The tracer used for this project* is called ET2535 and it contains the synthetic 292Pb,
205Ph, and 23U as well as the naturally occurring ?*U (e.g., Condon et al. [2015]). At this
stage, each zircon was in a pcapsule with one drop of blank-checked HF. A measured mass
of ET2535 solution was added to the ucapsule, along with four drops of blank-checked HF
and one of HNO3. The ucapsules were put back in the Parr bomb, which was placed in an

oven at 210°C for 48 hours to let the zircons dissolve completely.

After dissolution, the pcapsules were taken out of the digestion vessel and placed on a
hot plate to let the HF evaporate completely. Then 3 drops of 6N HCl were added to the
dried pcapsules, which were placed back in the Parr bomb and the oven at 185°C for 12
hours. The digestion vessel was taken out of the oven and brought back to the clean lab.
The pcapsules were placed on a hot plate to dry. Then 2 drops of 3N HCI were added and
the pcapsules were placed back on the hot plate for about 20 minutes as the final step before

ion exchange chromoatography, after Krogh [1973].

3The composition of the EARTHTIME tracers used in this study is included in the appendix, Table A.1.
4Exceptions: a different tracer was used for 4 zircons from the Boda bentonite (22, z3, z4, z5) and for 2
zircons from MC-17-2:-1.4 (z3a, z8a). These were spiked with ET525 (EARTHTIME 2°°U 233Pb 235Pb).
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Each chromatography column employed was conditioned with 8 drops of 3N HCI and each
sample (containing the dissolved zircon and HCI) was poured into a column (note: columns
were previously cleaned thoroughly with cycles of M(Q water and 6N HCL). Blank-checked
3N HCI was added to the columns and a vial was placed under each column to collect all
dissolved elements other than U and Pb. Then a Savillex beaker was placed under each
column instead. 8 drops of blank-checked 6N HCI were added to the each column to elute
Pb. Afterwards, 10 drops of blank-checked MQ water were added to elute U. Once the U
had eluted as well, one drop of blank-checked phosphoric acid (H3PO,4) was added and the

beakers were placed on a hot plate to dry.

U-Pb measurements were performed on an IsotopX Phoenix62 thermal ionization mass
spectrometer at Princeton University. Each sample was placed on a single, outgassed rhenium
(Re) filament in a Si-gel emitter (Gerstenberger and Haase [1997]). Under vacuum, the
filament was heated up in a magnetic sector of the mass spectrometer in order to ionize
Pb and U (which predominantly ionize as Pb™ and UO,™) and accelerate them by applying
a ~8-10 kV electric potential (e.g., Schoene et al. [2010], Schaefer [2016]). The ion beam,
traveling through a magnetic sector of the mass spectrometer, diverges into separate beams
according to their mass (e.g., Faure and Mensing [2005]). Pb is measured first at a lower
filament temperature and in dynamic mode on an axial ion-counting Daly photomultiplier.
U was measured second in static mode on Faraday cups on 10'2Q resistors as UO,. 233UQ0,
and ?¥UQO, were corrected for an oxygen isotopic composition of 0.002055 (Condon et al.
[2015]). Because ¥0/1°0 typically grows at the beginning of an analysis before stabilizing,
early blocks of data are not included in final data reduction. Crucially, the known amount of
202pp, 205Ph, 233U and #*°U present in each sample (from the spike solution of known mass

added to each dated zircon) allows for determination of the mass (in moles) of 2%Ph, 237U,
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27Ph and ?*°U, and hence the 2°°Pb /23U and 2°"Pb/?3°U ages.

3.2.3 Further investigation on MC-17-2:1.4

Supplementaty investigations were carried out for sample MC-17-2:1.4; namely petrographic
observations and bulk geochemistry analysis. The light fraction (from heavy liquid separa-
tion) was observed through an optical microscope to detect volcanic phenocrysts. For the
geochemical analysis, a pulverized whole-rock powder (>5g) of the sample was prepared and
submitted to Actlabs (Ontario), where it was dissolved in a borate flux and then diluted in
aqueous nitric acid. Inductively coupled plasma optical emission spectrometry (ICP-OES)
and mass spectroscopy (ICP-MS) were used to quantify major and trace elements in the

resulting solution.
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Chapter 4

Results

Fifteen samples were collected from the field, but 11 were not dated via CA-ID-TIMS, be-
cause euhedral zircons were not found after heavy liquid separation. Four samples were
dated, three from Canada and one from Sweden. Each contained zircons with euhedral
habit (which suggests a volcanic origin). A total of 56 zircons were picked from the 4 sam-
ples, and were processed to produce isotopic dates. The extended version of the results for
each of the dated potential bentonite samples, including all the dates, compositions and iso-
topic ratios, are reported in the appendix (Tables A.2, A.3, A.4, A.5). Samples MC-17-2:1.4
and Boda, described in section 4.1, successfully provided a cluster of robust and concordant
dates. These dates have been used to determine an age for each of the two bentonite samples.
An age consists of a number (obtained by solving equation 3.2 for time) associated with a
geological event: the deposition of an ashfall in this case. Samples MC-17-1:3.5 and SR-17-
2:-0.4, display dates that range from 2627 Ma to 449.24 Ma. Unlike MC-17-2:1.4 and Boda,

a clear plateau, with multiple zircons of overlapping dates, was not apparent in these samples.

For each zircon analyzed, two ages have been produced: one using 2°Pb/?3¥U, and one

using 2°"Pb /?35U. The results have been displayed using Wetherill Concordia plots (Wetherill



41

[1956]) and weighted means (e.g., see Figs. 4.2 and 4.6). Concordia diagrams plot predicted
U-Pb isotopic compositions for a closed system of a given age, t. When an analysis overlaps
(considering its error) with this thereotical curve, the dated mineral is considered to repre-
sent a closed system with a robust age. Analyses that fall off concordia suggest open system
behavior, such as Pb loss. The age for the two successfully dated bentonite samples was
determined using weighted mean averages. The mean squared weighted deviation (MSWD)
was the statistical analysis adopted to determine the goodness of the fit of this model. The
expected MWSD value should be ~1 when the deviations from the regression age line are

within analytical error (Wendt and Carl [1991]).

A thorium correction has been applied to the results displayed in Figs. 4.2 and 4.6. Zircon
is a Th-poor mineral. Thus, when zircon crystallizes, it is out of equilibrium with Th from
the parent magma, i.e. Th-U fractionation between zircon and magma (f) is < 1.

(Th/U)zircon

L= D) magme -y

230Th is one isotope of Th, which is part of the ?**U decay chain (half-life of ~75 kyr). Due
to Th incompatibility, zircons will be depleted in 23°Th during crystallization. The end result
of Th disequilibrium is that the 2°°Pb/?3¥U age is too young, because less 2*°Th means less
206Ph ultimately made. Therefore, we calculate the original Th/U of the zircon directly. Th
contents are calculated from radiogenic 2**Pb and #**Th-corrected 2°°Pb/?*¥U date of the
sample, assuming concordance between U-Pb and Th-Pb systems (these ratios are in the
data tables included in the appendix). It is also assumed that Th/U of the magma is 2.8.
But importantly, for zircon, there is a hard absolute limit for how much this correction can
change the age (because zircons have f values <1, rather than >1). If there is no Th in the

zircon (Th/U = 0), the age will be too young by ~75 kyr. Thus, the correction is impor-
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tant for young zircon, but less so for Mesozoic zircons or older (see Fig. 4 from Schérer [1984]).

The CA-ID-TIMS results, corrections and statistical data were processed using U-Pb
Redux, which is a software that standardizes data processing protocols, hence enabling

robust interlaboratory comparisons (Bowring et al. [2011]).

4.1 Samples MC-17-2:1.4 and Boda

This section presents the results for samples MC-17-2:1.4 (from Anticosti Island, Canada)
and for the Boda bentonite (Siljan district, Sweden). Both of these samples show a cluster of
Late Ordovician dates (4.2 and 4.6). Tables with complete data are included in the appendix
(Tables A.2, A.3).

MC 172 1.4
We processed a total of 22 zircons, four of which were rejected (one due to unacceptably high
Pb blank, and three lost during procedures prior to mass spectrometry). Of the 18 zircons
successfully dated, one is Proterozoic (1096 Ma). 13 zircons range from Lower to Middle
Ordovician (461.36 Ma to 475.23 Ma, see Fig. 4.1). The youngest 4 grains overlap with their
uncertainties and have a weighted mean is 443.614+0.18/0.21/0.52. All uncertainties are at
the 20 level. The first, 0.18, is the analytical uncertainty; the second, 0.21, also includes
tracer calibration; the third, 0.52, also includes decay constant uncertainties (e.g., Schoene
[2014]). The MSWD on this group of dates is 0.72, thus indicating that a weighted mean is
a good fit for these data. These four zircon also overlap with two zircons previously dated at

Princeton from this same Anticosti bentonite layer. The weighted mean of these six zircons

is 443.6140.17/0.21/0.52, with MSWD = 0.61 (see Fig. 4.1, 4.2).
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Th-corrected 29

MC-17-2:1.4

206 Pb/ 238 U

207 Pb/ I235 U

Figure 4.1: Concordia plot (*“Pb/#8U ratio versus 2*"Pb/?¥U ratio) of MC-17-2:1.4. The
blue line is the concordia curve. The small black dots represent measured U-Pb isotopic
ratios and the colored ellipses around each of those dots represent measurement uncertainty.
The red are the new analyses produced, while the green color indicates the two older analyses
(z3a, z8a). Each ellipsis is labeled (e.g.: z1, z2, etc.) with the name assigned to the measured
zircon. All the accepted zircon dates are included, except for z21, which is >1000Ma.
Phenocrysts (Fig. 4.3) were identified during petrographic observation of this sample’s
light fraction (derived from LMT separation, see section 3.1), phenocrysts were identified (see
Fig. 4.3). The bentoninite’s bulk geochemical composition (see Table A.6 for extended data)
falls withing trachyandesitic domain when plotted on the Winchester and Floyd, 1977 dia-
gram (see Fig. 4.4). This volcanic rock classification diagram uses immobile trace elements,
and is ideal for altered rocks (such as bentonites). The composition of MC-17-2:1.4 is compa-

rable with other Upper Ordovician Laurentian bentonites, such as the Russell Bed bentonite

(Sharma et al. [2005], see Fig. 4.4), from the Billings Fmt, eastern Ontario (Canada).
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Figure 4.2: Concordia plot (*“Pb/?3U ratio versus *"Pb/?*U ratio) of the MC-17-2:1.4
sample. This is a close up, which highlights the dates the ages which have been used in
the weighted mean. The blue line is the concordia curve. The small black dots represent
measured U-Pb isotopic ratios and the colored ellipses around each of those dots represent
measurement uncertainty. The red are the new analyses produced, while the green color
indicates the two older analyses. The bottom right of the figure illustrates the same results
displayed by the weighted mean of their 2°Pb /23U, in the top left.

Figure 4.3: Micrographs of phenocrysts from sample MC-17-2:1.4, taken with an optical mi-
croscope, cross-polarized light. Note the twinning of the quasi-hexagonal crystal (feldspar?).
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Figure 4.4: The bulk composition of sample MC-17-2:1.4 (trachyandesitic) is indicated by
a orange dot (labeled MC) in this volcanic rock classification plot, Winchester and Floyd,
1977. The composition of the Russell Bed bentonite (black dot, labeled RB), from eastern
Canada (Sharma et al. [2005]), is also plotted for comparison.

Boda bentonite
A total of 14 zircons were analyzed and 13 dates are presented here, with one rejected due
to high Pb blank. Of the 13 zircons that were accepted, eight form a robust age plateau
(see Fig. 4.5, 4.6). The weighted mean of the dates is 443.28+0.10/0.15/0.50 (analytical
uncertainty /analytical + tracer/analytical 4+ tracer + decay constant). All uncertainties are

at the 20 level. The MSWD for this population of zircons is 0.82. Three of the dated zircons
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are younger than this age plateau and two are older.

Th-corrected
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Figure 4.5: Concordia plot (*Pb/?3U ratio versus *"Pb/?3U ratio) of the Boda bentonite
sample. The blue line is the concordia curve. The small black dots represent measured U-Pb
isotopic ratios and the ellipses around each of those dots represent the uncertainty. Each
ellipsis is labeled (eg: z1, z2, etc.) with the name assigned to the measured zircon. All zircon
dates are included.

4.2 Samples MC-17-1:3.5 and SR-17-2:-0.4

The dates from these two samples were very dispersed. Five zircons were dated for MC-17-
1:3.5 (range of 444.72 to 2627 Ma, see Fig. 4.7) and 15 zircons were dated for SR-17-2:0.4
(range of 449.30 to 2653 Ma, see Fig. 4.8). As opposed to the two samples presented in the
previous section, it was impossible to resolve unambiguous and meaningful ages from the
data of these two samples. Further investigation would be required to determine potentially
an age for these two samples, if one is present. Sample MC-17-1:3.5 looks particularly

promising, as it has one zircon (z4) which is 444.72 Ma (see Fig. 4.7). Sample MC-17-
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Figure 4.6: Concordia plot (*Pb/?3U ratio versus 2"Pb/?3U ratio) of the Boda bentonite
sample. This is a close up which highlights the dates that have been used for the weighted
mean. The blue line is the concordia curve. The small black dots represent measured U-Pb
isotopic ratios and the ellipses around each of those dots represent the uncertainty. Note
that only the significantly overlapping ellipses have been highlighted in red. Each ellipsis is
labeled (eg: zl1, z2, etc.) with the name assigned to the measured zircon. The box on the
bottom right of the figure illustrates the same results dispayed by their weighted mean in

the top left.

1:3.5 was collected just ~2m above MC-17-2:1.4 (see Fig. 2.4), therefore it is unequivocally

younger (MC-17-2:1.4 is 443.61£0.17). Tables with complete data for samples MC-17-1:3.5

and SR-17-2:-0.4 are included in the appendix (see Figs. 4.7, 4.8 and Tables A.4, A.5).
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Figure 4.7: Concordia plot (*Pb/#8U ratio versus *"Pb/?*U ratio) of MC-17-1:3.5. The
blue line is the concordia curve. The small black dots represent measured U-Pb isotopic
ratios and the ellipses around each of those dots represent the uncertainty. Each ellipsis is
labeled (eg: zl, z2, etc.) with the name assigned to the measured zircon. All zircon dates
are included. All accepted zircon dates are shown, except for z1 and z3, which are >1000Ma.
Insert at bottom right shows z4 more closely.
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Figure 4.8: Concordia plot (2%Pb/?3U ratio versus 2°"Pb/?*U ratio) of SR-17-2:-0.4. The
blue line is the concordia curve. The small black dots represent measured U-Pb isotopic
ratios and the ellipses around each of those dots represent the uncertainty. Each ellipsis is
labeled (eg: z1, z2, etc.) with the name assigned to the measured zircon. All accepted zircon
dates are included, except for zl, z2, z3, z4 and z9, which are >700Ma.
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Chapter 5

Discussion

In this chapter, the U-Pb results will be discussed and their possible applications will be
explored. Section 5.1 concerns the interpretation of the U-Pb dates obtained in this study.
The following sections, illustrate the type of applications that can derive from this type
of data. Specifically, section 5.2 describes how to make an age model for the duration of
the HICE by combining radiometric ages with C isotope stratigraphy. Section 5.3 explains
how to create a simple carbon model that can illustrate a potential C cycle perturbation
manifest in the HICE, which has been commonly linked to end-Ordovician glaciation and
mass extinction. Assumptions are required for each that are difficult to test, but both the
age model and the carbon model are solely used to help convey the potential applications of

our results and of radiometric ages in general.

5.1 From dates to ages: interpreting U-Pb ID-TIMS
results

Volcanic eruptions can be considered as geologically instantaneous events. For this reason,

dating bentonites is an important tool for the calibration of geologic time. The objective
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of dating a bentonite sample is to deduce the age of the volcanic eruption which created it.
In an ideal scenario, all zircons present crystallized at the same time and simply date the
ashfall event. In reality, date spectra found in bentonites are always more complex, because
not all zircons are autocrysts. It is common to find antecrysts (formed from protracted zir-
con growth within the magma chamber before eruption) or xenocrysts (incorporated from
country rock during eruption), as well as detrital grains from sediment contamination (e.g.,
Corfu [2013], Miller et al. [2007], Tucker et al. [1990]). Furthermore, some zircon crystals
may be affected by Pb loss (e.g., Schoene et al. [2010]). Thus, the preferred approach (e.g.,
MacLennan et al. [2018], Schoene et al. [2010]) is to identify the youngest, robust age pos-
sible, and this serves as the best model for eruption age. A robust age can be determined

when there are multiple overlapping zircon dates that form an age plateau.

Multiple, overlapping concordant dates (found both in MC-17-2:1.4 and in the Boda
sample) suggest that the zircons are autocrysts, meaning that they formed within the
youngest magma pulse and thus closest to the actual eruption age (e.g., Miller et al. [2007]).
Their weighted mean, 443.61+0.17/0.21/0.52 Ma and 443.284+0.10/0.15/0.50 Ma respec-
tively, serves as the best model for the eruptive age of each ashfall event. Weighted means
are often interpreted as the best age estimate (e.g., Schoene [2014]). This assumption is
most valid for older bentonite ages, given the precision of individual analyses (200-400 kyr
for the end-Ordovician). It becomes more problematic for young ashes, as zircons do not

crystallize instantaneously.

Sample MC-17-2:1.4 produced a cluster of six concordant dates with overlapping uncer-
tainties. The one Proterozoic grain from this sample (1096 Ma) is interpreted as a detrital
grain. There are also 13 dates that are older than the six plateau zircons, ranging from

Lower to Middle Ordovician (see Fig. 4.1). The zircons that produced these dates could be
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interpreted as xenocrysts that became incorporated into the ashfall during eruption.

The sample was collected from the Lousy Cove Mbr of the Ellis Bay Fmt and sits ~8
m below the HICE (see Fig. 2.4). The Lousy Cove Mbr is Katian/Hirnantian (Upper Or-
dovician age). This is consistent with the interpretation that the 13 dated zircons, which
range from Middle to Lower Ordovician age (much older than the Lousy Cove sediments),
are xenocrysts. In the field, MC-17-2:1.4 appeared as a ~6 cm thick conformable bentonite
horizon. Despite the complex age spectra from this sample, the volcanic origin of MC-17-
2:1.4 is further reinforced by the the presence of phenocrysts (as one would expect from a
sample that has volcanic origin) identified during petrographic observations (see Fig. 4.3).
Furthermore, the geochemical composition of the bulk sample plots in the trachyandesitic
field of the Winchester and Floyd [1977] diagram (see Fig. 4.4). The bulk composition of the
sample is consistent with an explosive eruptive style (see Fig. 4.4) and is comparable with
other Upper Ordovician Ordovician Laurentian bentonites (e.g., Russel Bed bentonite from

the Billings Fmt, eastern Ontario (Canada)).

Euhedral zircons are abundant in the Boda bentonite. Fig. 4.6 shows an age plateau
formed by a population of eight zircons. There are three zircons that are resolvably younger
compared to this age plateau (see Fig. 4.5), hence the eight plateau zircons could be in-
terpreted as grains that resolvably pre-date the eruption event. Nevertheless, the youngest
zircon (z8), is clearly discordant (see Fig. 4.5), while the other two zircons grains do not
overlap with any other grain and are here interpreted as a subtle Pb loss (i.e., not all Pb
loss affected areas had not been completely removed during the chemical abrasion). This
interpretation is not unreasonable, especially considering that subtle lead loss is nearly im-
possible to detect in U-Pb ages as young as these, because all discordia lines run nearly

parallel to the concordia curve for ~444 Ma crystrallization ages. There are also two zircons
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that are older than the age plateau that are interpreted as either antecrysts or xenocrysts

(see Fig. 4.6).

The Boda bentonite was collected from a karstic void (located just below the HICE peak,
see Fig. 2.11). Tt follows that the Boda bentonite can be considered as a minimum age con-
straint on the surrounding strata, as cave formation necessarily postdated the deposition of
its encasing sediments. Thus, the strata could be older than the age of the Boda bentonite,
but not younger. However, it has been suggested that cave formation was very early and
coincident with either erosional surface K1 or K2 (Kroger et al. [2015]) further up section
(~10m and ~19 m above the Boda bentonite sample, see Fig. 2.11). Regardless, the age
obtained for the Boda bentonite (443.28+0.10/0.15/0.50 Ma) is younger than the one ob-
tained for MC-17-2:1.4 (443.61£0.17/0.21/0.52 Ma). This ordination is consistent with the
fact MC-17-2:1.4 is ~8 m below the start of the HICE rise, whereas the Boda is either from

the HICE maximum (if correlative to K1) or post-dates the excursion (if correlative to K2).

Owing to their stratigraphic contexts, sample MC-17-2:1.4 provides a stronger time con-
straint than the Boda bentonite, because the former is conformable with strata above and
below, whereas the latter is not. Even though there is currently no agreement on the exact
position of the Katian-Hirnantian boundary on Anticosti (due to contrasting chemostrati-
graphic and biostratigraphic interpretations, see section 2.1.2), it is agreed that the Lousy
Cove Mbr is Ordovician and not Silurian. The age obtained for the Anticosti sample is
443.61+0.52 Ma (20, analytical, tracer calibration and decay constant uncertainties). In the
most recently updated chronostratigraphic chart (Cohen et al. [2018]), the O-S boundary
is placed at 443.84+1.5 Ma, thus predicting that MC-17-2:1.4 cames from Silurian strata.
The age of our sample (indisputably Ordovician) implies that the age of the current O-S

boundary is very unlikely to be on the older side of its given uncertainty (see Fig. 5.1).
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Figure 5.1: This illustration shows a comparison between the two new radiometric ages and
the current O-S boundary (Cohen et al. [2018]).

In the future, the other two Anticosti samples that contain zircons with euhedral mor-
phology (MC-17-1:3.5 and SR-17-2:-0.4) could be further investigated to ensure whether or
not they are bentonite clays and bear a population of Hirnantian zircons. For this purpose,
petrographic observations could be carried out and a faster dating method (such as laser

ablation) could be adopted to identify an eruption age zircon population (if one exists).

5.2 How to make an age model

As a demonstration of what can be done with the radiometric ages obtained, the estimation
of a minimum duration of the HICE will be used as an example. In other words, a duration

which corresponds to the thickness of sediments deposited from pre-excursion §'3C values
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to peak value (on eastern Anticosti, see Fig. 5.2) is is deduced. The analysis below makes
several assumptions. These are subject to revision, especially as new geochronological con-

straints are developed.

In their global review of the Hirnantian stage, Delabroye and Vecoli [2010], examine
the limitations and ongoing conundra of global correlations made with C isotope chemo-
stratigraphy. These include (and are not restricted to) different absolute values of the HICE
peaks in different locations. However, the approach chosen here considers the §'3C,,, strati-
graphic record to be synchronous (e.g., Kump and Arthur [1999]), hence suitable as a tool
for global correlations. It follows that even though a consensus regarding the position of the
Hirnantian Stage on Anticosti Island has not been reached, the position selected here is the
one suggested by chemostratigraphic studies (e.g., Jones et al. [2011]): that the Hirnantian

Stage is confined to the uppermost Ellis Bay Fmt, as shown in Fig. 5.2.

Given the above premises, the §'3C..y, record (6'3C of carbonate sediments) is used as
a correlating tool to project the Boda sample into the eastern Anticosti stratigraphy (see
Fig. 2.4 and 5.2). The §'3C.,, data for the Macaire Creek is from [Jones, personal commu-
nication, 2018]'. Here we consider the highest value of this dataset to be the peak of the
HICE, although more §'3C data would be helpful to ensure that the peak of the HICE cor-
responds with the one selected here and it is not situated higher in the section or truncated
by a hiatus (as suggested by Brenchley et al. [2003]). The C isotope chemostratigraphy used
for the Siljan district, is from the Osmundsberget 4 & 5 section included in Ebbestad et al.
[2015] (Fig. 13) and in Kroger et al. [2015] (Fig 3). As mentioned earlier, the Boda ash comes

from a karst pocket, therefore it provides a minimum age constraint on the adjacent strata.

IThe §'3C curve used in the age model is the same as the one shown in Fig. 2.4 of this manuscript. We do
not have data for the very bottom and the very top of the stratigraphic section depicting the lithostratigraphy
of the sampling location.
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In this model, cave formation is considered coincident with erosional surface K1, which sits

at the peak of the HICE (as suggested by Kroger et al. [2015], see Figs. 5.2).
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Figure 5.2: This figure shows a possible correlation scheme between eastern Anticosti and
the Siljan district. The projection of the Boda bentonite into the eastern Anticosti stratig-
raphy is shown by the green dashed arrow. The Osmundsberget 4 & 5 lithostratigraphy,
chemostratigraphy and biostratigraphy is from Ebbestad et al. [2015], (Fig. 13).

To calculate a duration for the HICE, the first step was to further refine the two proba-
bility distributions for the Boda and the MC-17-2:1.4 ages, starting with the weighted mean
ages for each as an initial model. Since the purpose of this model is to calculate durations,
and both bentonites have zircon U-Pb ages produced with EARTHTIME spikes, only the
analytical uncertainty is relevant. From the two age distributions, a set of 10° date pairs

are drawn. Each pair of randomly selected values was retained only if stratigraphically valid
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—in other words, only if the age from sample MC-17-2:1.4 (stratigraphically lower compared
to the Boda, hence older) was greater than the age for the Boda sample. The two refined age
distributions are displayed in Fig. 5.3. The two new age distributions are nearly identical to
their priors; and their respective mean values do not change. This result arises because the
initial age models for both bentonites do not overlap at the two sigma level: 443.2840.10
and 443.61+0.17. When initial ages do overlap, the final ages can be significantly different
(e.g., Husson et al. [2016]).

Refined age distributions
\ \ \ \ \

U =443.275 Ma [ Boda
u=443.61Ma [CCmc17214

2500

2000

1500

1000

500

443.1 443.2 443.3 443.4 443.5 443.6 443.7 443.8 443.9 444

Figure 5.3: Probability age distributions for samples MC 17 2 1.4 (Anticosti) and for the
Boda sample after the Markov-chain Monte Carlo method. Note: the means of the two
distributions remained the same before and after resampling.

The second step was to produce a duration estimate to quantify the time elapsed between
MC1-7-2:1.4 and the Boda bentonite, by subtracting all of the valid date pairs retained.
Assuming a constant accumulation rate, the accumulation rate distribution was calculated

by dividing the thickness of the sediments separating MC-17-2:1.4 from Boda (projected into
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the same stratigraphic section) by the duration distribution as shown in equation 5.1:

hsopa — hace
Nos = , 5.1
*™ Nuc — Npopa (5.1)

where Ngq is the accumulation rate distribution (in m/Myr), hgopa-huc is the thickness of
the sediments (in m), while Ny and Npopa are the refined age distributions for the two

samples. Each probability distribution is defined by a mean, i, and a standard deviation, o.

HICE duration
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Figure 5.4: Probability distribution for the estimated minimum duration of the HICE.

The third and final step was to produce a probability distribution for the minimum
duration distribution of the HICE. It is a minimum estimate, because the HICE at Macaire
Creek may be truncated at its top —either because of incomplete sampling, or by a hiatus
(Brenchley et al. [2003]). This was calculated by dividing the thickness of the sediments

deposited during the HICE (hgicpe-huicr:) by the accumulation rate distribution (Ngrcg),
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as shown in equation 5.2:

h/HICEQ - hHICEl
NHICE(ILL70-> = N d(/l/ O')

(5.2)

The minimum HICE duration produced here has a mean of 55.9 kyr with a standard
deviation of 17 kyr. It is referred to as a minimum duration because the Laframboise
Member may have disconformities near the upper part of the HICE, which would be reflected
in reduced sediment thickness, which in turn would results in a shorter HICE duration (see
Fig. 5.5b). As opposed to this, if significant disconformities are present below the HICE
peak (i.e., where the §'3C.,, record is flat and at baseline, and thus not easily detected),
the accumulation rate would be faster compared to the one calculated here (Ngeq(p)= ~38
m/Myr), meaning that the duration of the HICE would be even shorter (see Fig. 5.5a) than

the estimate calculated here and displayed in Fig. 5.4.

5.3 Carbon model

An estimate of the duration of the HICE was made in the previous section. The calculated
duration from base level to peak §13C .4 is 31.0£1.9 kyr (20), which can be used to constrain
a simple model of the HICE. This simple one-box model (see Fig. 5.6), reduces the C cycle
into a single surface C reservoir, with one input flux and two output fluxes. Assuming steady
state, the input flux equals the sum of the output fluxes. This model is the simplest C cycle
model possible, yet it is still useful when considering possible drivers and interpretations of

the HICE.

The surface reservoir considered in the model presented here consists of the C present
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a. Disconformities below the HICE (between the Boda ash and MC-17-2:1.4)

A
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IMPLICATIONS:
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i f i time missin .
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b. Disconformities truncate the HICE
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Figure 5.5: This conceptual diagram illustrates the implications that potential disconformi-
ties (and discontinuities) would have on the duration of the HICE estimated in the Macaire
Creek section.

in the ocean and atmosphere. This is predominantly dissolved inorganic carbon (DIC) in
the ocean, which consists of bicarbonate (HCOj), carbonate (CO3%*) and carbon dioxide
(CO3). The C input consists of the mantle-derived C outgassed from the solid Earth, and
the output consists of carbonate C and organic C burial. Assuming steady state conditions,

we can write the mass balance as indicated by equation 1 in Husson et al. [2016]:
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One Box-Model

Volcanic and metamorphic Ocean-atmosphere carbon (mol/m?) Carbon burial flux
flux (mol/kyr) (mol/kyr)

carbonate carbon

Figure 5.6: Conceptual diagram of a single box carbon model presented here (assuming
steady state conditions, input flux = output flux).

carbon input .
carbon reservoir

613Cinput - (1 - forg) * 613CDIC’ + forg * (5130DIC - Eorg) ) (53)

where 6'3Cjppy is the isotopic value of the volcanic and metamorphic input flux (e.g., -5%o,
Kump and Arthur [1999]), fo, is the fractional burial of organic C, §"*Cp;c is the isotopic
value of the ocean-atmosphere reservoir (assumed to be equivalent to 6'3C of carbonate pre-

cipitated from the ocean) and ¢,,, is the fractionation between organic C and carbonate C.

Positive §'3C,,4 excursions are commonly interpreted as driven by increases in organic
C burial (e.g., Munnecke et al. [2010], Kump and Arthur [1999]), as organic C is depleted in
the *C isotope (e.g., Kump and Arthur [1999]). It is not unreasonable to observe a positive
d13C excursion in time of global cooling. The enhanced organic C burial can be linked to a
decrease in atmospheric COs (greenhouse gas), which is associated with the cooling of the
Earth’s surface temperature. Independently we can also observe that the Upper Ordovician
deposits are punctuated by black shales high in organic C content (e.g., Melchin et al. [2013]).
The rate of C isotopic change resulting from a change in organic C burial can be calculated

using equation 2 from Husson et al. [2016] (adapted from Kump and Arthur [1999)):
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d513CD]C E; 13 3 3
di = Me * (5 Cinput - (1 - fng) x 0 °Cproc + forg * (5 Cpic — 507"g)) (54)

The term on the left-hand side indicates the rate of C isotopic change in the ocean-atmosphere
reservoir, Fy, indicates the C input flux, and M indicates the mass (in moles) of the surface
C reservoir. The other terms are the same as in equation 5.3. Equation 5.4 was solved
numerically using different combinations of C flux and reservoir size. Multiples of modern
values were used for Fj, (0.6%¥10' mol/kyr, from Kump and Arthur [1999]) as well as for
M¢ (3.1%¥10'® mol, calculated using ocean volume from Eakins and Sharman [2010] and DIC
from Sarmiento and Gruber [2006]), with a constant ¢,,, value of 30%0 (Hayes et al. [1999]).
In each model iteration, a positive §'3C excursion was simulated, with 6'3Cup, of DIC ris-
ing from a baseline value of 0.6%o to a maximum of 3.6%o, accomplished by changing f,.,
from 0.17 to 0.29 instantaneously (representing a sudden increase in black shale deposition).
Fig. 5.7 shows simulations with different fluxes (the colorful lines on the plot are the fluxes).
The time required for §'3Ce .y, to raise from the 0.6%0 to 3.6%o is the response time (see
Fig. 5.7), and is senstive to both Fj, and M¢. For example, the response time will decrease
if M, is held constant and F}, is increased. It will increase if M, is increased and F;, is
held constant. The grey area in the same figure shows combinations of DIC and C flux
that are consistent with the duration of the HICE as constrained by our U-Pb results. For
example, if Hirnantian DIC levels were similar to today (2.3 mmol, dashed line in Fig. 5.7),

the required input flux would be 80x the modern value for a total HICE duration of ~56 kyr.

Residence time of C in the ocean, i.e. the average length of time that a C atom will
remain in the reservoir, is approximately 100 kyr (e.g., Emerson and Hedges [2008], Kump

and Arthur [1999]). The duration from base level to peak §'3C,, calculated in this study is
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Figure 5.7: This plot depicts the outputs of the carbon model described in this section.
Different values for DIC (which indicates the C reservoir size) and for C flux are shown.
The red horizontal line indicates the duration from base level to peak §'3C,, calculated
from geochronological constraits in section 5.2, the dark grey area is the standard deviation
o, and the light grey area is 20. The colorful lines that are collocated within the grey box
represent parameters that are feasible for the response time calculated. The dashed vertical
line indicates the modern DIC value (Sarmiento and Gruber [2006]). In the legend (top
right), model fluxes are expressed as multiples of the modern value (Fj, = 0.6*101® mol /kyr,
Kump and Arthur [1999], Fig. 1).

slightly less than one third of the modern residence time. Hence this model could indicate
that the C turnover in the Hirnantian ocean was much quicker than today. This is not
implausible in times of eustatic sea level fall. The enhanced erosion due to larger landmasses
and a greater area of shelf exposure, could account for an increased C input and a reduced
residence time. On the other hand, the compatible fluxes are extremely high compared to
modern values (60-180x). This could suggest that at a 6'3C,, value of 3.64, the system
was not yet in equiliblrium and more time was necessary to reach steady state conditions.

If this is correct, then an even larger perturbation to the global C cycle is required than an

increase of f,,, from 0.17 to 0.29 to drive the HICE, because the calculation of f,,, = 0.29
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assumes that the carbon cycle had reached steady state.

Considering the high fluxes observed in the model presented here, it will be challenging
to model the HICE as the C cycle reaching a new equilibrium. A dynamic carbon model
that does not assume steady state conditions may be required. Nevertheless, the purpose
of this carbon model, similarly to the age model, is to assist the reader to see the possible
applications of the results obtained in this study. As the number of radiometric dates from
different Upper Ordovician deposits around the world increases, it will be possible to further
refine the timescale, and to make more robust global correlations. A refined timescale and

more robust C isotope correlations will also allow to produce more refined carbon models.
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Chapter 6

Conclusions

Two bentonite samples have successfully been dated with EARTHTIME U-Pb techniques
(CA-ID-TIMS), contributing to the record of radiometric ages for the Late Ordovician. One
of these samples, MC-17-2:1.4, was collected from the Lousy Cove Mbr of the Ellis Bay
Formation (Anticosti Island, Quebec) and its age is 443.61+0.17/0.21/0.52 Ma. Despite the
lack of consensus on the placement of the Katian-Hirnantian boundary in this location, the
scientific community agrees that the Lousy Cove Mbr is of Late Ordovician age. The age
of MC-17-2:1.4 can therefore be considered a strong constraint for the O-S boundary. The
other sample, taken from the Boda core facies of the Siljan district (Dalarna County, Sweden)
was dated 443.284+0.10/0.15/0.50 Ma. This age can only be seen as a soft constraint as the

bentonite sample was collected from a karst pocket that post-dated its encasing sediments.

These results alone might not unravel the conundra of the end Ordovician glaciation and
mass extinction, yet they contribute to the refinement of our current knowledge. The cur-
rent age for the O-S boundary in the International Chronostratigraphic Chart 2018 (Cohen
et al. [2018]) is 443.8+1.5 Ma. By comparing this value with the age of the Anticosti sample

(443.61+£0.52), it appears that the boundary age is very unlikely to be on the older side of
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this distribution (see Fig. 5.1). This work can be continued through the search for more
bentonite. An obvious next step is continued examination of MC-17-1:3.5 and SR-17-2:-0.4,

to see if either contain an eruptive age population.

Integrating radiometric ages to the existent chronology, is key to improve the accuracy
and resolution of the Late Ordovician timescale, hence allowing an ever better understanding
of large scale perturbations. Over time, the increased availability of more and more precise
radiometric ages, will help the scientific community to better constrain the rates of various

Earth system events, such as the HICE.
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Appendix A

Additional Information

This appendix includes the extended version of the U-Pb ID-TIMS analyses conducted at the
Princeton Radiogenic Isotope Laboratory, as well as the results of the geochemical analyses

performed on sample MC 17 2 1.4 conducted at the Ontario Activation Laboratories Ltd.

A.1: Composition of the EARTHTIME tracers used in this studys;

e A.2: Extended data for ID-TIMS analyses on sample MC-17-2:1.4;

e A.3: Extended data for ID-TIMS analyses on the Boda bentonite sample;
e A.4: Extended data for ID-TIMS analyses on the sample MC-17-1:3.5;

e A.5: Extended data for ID-TIMS analyses on the sample SR-17-2:-0.4;

e A.6: Bulk composition of sample MC-17-2:1.4.



ET 535
Parameter Value |10 (abs.)
%pp (mol/g) |1.03E-11|2.58E-14
2>y (mol/g) |1.03E-09|2.60E-12
*%pp/*®Pb | 9.00E-05|9.00E-06
2%pp/2%pp  3.89E-041.69E-04
27pp/*®ph | 2.96E-04|1.40E-04
2%pb/*®Pb | 7.44E-04|3.47E-04
23u/u  [9.95E-01|5.38E-05
287U [3.08E-03|3.96E-07
ET 2535
Parameter Value |10 (abs.)
*%ph (mol/g) |1.03E-11|2.58E-14
>y (mol/g) |1.03E-09|2.60E-12
22pp/°%ph  |9.99E-01|2.66E-04
*%pp/*®ph | 1.05E-04|9.16E-06
2%°pp/2%plh | 4.83E-04|1.66E-04
27pp/*%ph  |4.32E-04|1.38E-04
%pp/°®ph | 1.04E-03|3.35E-04
23y/*u |9.95E-01|5.38E-05
287U [3.08E-03|3.96E-07

Table A.1: Composition of the EARTHTIME tracers used in this study.
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Analyte Symbol| Unit | Detection Limit{ Analysis Method [ MC 17 2 1.4§Analyte Symbol| Unit [ Detection Limit] Analysis Method| MC 17 2 1.4
Si02 % 0.01 FUS-ICP 56.33 Nb ppm 1 FUS-MS 12
AI203 % 0.01 FUS-ICP 15.2 Mo ppm 2 FUS-MS <2
FeO % - - 5.26 Ag ppm 0.5 FUS-MS 0.5
Fe203(T) % 0.01 FUS-ICP 1.75 In ppm 0.2 FUS-MS <02
MnO % 0.001 FUS-ICP 0.063 Sn ppm 1 FUS-MS 2
MgO % 0.01 FUS-ICP 4.8 Sb ppm 0.5 FUS-MS <05
CaO % 0.01 FUS-ICP 3.02 Cs ppm 0.5 FUS-MS 41
Na20 % 0.01 FUS-ICP 1.66 La ppm 0.1 FUS-MS 23.3
K20 % 0.01 FUS-ICP 3.15 Ce ppm 0.1 FUS-MS 45.7
TiO2 % 0.001 FUS-ICP 0.816 Pr ppm 0.05 FUS-MS 5.31
P205 % 0.01 FUS-ICP 0.14 Nd ppm 0.1 FUS-MS 20.2
LOI % GRAV 7.04 Sm ppm 0.1 FUS-MS 3.9
Total % 0.01 FUS-ICP 99.23 Eu ppm 0.05 FUS-MS 0.79
Sc ppm 1 FUS-ICP 17 Gd ppm 0.1 FUS-MS 3.2
Be ppm 1 FUS-ICP 2 Tb ppm 0.1 FUS-MS 0.4
\Y ppm 5 FUS-ICP 121 Dy ppm 0.1 FUS-MS 2.7
Ba ppm 2 FUS-ICP 413 Ho ppm 0.1 FUS-MS 0.6
Sr ppm 2 FUS-ICP 106 Er ppm 0.1 FUS-MS 1.6
Y ppm 1 FUS-ICP 12 Tm ppm 0.05 FUS-MS 0.25
Zr ppm 2 FUS-ICP 202 Yb ppm 0.1 FUS-MS 1.6
Cr ppm 20 FUS-MS 290 Lu ppm 0.01 FUS-MS 0.25
Co ppm 1 FUS-MS 20 Hf ppm 0.2 FUS-MS 4.6
Ni ppm 20 FUS-MS 80 Ta ppm 0.1 FUS-MS 0.8
Cu ppm 10 FUS-MS 20 W ppm 1 FUS-MS <1
Zn ppm 30 FUS-MS 70 Tl ppm 0.1 FUS-MS 0.5
Ga ppm 1 FUS-MS 21 Pb ppm 5 FUS-MS 13
Ge ppm 1 FUS-MS 1 Bi ppm 0.4 FUS-MS <04
As ppm 5 FUS-MS 5 Th ppm 0.1 FUS-MS 8.6
Rb ppm 2 FUS-MS 105 U ppm 0.1 FUS-MS 2.2

Table A.6: Table showing the bulk composition of sample MC 17 2 1.4. FUS-ICP: Fusion-
Inductively Coupled Plasma. FUS-MS: Fusion-Inductively Coupled Plasma-Mass Spectrom-
etry. LOI: Loss On Ignition. Note: a ratio of 3:1 for FeO and Fe;O3 was assumed (e.g.,
Sharma et al. [2005]).
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