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ABSTRACT

Constraining Silicate Weathering During the Middle Eocene
Climatic Optimum (MECO) Using Radiolarian Ge/Si
by
Olivia R. Laub, Master of Science

Utah State University, 2023

Major Professor: Dr. Donald Penman
Department: Geosciences

Silicate weathering is one of Earth’s most important processes and is in large part
why our planet has remained hospitable for billions of years. To understand how silicate
weathering regulates global temperatures, investigation into past periods of elevated
temperatures is needed. One such period is the Middle Eocene Climatic Optimum
(MECO) that occurred around 40 million years ago. During the MECO, silicate
weathering seems to fail to control global temperatures, resulting in higher temperatures
lasting for hundreds of thousands of years longer than comparable periods of warming.
The MECO also deviates from other Paleogene warming events in its lack of a carbon
isotope excursion, an indicator of a perturbation to the carbon cycle, and its prolonged
decrease in carbonate preservation. The abnormal behavior of the carbon cycle during the
MECO points to unusual behavior of the silicate weathering feedback during this event. I
used the ratio of the elements germanium and silicon (Ge/Si) of siliceous microfossils to
determine how silicate weathering changed across the MECO. When siliceous plankton

build their tests, they incorporate ions from the surrounding seawater, thus recording the



v
relative concentrations of Ge and Si. Seawater Ge/Si is controlled by the mixing of
continental inputs from silicate weathering, which have relatively low Ge/Si, and
hydrothermal inputs, which have relatively high Ge/Si. On MECO-timescales, we can
assume hydrothermal inputs remain constant, so a change in seawater Ge/Si would reflect
a change in the weathering flux. If silicate weathering intensified during the MECO we
would expect to see decreasing seawater Ge/Si values and the opposite if silicate
weathering decreased. I found that Ge/Si values rose until the peak-MECO, implying that
the weathering flux decreased. This result contradicts a predicted increase in silicate
weathering in response to a warming climate. [ suggest that instead, diminished silicate
weathering acts as a driver of climate change for the MECO, explaining the differences
between the MECO and other warming events. This study will increase our
understanding of not only the Earth’s response to a singular warming event, but also
provide context for how the Earth is and will continue to respond to rising temperatures
due to anthropogenic carbon emissions.

(70 pages)



PUBLIC ABSTRACT

Constraining Silicate Weathering During the Middle Eocene
Climatic Optimum (MECO) Using Radiolarian Ge/Si

Olivia R. Laub

Silicate weathering has long been considered a fundamental component of the
earth system and has been cited as one of, if not the primary stabilizing feedback for
climate. However, recent work has shown that the role of silicate weathering in the
climate system is more complicated and dynamic than previously assumed. In this study [
examine the role of weathering in the enigmatic warming event, the Middle Eocene
Climatic Optimum (MECO) that occurred approximately 40 Ma. This event works as a
good case study as there are multiple features of the MECO that differentiate it from
other warming events that occur around the same time. Using a relatively neglected
proxy, the ratio of germanium to silicon (Ge/Si) of siliceous microfossils, I show that
silicate weathering does not always correlate with temperature. I suggest that weathering
may have instead been the driver of the observed warming during the MECO. This study
will increase our understanding of not only the Earth’s response to a singular warming
event, but also provide context for how the Earth is and will continue to respond to rising

temperatures due to current carbon emissions.
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INTRODUCTION

Recent human activities (from 1750 to 2019 CE) have released 700 + 75
petagrams of carbon (PgC) into the atmosphere as carbon dioxide (COz2), leading to
approximately 1.0°C of global warming above pre-industrial levels via the greenhouse
effect (Intergovernmental Panel on Climate Change [IPCC], 2018; IPCC, 2021). This
warming is projected to increase to 1.5°C between 2030 and 2052 if emissions continue
at the current rate (IPCC, 2018). One way to understand the cascading impacts of this
warming and to predict how the Earth’s climate system will respond and recover is to
study the paleoenvironmental sedimentary record of ancient warming events that featured
similar climatic changes and Earth system feedbacks. One such event is known as the
Middle Eocene Climate Optimum, or MECO, which occurred ~40 million years ago (Ma)
(Figure 1; Bohaty and Zachos, 2003). This warming event is identified by a ~500
thousand year gradual decrease in benthic foraminiferal oxygen isotopic composition
(8'%0), interrupting the long-term cooling trend that followed the Early Eocene Climatic
Optimum (EECO, 52-50 Ma) (Zachos et al., 2001).

The Paleogene features multiple warming events, including the MECO as well as
the Paleocene-Eocene Thermal Maximum (PETM, ~56 M). The PETM is one of the most
pronounced and comprehensively studied warming events in the geologic record. First
identified as an abnormally large foraminiferal carbon and oxygen excursion by Kennett
and Stott (1991), the PETM is now recognized as a globally extensive event that affected
both the marine and terrestrial realms (Figure 1; Koch et al., 1992) and is seen as the
quintessential hyperthermal event. Hyperthermal refers to geologically brief (timescales

of 10° to 10° yr) events that are characterized by rapid global warming and prominent
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Figure 1. Benthic foraminiferal '%0 and 8'3C across the Cenozoic and MECO. The
uppermost plot shows §'80 and §'3C values from Westerhold et al. (2020), shown with
black circles. A 100-point moving mean is shown with a red line. The PETM and MECO
events are indicated by black arrows. The lower plot displays the §'80 and 3'3C values in
the blue shaded region of the upper plot.



negative stable carbon isotope (8'3C) excursions (CIE) that imply a large injection of
depleted carbon into the ocean-atmosphere system (Dickens, 2009). During the PETM,
global temperatures increased by several degrees (Kennett and Stott 1991; Zachos et al.,
2001; Tripati and Elderfield, 2005; Zachos et al., 2006; Sluijs et al., 2011; Dunkley-Jones
et al., 2013) and carbon isotope values dropped by 2-6%o that likely required the release
of thousands of gigatons of depleted carbon (Figure 1; Mclnerney and Wing, 2011). This
resulted in a shift in ocean circulation (Nunes and Norris, 2006), ocean acidification
(Penman et al., 2014; Babila et al., 2016; Babila et al., 2018), a shoaling of the carbonate
compensation depth (CCD) (Zachos et al., 2005; Zeebe et al., 2009), modification of the
hydrologic cycle (Tipple et al., 2011), and various impacts on both terrestrial and marine
biota (e.g., Gingerich 1989; Koch et al., 1992; Thomas, 1998; Gingerich, 2001; Wing et
al., 2005; Sluijs et al. 2007; Thomas, 2007).

While the MECO resembles the PETM and other Paleogene hyperthermals in
some ways, it also bears stark differences that separates it from these other events. The
first characteristic that sets the MECO apart from hyperthermals like the PETM is the
duration of the event. One of the key features of hyperthermals is the rapid warming that
marks the start of the event, such as the PETM where warming appears geologically
instantaneous (likely within 10 kyr; e.g., Zachos et al., 2001; Kirtland Turner et al.,
2017). The MECO, in comparison, features gradual warming over ~500 kyr followed by
a rapid (~50 kyr) cooling and a return to pre-event temperatures over the subsequent
~200 kyr (Figure 2; Bohaty and Zachos, 2003; Bohaty et al., 2009). Another
distinguishing feature of the MECO is its lack of CIE. The PETM has a CIE that mirrors

its oxygen isotope excursion in timing and in magnitude (Figure 2). In contrast, §'3C
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Figure 2. Comparison of PETM and MECO benthic foraminiferal §!80 and 8'*C values.
Isotopic values shown with black circles from Westerhold et al. (2020). Both plots cover
1.5 million years but possess different y-scales to account for the different isotopic shifts.
The PETM has an abrupt 6'0 excursion and a corresponding 8'*C excursion while the
MECO experiences a more gradual decrease in §'30 values and does not have an
associated drop in 8'3C values.



values during the MECO remain relatively stable or even elevated until peak warming, at
which a brief negative CIE of ~0.5 %o occurs in some, but not all, records (Figure 2;
Bohaty and Zachos, 2003; Bohaty et al., 2009). The final major distinction of the MECO
is the prolonged decrease in the preservation of deep-sea carbonates across the event.
Lowered deep-sea sedimentary carbonate content is observed in both the PETM and the
MECO, but the duration and response differ between the events (Bohaty and Zachos,
2003; Zachos et al., 2005; Bohaty et al., 2009; Penman et al., 2014; Babila et al., 2016;
Penman et al., 2016; Babila et al., 2018). For the PETM, this decrease is attributed to
ocean acidification from elevated CO2 concentrations associated with the initial carbon
released during the CIE that reduced seawater carbonate saturation and led to a shoaling
of the lysocline and CCD (Zachos et al., 2005; Pagani et al., 2006; Gibbs et al., 2010;
Penman et al., 2014; Penman et al., 2016). Immediately following the PETM CIE body,
though, there is an observed “carbonate overshoot” during which a period of carbonate
oversaturation led to an over-deepening of the CCD and increased carbonate burial (Kelly
et al., 2005; Kelly et al., 2012; Penman et al., 2016). The MECO also experiences
decreased carbonate burial, but unlike the PETM, this shoaling of the CCD persists for
several hundred thousand years (Bohaty and Zachos, 2003; Bohaty et al., 2009; Sluijs et
al., 2013) and following the MECO there is no evidence of an overshoot (Bohaty et al.,
2009; Sluijs et al., 2013).

Previous authors (e.g., van der Ploeg et al., 2018) have proposed a weaker silicate
weathering feedback as a potential reason for the differences between the MECO and
hyperthermal events like the PETM. The silicate weathering feedback has long been

considered the principal stabilizer for long-term climate (Garrels et al., 1976; Walker et



al., 1981). During periods of elevated temperature and atmospheric CO2 concentrations,
the chemical weathering of continental silicate rocks is thought to accelerate, consuming
CO:z as part of the weathering process. The dissolved weathering products are transported
to the oceans where they are precipitated as marine carbonates and silica. These products
also act as an alkalinity supply, reducing seawater acidification from elevated CO2
concentrations. A generalized chemical reaction for the weathering of the mineral
wollastonite (1) can be used to illustrate silicate weathering:
CaSiO3 +2C0O2 + H20 — Ca?* + 2HCO3™ + SiO2 (1)
The weathering products are then transported to the oceans where they will
precipitate as new carbonate minerals (2) and eventually be buried:
Ca*" + 2HCO3;™ — CaCO;3 + CO2 + H20 (2)
This process in sum (3) leads to the overall consumption of atmospheric CO: and,
due to the greenhouse effect, lowers global temperatures:
CaSiO3 + CO2 — CaCOs + Si0O2 3)
In contrast, during cooler periods silicate weathering reduces, leading to a buildup
of atmospheric CO: and increasing temperature. In addition to moderating atmospheric
CO2 levels and Earth’s climate on longer timescales, this feedback has been proposed as
the primary mechanism for climatic recovery following transient climatic and carbon
cycle perturbations like the PETM and other hyperthermals (e.g., Dickens et al., 1997,
Zachos et al., 2005; Kelly et al., 2005; Panchuk et al., 2008; Zeebe et al., 2009; Penman,
2016; Penman et al., 2016).
Based on current understanding of carbon cycle dynamics from past events like

the PETM, on timescales of the MECO (~500 kyr) the silicate weathering feedback



should have prevented the three main irregularities of the MECO from occurring. If
silicate weathering operated as expected, the feedback should have prevented the
observed prolonged period of warming during the MECO by drawing down atmospheric
COz. Typically, the large injection of carbon into the ocean-atmosphere system at the start
of a hyperthermal event would overwhelm the system, resulting in an observed CIE and
widespread carbonate dissolution in the marine sediment record until silicate weathering
could re-engage to drawn down atmospheric CO2 and act as an alkalinity supply to the
oceans. Instead, during the MECO no CIE, and thus no initial injection of carbon, is
observed and pH levels continue to decrease through the peak-MECO (Henehan et al.,
2020). This contradiction between proxy evidence and model expectations has earned the
event the nickname the ‘middle Eocene carbon cycle conundrum’ (Slujis et al., 2013). To
resolve this discordance, an investigation into the behavior of silicate weathering across
the MECO is necessary.

A previously published osmium isotope ('#70s/!830s) record shows reduced
1870s/'¥80s during the MECO that was interpreted to reflect a diminished weathering
response (van der Ploeg et al., 2018). '370s/!380s can be used as a paleoweathering proxy
because the ratio recorded in marine sediments reflects seawater '370s/'#0s that is
controlled by the relative contributions of the main weathering fluxes to the ocean
(Percival et al., 2016). The residence time of Os in seawater is 10 to 50 thousand years,
meaning it is long enough to be well mixed throughout the oceans while also being short
enough to record geologically abrupt changes such as the MECO (Peucker-Ehrenbrink
and Ravizza, 2000). '37Os is a radiogenic isotope produced from the decay of the

radioactive isotope of rhenium ('¥"Re; Percival et al., 2016). Due to the differences in the



compatibilities of Os and Re in silicate melts, primitive lithospheric mantle is more
enriched in Os/Re than continental crust (Percival et al., 2016). Thus, once a melt
solidifies, the relatively higher quantities of radioactive Re in continental rocks will
decay to '¥7Os, making the source more radiogenic in comparison to sources that reflect
primitive lithospheric mantle Os/Re ratios, such as hydrothermal activity at mid-ocean
ridges, highly fresh mantle-derived basalts, and extraterrestrial sources (Peucker-
Ehrenbrink and Ravizza, 2000). This suggests that a sediment with a lower '870s/!#80s
ratio, such as those from the MECO, reflects a relatively lower supply from continental
sources due to decreased weathering rates (Cohen et al., 1999). While there is also a
possibility that one of the other potential influences on '¥70Os/!880s, namely a rise in
hydrothermal activity or an increase in the weathering of mantle-derived rocks (e.g., Lu
et al., 2017), could be controlling the observed trends, the potential for counterintuitively
diminished weathering during the MECO necessitates further investigation.

The germanium to silicon ratios (Ge/Si) of siliceous microfossils has the potential
to reconstruct changes in continental weathering during the MECO. Due to having
similar chemical properties, such as similar ionic radii, covalent Ge—O and Si—O bond
lengths, and the outer electronic structures, Ge substitutes for Si at a ratio of ~1 Ge atom
per 1,000,000 Si atoms in virtually all Si-bearing phases (Froelich et al., 1992). Despite
following similar biogeochemical cycles, the differences in behavior of the two elements
allows the elemental ratio to be used as a geochemical tracer, much like a pseudo-isotope
of Si (e.g., Shemesh et al., 1989). Seawater Ge/Si is controlled by the collective input and
removal fluxes of Ge and Si to the oceans (Figure 3). Inputs of Ge and Si can be

simplified to continental and hydrothermal fluids (Figure 4a; Froelich and Andreae, 1981;
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Figure 3. Schematic of Ge and Si fluxes to, from, and within the oceans. The ocean is
separated into surface (upper ~100 m) and deep reservoirs. Red text and arrows denote
the major fluxes of Ge and Si to seawater, orange text and arrows show internal ocean
processes, and yellow text and arrows show the major fluxes of Ge and Si from the
seawater into marine sediments. Each flux has an associated Si flux in Tmol/yr and Ge/Si
value (from which the Ge flux is calculated). The exception is the reverse weathering flux
where Ge is preferentially sequestered, so only a Ge flux is noted. Flux and Ge/Si values
are from Froelich et al. (1992), Mortlock et al. (1993), Hammond et al. (2004), Sutton et
al. (2010), Tréguer and De La Rocha (2013), and Tréguer et al. (2021).
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Froelich et al., 1985; Mortlock et al., 1993; Baronas et al., 2016; Tréguer et al., 2021).
The average Ge/Si of silicate rocks narrowly varies between 1.5 and 3 pmol/mol (Rouxel
et al., 2006), reflecting the only minor fractionation that occurs between Ge and Si during
fractional crystallization (De Argollo and Schilling, 1978; Rouxel et al., 2006). During
the weathering process, secondary minerals preferentially sequester Ge (Kurtz et al.,
2002), leading to the Ge/Si of continental fluids ranging from 0.3 to 1.2 pmol/mol with
an average of ~0.6 umol/mol (Figure 4a; Froelich et al., 1985; Mortlock and Froelich
1987; Froelich et al., 1992). In contrast, the Ge/Si of hydrothermal fluids ranges between
8 and 14 umol/mol (Figure 4a; Mortlock et al., 1993; Elderfield and Schultz, 1996). This
large disparity in Ge/Si values is due to mineral-fluid interactions and Ge not being
sequestered in the high-temperature secondary alteration minerals that form within the
hydrothermal vent plumbing, leaving the resulting solution highly enriched in Ge
(Mortlock and Froelich, 1986; Mortlock et al., 1993). The mixing of these two main input
fluxes results in a modern seawater Ge/Si value of ~0.7 umol/mol (Froelich and Andreae,
1981).

Measurements of Ge/Si throughout the ocean are nearly constant with no
evidence for any vertical or horizontal variation, implying that Si and Ge are highly
mixed in seawater (Froelich and Andreae, 1981). Therefore, siliceous organisms such as
diatoms, radiolarians, and sponge spicules that build their tests using ions from the
surrounding seawater can be used as recorders of whole-ocean Ge/Si. Laboratory culture
experiments have shown there is minimal discrimination against Ge during Si uptake
from the surrounding water in diatoms (Azam, 1974; Froelich et al., 1992; Bareille et al.,

1998; Ellwood and Maher, 2003; Sutton et al., 2010). This result is consistent with
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(a)

Continental
Ge/Si = ~0.6 pmol/mol

seawater

b (Ge/Si)

= 0.7 ymol/mol

Reverse Weathering
Ge Flux = 4.7 Mmoll/yr

Opal Burial
Ge/Si = ~0.7 pmol/mol
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Figure 4. Schematic of changes to seawater Ge/Si following changes in the simplified
fluxes to and from the ocean. (a) The simplified input fluxes, continental (average Ge/Si
= ~0.6 pumol/mol) and hydrothermal fluids (Ge/Si = ~8-14 pmol/mol), and sinks, opal
burial (Ge/Si = ~0.7 pmol/mol) and reverse weathering (Ge flux = 4.7 Mmol/yr) that
result in the modern seawater Ge/Si value of 0.7 umol/mol. (b — ¢) Schematic of input-
controlled Ge/Si hypothesis where the relative strength of the continental and
hydrothermal fluxes primarily controls the Ge/Si of seawater. (b) An increase in the
continental flux would result in lower seawater Ge/Si values, due to the relatively lower
values from the continents, while (c) a decrease in the continental flux would result in
higher seawater Ge/Si. (d — e) Schematic of input-controlled Ge/Si hypothesis where the
seawater Ge/Si is controlled by the relative strength of opal burial and reverse
weathering. (d) This hypothesis postulates that an increase in reverse weathering, which
preferentially sequesters Ge, would lead to a decrease in seawater Ge/Si while (e) a
relative decrease would increase seawater Ge/Si. Flux values are from Froelich et al.
(1992), Mortlock et al. (1993), Hammond et al. (2004), and Sutton et al. (2010).
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diatoms collected from marine sediment core tops that record the Ge/Si of modern
seawater (Shemesh et al., 1989). Radiolarians and sponge spicules have shown some
evidence of a constant, subtle fractionation against Ge but remain useful recorders of
trends in past biogeochemical cycling (Shemesh et al., 1989; Froelich et al., 1992;
Ellwood et al., 2006; Baronas et al., 2016).

Siliceous microfossils collected from marine sediment cores can therefore be used
to construct a record of past fluctuations in whole-ocean Ge/Si (e.g., Shemesh et al.,
1989; Bareille et al., 1998; Lin and Chen, 2002). There are two main hypotheses used to
interpret Ge/Si records. The first assumes that the dominant control on seawater Ge/Si is
the relative strengths of the main input fluxes: continental sources and hydrothermal
fluids (e.g., Froelich and Andreae, 1981; Shemesh et al., 1989; Froelich et al., 1992;
Elderfield and Schultz, 1996). On timescales of the MECO, we can assume hydrothermal
inputs remain constant, suggesting that a change in seawater Ge/Si reflects a change in
the continental flux, and thus silicate weathering (Froelich and Andreae, 1981; Shemesh
et al., 1989; Froelich et al., 1992; Elderfield and Schultz, 1996). As continental sources
have low Ge/Si, if the delivery of dissolved silica from the continents were to increase
relative to a previous state, we would expect seawater Ge/Si to decrease (Figure 4b).
Conversely, reduced continental inputs from diminished silicate weathering would result
in increased seawater Ge/Si1 (Figure 4c). As the residence time of Si and Ge are both
approximately 8,000 years, we would expect to see a noticeable shift in whole ocean
values across the MECO if the relative strengths of the input sources changed.

A second hypothesis suggests that a main control on seawater Ge/Si is the

strength of the elemental sinks, rather than the inputs. The primary sinks for Ge and Si
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are biogenic opal burial and the sequestration of primarily Ge in authigenic clay minerals
at the sediment-water interface, particularly in marginal environments (Hammond et al.,
2000; King et al., 2000; McManus et al., 2003; Hammond et al., 2004). The original
assumption was that biogenic opal burial was the principal sink for both Ge and Si, but a
discrepancy in balancing the global marine Ge budget seemingly requires a greater
removal flux than what is observed in opal burial alone (Mortlock et al., 1993; Elderfield
and Schultz, 1996; Hammond et al., 2000; King et al., 2000; McManus et al., 2003).
Investigation into this “missing” Ge sink led to the discovery of Ge removal in the
porewaters of reducing sediments on continental margins and in suboxic basins
(Hammond et al., 2000; King et al., 2000; McManus et al., 2003; Baronas et al., 2016;
Baronas, 2017). Low Ge/Si1 of porewaters in those specific environments suggests that
dissolution of siliceous material at the sediment-water interface drives the precipitation of
some heretofore unidentified authigenic mineral(s) which preferentially sequesters Ge,
lowering porewater (and subsequently seawater) Ge/Si (Murnane et al., 1989; Hammond
et al., 2000; King et al., 2000; McManus et al., 2003; Hammond et al., 2004). This
alternative hypothesis reasons that during warmer climates a greater proportion of
siliceous tests will dissolve before reaching the seafloor where Ge is removed, thus
increasing seawater Ge/Si (Figure 4d), while cooler global temperatures lead to
decreasing Ge/Si (Figure 4e; Hammond et al., 2004). Overall, this hypothesis argues that
changes in recorded opal Ge/Si is controlled by temperature as well as varying input
fluxes of silicate weathering and hydrothermal input.

This second hypothesis introduced new complexities of the Ge/Si system that

resulted in the lack of attention given to the proxy in the past few decades. Froelich and



14

Andreae (1981) first suggested that Ge/Si could be used as a proxy for weathering
processes. The following two decades saw the proxy applied mainly to glacial-
interglacial cycles (e.g., Mortlock and Froelich, 1987; Shemesh et al., 1989; Froelich et
al., 1992; Bareille et al., 1998). After Hammond et al. (2000) and subsequent studies
(e.g., King et al., 2000; McManus et al., 2003; Hammond et al., 2004) identified the
potential secondary control on seawater Ge/Si, the proxy became less widely applied.
Recently, however, the proxy has matured, prompting renewed interest in applying Ge/Si
to more time periods and investigating the biogeochemical cycle of Ge and Si closer
(e.g., Opfergelt et al., 2010; Qi et al., 2019; Li, 2019; Wang et al., 2022). The purpose of
this study is to both explore the application of Ge/Si to deep time records and to
investigate what the proxy can tell us about silicate weathering across the enigmatic

MECO event.

METHODS

The MECO at Site U1511

Siliceous microfossils were isolated from sediment cores collected from the
Tasman Abyssal Plain at Site U1511 during IODP Expedition 371 (Figure 5). Site U1511
consists of three lithologic units spanning approximately 560 m of Pleistocene to
Paleocene clay and diatomite. Unit II comprises a Middle Eocene diatomite with varying
amounts of other biosilica and clay. A well-resolved magnetostratigraphic age model for
this Unit (Dallanave and Chang, 2020) identifies MECO-aged sediment within Core
U1511B-16R. Sections 16R-4 and 16R-5 (corresponding to approximately 266.5 to 264.2

meters below seafloor, mbsf) contain the base of magnetochron C18n, the
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Figure 5. Map showing bathymetry of the Tasman Sea Abyssal Plain and major regional
boreholes. IODP Site U1511 is bolded and starred. Other IODP Expedition 371 borehole
sites are also starred while the white dots denote petroleum borehole sites and gray dots
show Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) sites. Figure
from Sutherland et al. (2019).
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magnetostratigraphic marker of the MECO (Dallanave and Chang, 2020). In addition to
magnetostratigraphy, core-scanning X-ray fluorescence data show elevated aluminum,
iron, and manganese concentrations between 266.57-264.85 mbsf that have been
interpreted as related to changing abyssal circulation and acidification during the MECO
(Cornaggia et al., 2020).

When investigating trends at solely IODP Site U1511, we assigned
magnetostratigraphic chron-depth points identified by Dallanave and Chang (2020) to the
most recent astrochronologically-calibrated magnetostratigraphic reversal ages from
Westerhold et al. (2020). However, in order to compare our record to published benthic
foraminifera 3'80 records on a common timescale, a separate age model for Site U1511

based on the magnetostratigraphic tie points developed by Bohaty et al. (2009) was used.

Specimen lIsolation

To disaggregate raw samples, a solution of 200 ml of deionized water with 0.5%
sodium hexaphosphate, a clay dispersant, was added to oven-dried diatomite samples in
500 mL bottles before being transferred to an orbital shaker table set to 180 rpm. All
samples were initially weighed before the disaggregating solution was added. The
solution was gently agitated until no large aggregates of solid material could be observed.
Siliceous material was then physically separated from the clay by wet sieving at 125, 63,
38, 25, and 10 pm.

Two orders of Radiolaria, Spumellaria and Nassellaria, were targeted from the
>125 um size fraction (Figure 6). All spumellarian individuals are from the family

Actinommidae while all nassellarian individuals were from the family Theoperidae (for
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Figure 6. SEM images of targeted radiolarian morphologies. (a) A nassellarian
morphospecies in the family Theoperidae. (b) A spumellarian morphospecies in the
family Actinommidae.
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morphotypes targeted see Figure 6). All radiolarian species are planktonic but have a
depth range from surface to almost a kilometer (Lazarus et al., 2020). The specific depth
range of targeted specimen is unknown.

Individual specimens were chosen under a stereoscope according to morphology
and by prioritizing clear over recrystallized specimen. Approximately 200 pg of SiO2 (40-
100 individuals) was isolated from a total of 58 sediment samples that span the MECO

(Cores 16 and 17; 261.025 to 278.025 mbsf) at 10 — 25 cm resolution.

Sample Cleaning

Following physical separation, the samples underwent chemical cleaning to
remove clay contamination identified during scanning electron microscope (SEM)
imaging and energy dispersive spectroscopy (EDS) analyses. A trial run on the
inductively coupled plasma mass spectrometer (ICP-MS) revealed that uncleaned
samples had a larger scatter and consistently higher Ge/Si values (Figure 7). This is likely
due to the higher retention of Ge in clay contaminants. To remove potential
contamination, cleaning methods were developed based on a procedure designed for
cleaning foraminifera (Barker et al., 2003). The foraminiferal procedure includes (1)
repeated sonicating and rinsing in methanol and Milli-Q water to remove clays and fine
particulate matter, (2) a reductive step using a hydrazine solution to remove metal-oxide
coatings, and (3) an oxidative step with buffered hydrogen peroxide (H20:2) to remove
any organic material. EDS analysis was performed on radiolarian samples that had
underwent an individual cleaning step, the full procedure, or no cleaning to determine

which resulted in the removal of Ge-rich surficial clay contamination (Figure 8). Clay
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Figure 7. Comparison of resulting Ge/Si values from samples that underwent the full
foraminiferal cleaning procedure and those that did not. The cleaning procedure included
a sonication and methanol rinsing step to remove clays and fine particulate matter, a
reductive step that used hydrazine solution to remove metal-oxide coatings, and an
oxidative step with buffered hydrogen peroxide that removed organic material. The
cleaned sample Ge/Si values had a much narrower range (blue shaded region) than the
uncleaned samples (pink shaded region) that more closely resembled the modern and
Pleistocene radiolarian Ge/Si range of 0.25 to 0.46 pmol/mol (Shemesh et al., 1988;
Shemesh et al., 1989). Uncleaned samples also consistently returned higher Ge/Si values,
indicating the presence of Ge-rich clay contaminants.
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Figure 8. SEM and EDS analysis of specimen that were either uncleaned, solely
sonicated and methanol-rinsed, solely underwent the reductive step, solely underwent the
oxidative step, or underwent the entire cleaning procedure. EDS detection was used to
investigate the specimen with the lowest weight percentage (Wt%) of aluminum (Al). Al
Wt% was used as an indicator of clays. The abundances in the figure show the worst case
scenarios for each specimen analyzed. SEM analysis revealed surficial pitting in the
reductive and oxidative steps. Therefore, to prevent the loss of siliceous material while
also removing the majority of clay contaminants, the cleaning procedure was reduced to a
series of MQ water and methanol rinses interspersed with 30 seconds of sonication.
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contamination was identified by aluminum (Al) weight percentage in EDS analysis. Each
group also underwent SEM imaging that revealed surficial pitting of test surfaces
following both the reductive and oxidative step (Figure 8). To prevent the loss of
siliceous material for analysis, the cleaning procedure was reduced to a series of Milli-Q
water and methanol rinses interspersed with 30 seconds of sonication. EDS analysis
confirmed that the methanol rinsing step was sufficient to remove the majority of clay

contaminants.

Ge/Si Analysis

Samples were then dissolved in 100 uL. of 5 M sodium hydroxide (NaOH, Sigma-
Aldrich “semiconductor grade”) at 70°C for at least 48 hours. After no undissolved solid
could be visually detected, the samples were neutralized and acidified to 0.5 M HNOs by
adding 122 pL of 5 M HNO3 and further diluted by adding 1028 pL of 0.5 M HNOs. The
solution was then transferred by micropipette to labeled, acid-cleaned 2 mL screw-top
Cryovials, leaving behind the last 50 pL to avoid any undissolved solid material. Samples
were then run on an Agilent 8900 triple-quadrupole inductively-coupled plasma mass
spectrometer (QQQ-ICP-MS) to measure Ge and Si counts, as well as a suite of other
elements (Li, B, Al, S, Ti, Mn, and Zn). Ge and Si were both measured in several
different gas modes (with no gas, He, or O2 added to the collision/reaction cell separating
the two quadrupole mass filters). Samples were run alongside gravimetrically-prepared
calibration standards spanning a range of known Ge/Si ratios, which were used to convert
measured Ge and Si signals to calibrated Ge/Si values. A separate Ge/Si standard was

used as a consistency standard (treated as an unknown) to monitor accuracy and long-
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term precision. Ge/Si values for the consistency standard measured in O2 mode usually
produced the greatest precision, within 4-6% (1 standard deviation) across all analytical
runs. However, using several combinations of Ge and Si gas modes resulted in
comparable precision and accuracy. Approximately 28.4% of samples were run in
duplicate (across multiple analytical runs) to evaluate consistency and to double-check
apparent outliers. Following assessment, outlier values (7 out of the total of 154 Ge/Si
analyses, all with anomalously high Ge/Si potentially indicating clay contamination)

were removed and remaining sample duplicates were averaged (Table A1).

Box Model for Ge and Si

I designed a two-box model of the marine silicon and germanium cycle, closely
resembling those developed by De La Rocha and Bickle (2005) and Fontorbe et al.
(2020), using the program MATLAB to track Ge and Si fluxes to and from the ocean
(Figure 9). This model simulates the steady-state inputs for both elements and various
scenarios of perturbation and recovery (Table 1; Tréguer et al., 1995; Hammond et al.,
2004; Tréguer and De La Rocha, 2013). The two boxes in the model represent the surface
(upper 100 m) and deep ocean. Ge and Si are added to the surface ocean via riverine
input (continental silicate weathering), removed via reverse weathering and biologic
uptake, and released back to the water due to dissolution of opal material. In the deep
ocean the main input flux is hydrothermal fluids, while Ge and Si are delivered from the
surface water as opal rain and either added to the deep-sea reservoir via dissolution or
removed from the model during burial. Additionally, Ge and Si are schematically

exchanged between the surface and deep oceans due to upwelling and downwelling based
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Figure 9. Schematic of two-box model used to simulate the response of ocean Ge/Si
ratios to variations in input and output flux strengths. Figure modified from Fontorbe et

al. (2020).



Table 1. Budgets of Si and Ge fluxes with associated Ge/Si values used in the

geochemical box model.
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Si (Tmol/yr) Ge/Si (umol/mol) Ge (Mmol/yr)
Inputs
Continental 6.50° 0.50° 3.25¢
Hydrothermal 0.60° 11.00° 6.60¢
Sinks
Biogenic Opal 7.10¢ 0.73f 5.15¢
Reverse Weathering -- -- 4.70°

a Tréguer et al. (1995)
> Hammond et al. (2004)

¢ Tréguer and De La Rocha (2013)
d (Si flux)*(measured Ge/Si)
¢ Calculated to balance inputs

fEmerges from model

g (Si biogenic opal burial flux)*(seawater Ge/Si)
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on a fixed oceanic mixing rate (De La Rocha and Bickle, 2005).

RESULTS

Ge/Si ratios measured on our Middle Eocene radiolarians range from 0.25 to 0.55
umol/mol (Figure 10), very similar to the range measured in previous studies on modern
and Pleistocene radiolarians of 0.25 to 0.46 pmol/mol (Shemesh et al., 1988; Shemesh et
al., 1989). Across the MECO, the Ge/Si records of the two orders, Spumellaria and
Nassellaria, exhibit similar Ge/Si trends with depth but spumellarian samples
consistently have Ge/Si values 30% higher than nassellarian samples from the same depth
(Figure 10). Across the MECO, spumellarian Ge/Si values range from 0.34 to 0.58
umol/mol while nassellarian Ge/Si values range from 0.25 to 0.47 umol/mol (Figure 10).
At present, the cause of the Ge/Si offset between the two orders is unexplained (as is the
subtle difference between modern seawater Ge/Si and core top radiolarian Ge/Si), but it is
interesting to note that an offset in silicon isotope fractionation is also observed between
Spumellaria and Nassellaria (Doering et al., 2021). That fractionation has been
interpreted (Doering et al, 2021) as reflecting differences in Si-uptake pathways between
the orders of Radiolaria (as have been observed for diatoms, e.g., Sutton et al., 2013). It is
unclear how or if differences in silicification pathways would affect Ge/Si discrimination
across radiolarian taxa, but there is no reason to suspect that such processes would
change during the few hundred kyr of the MECO.

At the start of the MECO, as defined by the warming trend in benthic 5'30,
spumellarian Ge/Si values average ~0.46 pmol/mol with a slightly negative trend down

to ~0.41 at 40.3 Ma while nassellarian Ge/Si averages ~0.34 pmol/mol with minimal
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Figure 10. Ge/Si versus depth for Core 371-U1511B-16R. Core image, section divisions,
magnetochrons (Dallanave and Chang, 2020), and depth are shown. Ge/Si values are
separated by morphospecies. Red denotes nassellarian data while blue represents
spumellarian data. Ge/Si values are shown by colored circles connected by dashed lines.
The solid lines represent the 5-point moving means for both datasets. Error bars reflect
long-term external precision of a consistency standard (= 0.0457, 1 s.d.). The purple
shaded region indicates the peak-MECO interval as defined by correlation to peak-
warming indicated by benthic foraminiferal 5'80 data from ODP Site 738 (Figure 11).
Ge/Si values for both morphospecies range from ~0.25 to 0.55 umol/mol (similar to
modern radiolarian Ge/Si). Both morphospecies display similar trends, though
spumellarian samples consistently return Ge/Si values that are 30% higher than
nassellarian samples. There is a 20-25% increase in Ge/Si values just before the base of
Chron C18.2n in both morphospecies records.
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Figure 11. Comparison of new Ge/Si records to benthic foraminiferal §!%0 from ODP
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(van der Ploeg et al., 2018). Ages were determined using an age model developed by
Bohaty et al. (2009). The Ge/Si and '¥70s/!830s records appear to correlate with each
other and reach peak values around the same time. In contrast, while the Ge/Si and §'%0
records have similar trends, the peak Ge/Si values precede peak 8'30 values by tens of
thousands of years. For this comparison 8'%0 values indicate temperature changes while
Ge/Si and '#70s/'380s generally indicate changes to the weathering flux.
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change until 40.3 Ma (Figure 10). Starting at 40.3 Ma, both records show rises in Ge/Si
until reaching peak values (Spumellaria = average ~0.51 pmol/mol; Nassellaria = average
~0.42 pmol/mol) just before 40.1 Ma, representing a 20-25% increase in Ge/Si ratio in
both records (Figure 10). After the MECO peak, Ge/Si ratios in both orders decline
relatively rapidly (by 39.95 Ma) to values close to those preceding the peak-MECO
(Figure 10).

When compared to a record of benthic foraminiferal 3'%0 from ODP Site 738 and
two '370s/!'380s records from ODP sites 1263 and 959, Ge/Si values appear to follow
similar, but not completely correlative trends (Figure 11; Bohaty et al., 2009; van der
Ploeg et al., 2018). The increase in Ge/Si generally correlates with the period of declining
benthic §'30 (warming), and the Ge/Si decrease corresponds with the post-MECO
cooling. However, perhaps the most notable difference is the slight lag of minimum &30
values following peak Ge/Si. The highest Ge/Si values for both orders precede §'80
minima by tens of thousands of years (Figure 11). The Ge/Si and '¥70s/'%0s record, in
contrast, both peak around the same time and are in general agreement with each other

(Figure 11).

DISCUSSION
Ge/Si Interpretations

To determine why the MECO differs from Paleogene hyperthermals, I used the
Ge/Si of radiolarians from IODP Site U1511 to investigate the behavior of silicate
weathering across the MECO. Ge/Si records have previously been interpreted to

represent either a change in the relative strength of the input fluxes or a change in the



29

removal of the dissolved ions from seawater. While I favor the former hypothesis and its
implications for continental silicate weathering, the alternative hypothesis is considered

below.

Reverse Weathering-Controlled Ge/Si

The sink-controlled hypothesis proposes that shifts in seawater Ge/Si depend not
on the relative strengths of the primary inputs, but instead on the proportion of Ge
sequestered by authigenic mineral formation in primarily marginal marine environments
via reverse weathering (Hammond et al., 2000; King et al., 2000; McManus et al., 2003;
Hammond et al., 2004). Previous authors suggested water column temperature as a
potential mechanism to control the relative strength of this sink (Hammond et al., 2004).

This would result in Ge/Si values disconnected from the weathering flux. This
might account for the variable opal mass accumulation observed across the MECO (e.g.,
Witkowski et al., 2014). The abundance of biogenic opal observed in the sediment record
may be an indicator of increased weathering flux to the ocean as a response to increased
Si delivery (Penman, 2016; Penman et al., 2019). However, regional opal burial is also
strongly linked with circulation (e.g., Akagi and Nishino, 2021) and while some regions
do show increased burial (Witkowski et al., 2012; Witkowski et al., 2014), there appears
to be a geographically variable response of primary productivity across the MECO
(Witkowski et al., 2014). Therefore, opal burial may not be a strong indicator of
continental weathering changes.

Despite model results from Hammond et al. (2004) showing the potential to

account for changes in Ge/Si over glacial-interglacial periods and in the Miocene by
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temperature alone, the absence of identified Ge-incorporating authigenic minerals in
marginal settings, the lack of covariance of Ge/Si with temperature in other studies, and
the agreement of Ge/Si with established weathering proxies supports the hypothesis that
continental weathering is the predominant control on changing Ge/Si in our record.
Despite Ge depletion being identified in marine porewater profiles, there has yet to be a
mineral phase implicated in incorporating the Ge and removing it from the ocean
reservoir (Baronas, 2017). Furthermore, a more recent investigation into the Si cycle
demonstrated that the dissolution of biosiliceous material occurs predominantly at the
sediment-water interface rather than while sinking through the water column (Tréguer
and De La Rocha, 2013). This would suggest that temperature changes in the water
column would have minimal effect on the proportion of siliceous particles that reach the
seafloor to drive the formation of potential authigenic Ge-enriched phases (Li, 2019). In
addition, Ge/Si records from IODP Site U1337 spanning the Mid Miocene Climatic
Optimum (MMCO) show little to no change in Ge/Si values across the MMCO or from
the Miocene to today, despite recorded warming during this interval and cooling since the
Miocene (Li, 2019).

Finally, the Ge/Si record we produced for the MECO appears to be in agreement
with the 870s/'%80s MECO record while being offset from the §!'%0 MECO record,
showing that Ge/Si follows a known paleoweathering proxy better than a temperature
proxy (Figure 11; Bohaty et al., 2009; van der Ploeg et al., 2018). The peak in 5'30-based
temperature follows the peak in Ge/Si after a lag on the order of tens of thousands of
years (Figure 11), consistent with changes in silicate weathering (as recorded by Ge/Si)

driving a CO2/climate response.
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The above evidence suggests that Ge/Si values are not temperature dependent;
however, this does not mean that reverse weathering has no influence on seawater Ge/Si.
Instead, at this time we can only refute the proposed mechanism to control the strength of
reverse weathering. Further research is needed to discern the process of Ge incorporation
during authigenic clay formation in the marine realm, specifically to identify the
existence of Ge-incorporating minerals and the controls on the rate of Ge consumption by

authigenic clay formation.

Silicate Weathering-Controlled Ge/Si

As the role of reverse weathering on the Ge and Si cycle remains ambiguous, this
study will explore the implications of Ge/Si values being controlled primarily by changes
in continental silicate weathering. My record displays increasing Ge/Si values leading up
to the peak-MECO (Figure 10). Under the assumption that Ge/Si values respond to
changes in the flux of continental weathering-derived dissolved silica, we can interpret
these findings in one of two ways. First, the overall contribution of continentally sourced,
low Ge/Si dissolved silica to the oceans could be reduced due lower silicate weathering
rates during the MECO. Second, the Ge/Si of dissolved silica released by silicate
weathering could have increased during the MECO.

To achieve the lower rate of silicate weathering required to increase seawater
Ge/Si even as temperature and atmospheric CO2 levels rose during the MECO (Bohaty et
al., 2009; Bijl et al., 2010; Henehan et al., 2020), the weatherability of the continents
must have been reduced. Weatherability refers to changes in the weathering flux at a

given atmospheric CO2 concentration (Winnick and Maher, 2018; Penman et al., 2020).
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The susceptibility of the continents to weathering can change at various spatial and
temporal scales. Different regions of Earth’s surface chemically weather at different rates
depending on the region’s temperature, rainfall, atmospheric CO2 levels, underlying
lithology, vegetation, ice cover, and topography (e.g., Kump et al., 2000; West et al.,
2005; Penman et al., 2020). The summation of all these regional factors determines
global weatherability. Over time, global changes in the aforementioned parameters can
influence how weatherable the Earth is. For example, it has been argued that over the past
16 million years the global weatherability increased such that a nearly invariant
weathering flux could be sustained at a lower pCO2, which potentially strengthened the
weathering feedback, buffering the climate system from carbon perturbations (Caves et
al., 2019). During the Eocene, however, the weathering feedback was generally thought
to be weaker (Caves et al., 2016). A transient decrease in global weatherability during the
MECO could have resulted in a temporarily lower silicate weathering flux (Figure 12).
This would create a carbon-cycle imbalance, with the sources of COz2 to the atmosphere
(mainly volcanic degassing) outweighing the silicate weathering sink. This would drive
an increase in pCOz before stabilizing at the (higher) pCO: required to generate enough
weathering to balance the input flux (Figure 12). I argue that just such a transient
decrease in the silicate weathering flux produced the observed increase in Ge/Si across
the MECO.

To discern whether a reduced continental silicate weathering flux to the oceans
could produce the observed shifts in Ge/Si, I performed experiments in a two-box
geochemical forward model to investigate the sensitivity of surface ocean Si and Ge

concentrations to changes in the flux. The model simplifies the fluxes of Si and Ge into
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Figure 12. Schematic representation of what a decrease in global weatherability would
do to the weathering flux and global pCO:a. If global weatherability were to abruptly
decrease without allowing the internal processes of the climate system to keep up, the
weathering flux would initially decrease to compensate for the change until pCO2 levels
could rise to return the weathering flux to its initial state. Adapted from Penman et al.
(2020).
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two inputs, continental and hydrothermal fluids, and two removal mechanisms, opal
burial and reverse weathering. After achieving a steady state with known modern
parameters (Table 1), changes in the continental input flux were simulated (Figure 13).
The model returns Si and Ge concentrations of the surface ocean (upper 100 m).

Multiple scenarios were designed to discern the sensitivity of seawater Ge/Si with
variations in the input fluxes (Figure 13). The scenarios that return the most compatible
curves with the Site U1511 Ge/Si record are those with a gradual reduction of the
continental weathering flux to 40% to 60% of its initial flux over either 200,000 or
400,000 years followed by a return to the baseline input values over 200,000 years
(Figure 13). These results show that the observed changes in Ge/Si across the MECO can
be accounted for solely by lowering the flux from the continents.

There is, however, another possible influence. Rather than, or in addition to, a
change in the weathering flux, the ratio of Ge to Si delivered to the oceans by continental
weathering could change, resulting in rising Ge/Si values. Today, different regions of the
Earth weather in different ways and can be broadly categorized as either transport-limited
or weathering-limited. The former regions are areas in which the rate of weathering
reactions outstrip the rate of removal, resulting in the formation of thick cation-depleted
soils, while the latter regions supply fresh rock material fast enough that the chemical
reactions are not limited by erosion (West et al., 2005).

Today, the global average river Ge/Si concentration (~0.6 pmol/mol) more closely
resembles the Ge/Si of weathering-limited regions such as Andean river systems (~0.42
umol/mol) than that of transport-limited regions like the Amazon basin (~1.7 pmol/mol)

(Kump et al., 2000). A global shift in weathering regime from more weathering-limited to
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Figure 13. Model simulations of the response of Ge/Si to changes in the continental
silicate weathering flux. Six colored scenarios of a gradually decreasing weathering flux
over different time periods and to different extents are shown compared to the gray
observed Ge/Si moving means. The model scenarios are plotted on the same timescale as
the observed data (800 kyr). The scenario specifics are shown in the bottom right. The
model schematic is shown in the upper right. The scenario that best fits the observed data
is a gradual, linear decrease in silicate weathering to 50% of its original strength over 400
or 200 thousand years with a recovery period of 200 thousand years.
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more transport-limited could drive an increase in riverine Ge/Si and thus an increase in
seawater Ge/Si. Leading up to the MECO, however, elevated atmospheric CO2
(Anagnostou et al., 2016) combined with some of the warmest climates of the Cenozoic
(Zachos et al., 2008) and generally flat topography led to a chemical weathering intensity
that likely exceeded the rates of physical weathering and erosion (Froelich and Misra,
2014). Global weathering was thus likely already much more transport-limited, which
makes it difficult to imagine a process or event capable of driving a shift towards even
more transport-limited conditions that would result in an increase in seawater Ge/Si.
Furthermore, this explanation does not explain the agreement between my Ge/Si
record and the previously published '70s/'#0s record. As mentioned above, the
observed decrease in '¥70s/'*80s across the MECO implies either an overall decrease in
the weathering flux or an increase in the weathering of mantle-derived rocks if we
assume hydrothermal activity remains constant on these timescales. Mortlock and
Froelich (1987) showed that river Ge/S1, the largest contributor of continental Ge and Si
to seawater, does not trend with the mineralogy of its drainage basin. Therefore, the
agreement between these two proxies implies that a decrease in the weathering flux did

occur across the MECO.

Silicate Weathering as a Driver of Climate

The decrease in silicate weathering rates during the MECO implied by the
observed increase in Ge/Si is counterintuitive to how the silicate weathering feedback has
been thought to operate during periods of elevated temperature and pCOz. The

assumption that silicate weathering would increase during these periods, however, hinges
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on silicate weathering acting as a response to changes in climate. I propose that during
the MECO a decrease in silicate weathering instead acted as the driver for warming.

Changes in silicate weathering rates and global weatherability have long been
considered a driver of climate on longer timescales, such as for Cenozoic cooling (e.g.,
Raymo and Ruddiman, 1992; Caves et al., 2016; Caves et al 2019, Jagoutz et al., 2016),
the Late Paleozoic Ice Age (LPIA) (e.g., Richey et al., 2020), end-Devonian cooling (e.g.,
Maffre et al., 2022), and in general throughout the Phanerozoic (Macdonald et al., 2019).
Interestingly, these studies all focus on how increased weathering can be a driver for
cooling, but the opposite (warming driven by diminished weatherability) must be possible
as well. If tectonic uplift (Raymo and Ruddiman, 1992), the emplacement of easily
weathered mafic rocks at the surface (Jagoutz et al 2016), and tropical arc-continent
collision (Macdonald et al., 2019) are all capable drivers of increased weatherability and
global cooling, then the inhibition or cessation of any of those processes can also drive
decreased weatherability and global warming.

Diminished silicate weathering acting as a forcing for the MECO could help
explain the characteristics that sets the event apart from Paleogene hyperthermals. Instead
of an initial large release of carbon driving rapid pCOz rise and warming, as in a
hyperthermal, a weathering flux decrease would allow for a gradual buildup of pCO2,
consistent with the observed prolonged warming and lack of CIE during the MECO.
Furthermore, under decreased silicate weathering rates, the supply of alkalinity to the
oceans would decrease, lowering carbonate mineral saturation state (shoaling the CCD)
and inhibiting carbonate burial for the duration of the event. Diminished silicate

weathering response would also explain why no carbonate overshoot occurred following
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the MECO. Without an increased weathering response due to warming, like during a
hyperthermal, no overcompensation leading to an over-deepening of the CCD would

OCcCur.

CONCLUSIONS

To elucidate why the MECO features several defining characteristics that separate
the event from Paleogene hyperthermals, a robust investigation into the behavior of
silicate weathering across the MECO is needed. The prolonged, gradual warming, lack of
CIE, and persistent absence of carbonate preservation each indicate some failure of the
silicate weathering feedback to regulate the climate system as expected. Here I show the
viability of using the Ge/Si of siliceous microfossils as a recorder of past weathering flux
changes and that during the MECO Ge/Si values indicate that the silicate weathering flux
diminished despite that expectation for silicate weathering to increase during periods of
elevated temperature and atmospheric CO2. Moreover, [ propose that rather than a
feedback, the lowered weathering flux actually acted as the driver of the anomalous
features of the MECO. Lowered weathering would result in the gradual warming
observed, negating the need for a carbon perturbation, and associated isotope excursion,
to initially disturb the climate system, and would also explain how the deepened CCD
persisted without producing a carbonate overshoot. This explanation further differentiates
the MECO from Paleogene hyperthermals, as the warming event occurred due to an
entirely different climate forcing, prompting its unusual characteristics. This places the
MECO into a category of its own apart from hyperthermals. In addition, it would redefine

the role of silicate weathering on shorter, sub-million-year timescales.
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FUTURE WORK

Further study into the mechanism driving variability in Ge/Si records, the
indicated diminished weathering flux, and the potential of silicate weathering to act as a
driver for warming for the MECO is needed.

Despite agreement with other silicate weathering proxies for the MECO (e.g., van
der Ploeg et al., 2018), the Ge/Si system is still largely unconstrained. To determine the
environmental controls on Ge and Si uptake in radiolarians I suggest a combination of
culturing experiments to observe how Ge is incorporated into the plankton tests and core
top analysis to investigate how Ge/Si varies with different regional climates. In addition,
a better understanding of the fluxes of Ge and Si to and from the oceans, especially the
relative contribution of reverse weathering on whole ocean Ge/Si, is needed.

Further work into the behavior of silicate weathering leading up to, during, and
following the MECO is needed. High resolution Ge/Si records from sites around the
world would be useful for eliminating the potential of regional influences. The
combination of these records with other silicate weathering proxies would shed light on
the role of the process in the climate system. These weathering records should also be
extended to other geological periods, such as other periods of dramatic climatic change as
well as periods of climate stability. These time periods should be reevaluated with the
lens that silicate weathering might not only respond, but also influence climate on shorter
time scales. These efforts may work to redefine the role that silicate weathering plays in

the climate system.
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Table A1. Sample depths, assigned ages, and Ge/Si values. Samples were collected from
IODP Expedition 371 Site U1511B throughout cores 16 and 17. The middle depth for
each sample was used to calculate the corresponding age of the sediments using two age
models (Bohaty et al., 2009; Westerhold et al., 2020). The tie points used to construct the
age models are shown in Table A2. The Ge/Si values for Spumellaria and Nassellaria
samples were determined using an inductively coupled plasma mass spectrometer (ICP-
MS) at Utah State’s Core Microscopy Lab.

Top

Bottom

Middle

Sample ID Depth | Depth | Depth Age (Ma, &;g;e (SG el/:;. (GNeSSI
(371-U1511B-) (CSF- | (CSF- | (CSF- | Westerhold) Boha t,y) um(r))l /m(;l) umol/mol)
A, m) A, m) A, m)
16R-2W-2/3 261.02 | 261.03 | 261.03 | 39.95 39.62 0.28
16R-2W-25/26 261.25 | 261.26 | 261.26 | 39.97 39.64 0.43 0.27
16R-2W-50/51 261.50 | 261.51 | 261.51 | 39.99 39.67 0.43 0.25
16R-2W-76/77 261.76 | 261.77 | 261.77 | 40.01 39.69 0.51 0.39
16R-2W-102/103 | 262.02 | 262.03 | 262.03 | 40.02 39.72 0.34 0.30
16R-2W-125/126 | 262.25 | 262.26 | 262.26 | 40.04 39.75 0.43 0.34
16R-3W-0/1 262.50 | 262.51 | 262.51 | 40.06 39.77 0.39 0.31
16R-3W-14/15 262.64 | 262.65 | 262.65 | 40.07 39.79 0.47 0.41
16R-3W-26/27 262.76 | 262.77 | 262.77 | 40.08 39.80 0.47 0.34
16R-3W-36/37 262.86 | 262.87 | 262.87 | 40.09 39.81 0.47 0.39
16R-3W-52/53 263.02 | 263.03 | 263.03 | 40.10 39.83 0.43 0.43
16R-3W-66/67 263.16 | 263.17 | 263.17 | 40.11 39.84 0.43 0.37
16R-3W-76/77 263.26 | 263.27 | 263.27 | 40.11 39.85 0.49 0.34
16R-3W-89/90 263.39 | 263.40 | 263.40 | 40.12 39.86 0.40 0.39
16R-3W-101/102 | 263.51 | 263.52 | 263.52 | 40.13 39.88 0.47 0.33
16R-3W-116/117 | 263.66 | 263.67 | 263.67 | 40.14 39.89 0.44 0.36
16R-3W-126/127 | 263.76 | 263.77 | 263.77 | 40.15 39.90 0.40 0.35
16R-3W-139/140 | 263.89 | 263.90 | 263.90 | 40.16 39.92 0.51 0.39
16R-4W-3/4 264.03 | 264.04 | 264.04 | 40.17 39.93 0.43 0.37
16R-4W-15/16 264.15 | 264.16 | 264.16 | 40.18 39.94 0.46 0.40
16R-4W-26/27 264.26 | 264.27 | 264.27 | 40.19 39.95 0.43 0.39
16R-4W-39/40 264.39 | 264.40 | 264.40 | 40.20 39.97 0.47 0.46
16R-4W-51/52 264.51 | 264.52 | 264.52 | 40.20 39.98 0.48 0.37
16R-4W-64/65 264.64 | 264.65 | 264.65 | 40.21 39.99 0.49 0.44
16R-4W-76/77 264.76 | 264.77 | 264.77 | 40.22 40.01 0.53 0.41
16R-4W-89/90 264.89 | 264.90 | 264.90 | 40.23 40.02 0.52 0.44
16R-4W-102/104 | 265.02 | 265.04 | 265.03 | 40.24 40.03 0.49 0.42
16R-4W-115/116 | 265.15 | 265.16 | 265.16 | 40.25 40.05 0.58 0.44
16R-4W-126/127 | 265.26 | 265.27 | 265.27 | 40.26 40.06 0.51 0.38
16R-4W-141/142 | 265.41 | 265.42 | 265.42 | 40.27 40.07 0.50 0.42
16R-5W-0/1 265.50 | 265.51 | 265.51 | 40.28 40.08 0.54 0.38
16R-5W-13/14 265.63 | 265.64 | 265.64 | 40.29 40.11 0.49 0.42
16R-5W-26/27 265.76 | 265.77 | 265.77 | 40.31 40.13 0.49 0.39
16R-5W-40/41 265.90 | 265.91 | 265.91 | 40.32 40.16 0.48 0.47
16R-5W-52/53 266.02 | 266.03 | 266.03 | 40.34 40.18 0.36 0.32
16R-5W-64/65 266.14 | 266.15 | 266.15 | 40.35 40.21 0.47 0.39
16R-5W-76/77 266.26 | 266.27 | 266.27 | 40.37 40.23 0.39 0.41
16R-5W-91/92 266.41 | 266.42 | 266.42 | 40.39 40.26 0.39 0.38
16R-5W-101/102 | 266.51 | 266.52 | 266.52 | 40.40 40.28 0.45 0.30
16R-6W-3/4 266.75 | 266.76 | 266.76 | 40.43 40.33 0.43 0.29
16R-6W-16/17 266.88 | 266.89 | 266.89 | 40.44 40.35 0.41 0.33
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16R-6W-30/31 267.02 | 267.03 | 267.03 | 40.46 40.38 0.41 0.32
16R-6W-43/44 267.15 | 267.16 | 267.16 | 40.48 40.41 0.47 0.35
16R-6W-53/54 267.25 | 267.26 | 267.26 | 40.49 40.43 0.40 0.38
16R-6W-65/66 267.37 | 267.38 | 267.38 | 40.50 40.45 0.48 0.33
16R-6W-78/79 267.50 | 267.51 | 267.51 | 40.52 40.48 0.44 0.32
16R-6W-91/92 267.63 | 267.64 | 267.64 | 40.53 40.50 0.51 0.36
16R-6W-101/102 | 267.76 | 267.77 | 267.77 | 40.55 40.53 0.48 0.34
16R-7W-16/17 268.02 | 268.03 | 268.03 | 40.58 40.58 0.48 0.39
16R-7W-29/30 268.15 | 268.16 | 268.16 | 40.60 40.60 0.51 0.31
16R-7W-39/40 268.25 | 268.26 | 268.26 | 40.61 40.62 0.42 0.31
16R-7W-52/53 268.38 | 268.39 | 268.39 | 40.62 40.65 0.47 0.31
16R-7W-64/65 268.50 | 268.51 | 268.51 | 40.64 40.67 0.46 0.25
17R-1W-140/141 | 270.50 | 270.51 | 270.51 | 40.88 41.06 0.55 0.45
17R-2W-141/142 | 272.02 | 272.03 | 272.03 | 41.06 41.36 0.42 0.34
17R-3W-140/141 | 273.50 | 273.51 | 273.51 | 41.15 41.43 0.47 0.37
17R-4W-142/143 | 275.02 | 275.03 | 275.03 | 41.25 41.50 0.53 0.42
17R-6W-133/135 | 278.02 | 278.03 | 278.03 | 41.48 41.75 0.56
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Table A2. Magnetostratigraphic ages and tie points used for the two age models.

Base of Chron Middle Depth V\i%féﬁi?&) Age (Ma, Bohaty)
Cl8n.1r 260.87 39.94 39.60
C18n.2n 265.51 40.28 40.08

Cl18r 272.01 41.06 41.36
C19n 275.29 41.26 41.51
Cl19r 287.14 42.20 42.54




	Constraining Silicate Weathering During the Middle Eocene Climatic Optimum (MECO) Using Radiolarian Ge/Si
	Recommended Citation

	ABSTRACT
	PUBLIC ABSTRACT
	ACKNOWLEDGMENTS
	Abstract iii
	Public Abstract v
	Acknowledgments vi
	List Of Tables ix
	List Of Figures x
	Chapter I Introduction 1
	Chapter II Methods 14
	Chapter III Results 25
	Chapter IV Discussion 28
	Chapter V Conclusions 38
	Chapter VI Future Work 39
	References 40
	Appendix 57
	LIST OF TABLES
	LIST OF FIGURES
	INTRODUCTION
	METHODS
	The MECO at Site U1511
	Specimen Isolation
	Sample Cleaning
	Ge/Si Analysis
	Box Model for Ge and Si

	RESULTS
	DISCUSSION
	Ge/Si Interpretations
	Reverse Weathering-Controlled Ge/Si
	Silicate Weathering-Controlled Ge/Si
	Silicate Weathering as a Driver of Climate

	CONCLUSIONS
	FUTURE WORK
	REFERENCES CITED
	Appendix

