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Silicate weathering is a fundamental process that sculpts landscapes, provides nu-

trients for organisms, underpins life-sustaining biogeochemical cycles on Earth, and

keeps Earth from entering a runaway greenhouse state. This process is influenced by

the geologic and environmental conditions at the Earth’s surface, therefore uniting

many traditional geoscience subdisciplines and being an area of active research for

nearly a century. It has been studied through observations of drainage catchments

on continents, where most silicate weathering on Earth happens today. The geologic

record also served as an important archive of this process, invariably recording the
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conditions and processes occurring at the Earth’s surface in the past and allowing

for observations on timescales that studies of modern environments do not permit.

Despite advancements in the process-based understanding of silicate weathering,

considerable debate remains regarding its primary drivers, the relevance of silicate

weathering in the evolution of Earth’s climate, and the degree with which known

modulators of silicate weathering can be constrained independently of one another.

The central focus of this dissertation is to expand upon the utility of lithium

(Li) isotopes: a burgeoning isotope system that, when measured in geologic material,

allows for a quantitative assessment of silicate weathering over a range of timescales.

The dissertation is composed of three case studies which test the viability of Li

isotopes in discerning the controls of silicate weathering, both in past and present

environments. In turn, these studies help identify controls of silicate weathering in

different Earth surface environments. The outcome of these studies are conceptual

or mechanistic models for silicate weathering that either i) provide constraints for

its controls or ii) yield a template with which to probe it with Li isotopes and other

measurements.
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Chapter 1

Introduction

1.1 Silicate weathering

The geologic carbon cycle is governed by the transfer of carbon between the solid

Earth and its overlying oceans, atmosphere, and biosphere. As carbon degasses from

Earth’s interior and accumulates in the exosphere, several mechanisms return carbon

back to the solid Earth and allow Earth’s surface to remain habitable throughout

Earth’s history. One such mechanism is the chemical weathering of silicate min-

erals in Earth’s crust: a process which is relevant to climate modulation over 105-

and 106-year timescales. When exposed to acid-bearing water (typically carbonic

acid), silicate minerals are leached of monovalent and divalent cations (e.g., Na+,

K+, Mg2+, Ca2+) that either remain in solution or are incorporated into authi-

genic (secondary) minerals. This alkalinity in water, when supplied to the ocean by

rivers or through groundwater discharge, favors the formation of marine carbonates

(mineral formula (Ca,Mg)CO3) which acts as a net sink of atmospheric CO2. This

sequestration of CO2 by silicate weathering is thus thought of as a climate stabilizer

by counteracting excess input of CO2 from the solid Earth. Studies of both mod-

ern and ancient surface environments, in addition to controlled experiments, have

enabled the development of constitutive equations for silicate weathering.
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1.1.1 Difficulties with silicate weathering in the modern

The loci of weathering on Earth include soils, fractured bedrock, and subaqueous

continental margins, encompassing a large range of environmental and geologic con-

ditions. At a fundamental level, however, silicate weathering is linked to the chemical

and physical environment in which the reactions are taking place. The geometry and

composition of weathering environments, alongside the nature of water-rock interac-

tions therein, is influenced by climate, atmospheric CO2 concentrations, tectonics,

rock types, and terrestrial biota. These myriad factors and their effects on silicate

weathering are encoded in surface environments today, as evidenced by the chem-

istry of river water and soils and the morphology of landscapes. Yet, it has been

a longstanding challenge to independently distinguish these modulators from one

another, and whether certain processes trump others in their influence on silicate

weathering.

The development of new isotope systems, such as lithium (Li) isotopes, have

greatly advanced our quantitative understanding of silicate weathering. Many tra-

ditional measurements like elemental concentration measurements of river water,

although quantitative in nature, are often impacted by non-silicate element input

that can make quantitative analyses of silicate weathering difficult. The use of

non-traditional isotope systems, alongside common measurements, have led to an

increasingly quantitative and nuanced understanding of silicate weathering, usually

at the catchment scale. Results from these studies are like a tapestry, offering in-

sights into the fundamental processes that influence that isotope system (such as Li

isotopes) but not necessarily providing a comprehensive assessment of the processes

or conditions that unify these varied results. Piecing together these findings is im-

perative for deducing primary controls of silicate weathering and imposing silicate

weathering in global-scale Earth systems models of the carbon cycle.
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1.1.2 Difficulties with silicate weathering in the past

The geologic record is composed of sedimentary rocks that variably document Earth

surface conditions and silicate weathering. Unlike the modern, the geologic record

permits a long-term (i.e., > 104 year) assessment of silicate weathering and an ex-

ploration of silicate weathering when the geologic, environmental, and biological

conditions of the Earth were fundamentally different. However, several complica-

tions arise when interrogating the geologic record, such as the relative paucity of

sedimentary rocks compared to modern surface environments, the stochasticity of

what is preserved, and the potential biases (e.g., seasonal bias in mineral formation,

bias of landscape elements preserved) of these records. These complications not

only affect the interpretation of weathering-sensitive geochemical proxies (e.g., Li

isotopes) but also obscure the interpretation of proxy data that inform environmen-

tal (e.g., mean annual precipitation and temperature) and geologic (e.g., sediment

provenance) conditions at the Earth’s surface in the past.

Despite these challenges, novel isotope measurements have reduced ambiguity

in these records. Unlike traditional silicate weathering indices (e.g., Chemical Index

of Alteration, Chemical Index of Weathering,
∑

Bases/Al, smectite crystallinity in-

dex) that only qualitatively convey the intensity of silicate weathering, these new

measurements can provide quantitative constraints on silicate weathering that il-

luminate potential controls and provide quantities (e.g., silicate weathering fluxes)

that can be utilized in global carbon cycle models. Studies that have applied Li

isotopes to sedimentary archives (e.g., Bastian et al., 2017; Dosseto et al., 2015) un-

derscore the utility of these measurements in identifying silicate weathering controls,

but more studies of ancient environments with Li isotopes are warranted to further

parameterize silicate weathering over a wider range of environmental and geologic

conditions. Moreover, the study of sedimentary rocks can enable broader spatial

and temporal observations that would be otherwise prohibitive in the modern.
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1.2 Overview of silicate weathering case studies

The central objectives of this dissertation are twofold: 1) to expand our understand-

ing of silicate weathering by applying new Li isotopes in untested geologic settings

and 2) to improve on the utility of Li isotopes to probe controls of silicate weathering.

Importantly, these chapters aim to bridge knowledge gaps in our understanding of

the long-term and modern day processes involved in silicate weathering by studying

both ancient and modern weathering environments.

1.2.1 Li isotope compositions of river water informed by catchment

properties

The past 30 years have seen the advancement and widespread use of Li isotope

measurements of river water to discern the “style” of silicate weathering occurring

within a drainage catchment. Because it is not fractionated directly by terrestrial

organisms (Clergue et al., 2015; Pogge von Strandmann et al., 2016; Lemarchand

et al., 2010; Schmitt et al., 2012) and is found predominantly in silicate minerals

(e.g., Kisakűrek et al., 2005), Li and its isotopes are thought to be direct trac-

ers of silicate weathering. Broadly, Li isotopes in river water are found to reflect

the catchment-scale balance of congruent (solely mineral dissolution) and incon-

gruent (mineral dissolution and secondary mineral formation) weathering reactions.

The formation of secondary clays (or lack thereof) adequately explains the global

distribution of reported Li isotope compositions. Yet, there are many proposed

drivers of weathering congruency, including temperature, precipitation, lithology,

fluid/mineral residence times, and weathering intensity. Chapter 2 represents a first

attempt at synthesizing a global dataset of published river water Li isotope com-

positions and assessing what environmental/geologic conditions and processes can

best explain the range of observations.

Through the compilation of these published data and the determination of
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catchment-average climatic, lithologic, and morphometric properties for each river

water sample, Chapter 2 evaluates how river water Li isotope compositions directly

compare to catchment properties and how catchment properties compare to one

another. This chapter utilizes statistical tools to gauge the significance of these

relationships and subsequently employs numerical models of silicate weathering and

Li isotope transfer to relate catchment properties with surface processes. What

amounts from this study is a conceptual model (informed by theory and obser-

vations) that describes how river water Li isotope compositions change along the

length of a river, from mountainous headwater catchments to peneplains farther

downstream. Further, this study offers new hypotheses for drivers of silicate weath-

ering and Li transfer in low-relief environments. These findings have been submitted

as a revised manuscript to Geochimica et Cosmochimica Acta and are currently un-

der review.

1.2.2 Rapid silicate weathering response in floodplains during the

Paleocene-Eocene Thermal Maximum

During hyperthermal events in Earth’s history, where massive amounts of CO2 are

injected from the solid Earth into the exposphere over geologically rapid (104-105

years) timescales, silicate weathering is observed to offset the massive CO2 input.

Most of these findings are derived from evidence of marine sedimentary rocks and

Earth systems models, but there is comparatively little work chronicling the sili-

cate weathering response on land during these hyperthermal events. With limited

observations of these nonmarine archives, nuances of silicate weathering responses

on land are overlooked. Chapter 3 seeks to expand our understanding of silicate

weathering across the Paleocene-Eocene Thermal Maximum (PETM): a hyperther-

mal event that is often used as an analogue for anthropogenically induced climate

change today.

5



By analyzing the elemental and Li isotope composition of ancient floodplain

deposits in the Bighorn Basin, Wyoming (USA) that span the PETM, and com-

paring their composition to those of bedrock in the basin, this chapter documents

changes in silicate weathering intensity during an abrupt change in climate. These

measurements reveal a rapid and sustained increase in silicate weathering in re-

sponse to the climatic perturbation, even after global climate has returned to its

pre-perturbed state. Furthermore, these data, when contextualized alongside sedi-

mentological features contained in the sedimentary deposits, show that this weath-

ering response occurs within floodplains and that the magnitude of the response

varies based on where the sediments were deposited in the paleo-floodplain. These

findings newly demonstrate that weathering in floodplains actively responds to cli-

mate change and further reinforce the utility of Li isotopes in discerning weathering

mechanisms. A manuscript containing these results is being prepared for submission

to Nature Geosciences.

1.2.3 Sediment transport and silicate weathering in the Huerfano

Basin (Colorado, USA) during the latest Paleocene and Early

Eocene

Along with the Bighorn Basin (subject of Chapter 3) are a series north-south trend-

ing Laramide basins which variably contain Paleocene and Eocene-aged sedimentary

deposits. One such basin is the Huerfano Basin which had a markedly similar cli-

mate to the Bighorn Basin during the early Paleogene (Sewall and Sloan, 2006).

The Huerfano Basin differs with the Bighorn Basin in that it contains sediments

sourced strictly from crystalline bedrock. Therefore, in discerning the controls of

silicate weathering in the Huerfano Basin, Chapters 3 and 4 implicitly interrogate

the role of lithology in silicate weathering.

Chapter 4 employs similar techniques utilized in Chapter 3, namely major
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and trace element concentration measurements and Li isotope analyses. This chap-

ter expands upon the previous chapter by analyzing both channel sandstones and

overbank deposits (as opposed to solely overbank deposits in the previous chapter)

to probe for influences of sediment transport and sediment chemistry on up-section

weathering trends. These data, alongside published bedrock elemental concentra-

tions and sedimentological information, yield two primary findings: 1) overbank

deposits are derived from mafic-through-intermediate source rocks whereas channel

sandstones are derived from intermediate-through-felsic source rocks; 2) despite in-

herent difference in source rock lithology, overbank and channel-fill deposits follow

similar up-section trends in weathering proxies. These findings suggest that there

was very little silicate weathering occurring in the basin during the Paleocene and

Eocene. We posit the limited weathering is the result of two plausible mechanisms:

1) poor landscape stability (i.e., high river channel mobility) imposed by the lack

of sediment cohesion among source sediments concomitant with low fluid flow in

floodplain soils; 2) large sediment fluxes into the floodplain from the hinterland that

either buried sediments faster than they can weather or bypassed the depositional

system rapidly. Furthermore, these findings illustrate that source rock Li isotope

compositions can impose a primary influence on sediment chemistry. These findings

are currently being prepared for submission to a peer-reviewed journal.
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Chapter 2

Li isotope composition of river water informed

by catchment properties

The Li isotope composition of river water is a measure of the congruency of silicate

weathering throughout a drainage catchment. The properties of drainage catch-

ments that modulate the congruency of silicate weathering and transfer of Li across

landscapes – including climate, lithology, morphometrics, and weathering intensity

– have been individually discussed in previous studies, but not considered whole-

sale. In this study, we amass a global dataset of published river water Li isotope

compositions (n = 757) and determine mean drainage catchment properties to test

the hypothesis that weathering intensity, and not individual catchment properties,

drives the range of globally observed river water δ7Li values. First, through linear

regressions and analysis of variance, we find that although river water δ7Li values

are not significantly correlated with individual catchment properties, the coupling

of either climatic (mean annual temperature and precipitation) or morphometric

(mean local relief, catchment area, and mean hillslope angles) properties with litho-

logic (rock type proportions) properties produce significant correlations (p-value

< 0.05), underscoring the necessity of multiple catchment properties to describe the

global range of river water δ7Li values. Second, to assess the empirical relationship
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between river water δ7Li values and weathering intensity, we compute catchment-

wide erosion and silicate weathering fluxes for all samples using both a steady-state

and time-dependent weathering model. Although spanning a broad range of envi-

ronments, all samples in the steady-state weathering model are predicted to have

weathering intensities < 10−1, which are values associated with high-relief, kinet-

ically limited weathering environments. The time-dependent model, in contrast,

ably predicts weathering intensities > 10−1, often associated with low-relief, supply-

limited weathering environments, but seldom predicts intensities < 101. Among the

samples from the dataset that also have independent weathering intensity measure-

ments, we discern that the steady-state model increasingly underestimates predicted

weathering intensity as reported weathered intensity increases; in contrast, the time

dependent model consistently overestimates weathering intensity, but approaches

parity near high reported weathering intensities. These predictions, in conjunction

with catchment properties, showcase the effects of plausible denudation mechanisms

on river water δ7Li values; moreover, they suggest that the relationship between river

water δ7Li values and weathering intensity may not be time-transgressive, having

implications for how we interpret the secular evolution of ocean water δ7Li values.

2.1 Introduction

Chemical weathering of silicate minerals is a process that plays a central role in

life-sustaining element cycles and the modulation of Earth’s climate on million-

year time scales (e.g., Berner et al., 1983; Chamberlin, 1899; Hilton and West,

2020; Urey, 1952; Walker et al., 1981). Stable lithium (Li) isotope measurements

are gaining traction across the geosciences in part due to their increasing utility

as a direct proxy for silicate weathering, which is underscored by three critical

observations: (1) Li is predominantly found in silicate minerals (e.g., Kisakűrek

et al., 2005); (2) Li partitioning and isotope fractionation are largely driven by the
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formation of secondary minerals (such as clay minerals and sesquioxides) from the

incongruent weathering of primary silicates, where 6Li is preferentially incorporated

over 7Li into the surface and crystallographic sites of secondary minerals (Hindshaw

et al., 2019; Pistiner and Henderson, 2003; Tardy et al., 1972; Vigier et al., 2008;

Wimpenny et al., 2010); and (3) Li isotopes undergo no direct fractionation by

the terrestrial biomass, including rooting plants and algae (Clergue et al., 2015;

Lemarchand et al., 2010; Pogge von Strandmann et al., 2016; Schmitt et al., 2012).

The sensitivity of Li isotope transfer to secondary mineral formation has fostered

advances in our quantitative understanding of the congruency of silicate weathering

in modern surface environments and in the geologic past (e.g., Dellinger et al., 2015,

2017; Pogge von Strandmann et al., 2017b,c and references therein).

The catchment-wide balance of congruent and incongruent silicate weather-

ing yields a > 40h range of river water δ7Li values (Tomascak et al., 2016; Fig.

2.1A), hereon denoted as δ7Lif (subscript f corresponds to “fluid”). As acid-bearing

fluids flow through the Critical Zone, they chemically react with exposed minerals

and discharge solutes into rivers. The alkalinity of river water thus reflects an inte-

grated signature of chemical weathering occurring throughout a drainage catchment.

In catchments where congruent weathering of silicates dominates and secondary min-

eral formation is suppressed, δ7Lif values are low and approach those of catchment

rocks (average value of 0 ± 5 h; Teng et al., 2004; Sauzéat et al., 2015). Contrar-

ily, when 6Li from water is preferentially incorporated into newly formed secondary

minerals, δ7Lif values can reach values as high as ∼ 25 h, in accordance with equi-

librium fractionation factors between water and secondary phyllosilicates at Earth

surface temperatures (Vigier et al., 2008). Batch (closed-system) fractionation or

Rayleigh (open-system) fractionation (e.g., Bouchez et al., 2013) can yield δ7Lif

values between these congruent and incongruent weathering endmember scenarios.

Rayleigh fractionation, likely mediated by open-system fluid flow (e.g., Bohlin and
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Bickle, 2019) and continuous removal of weathering product can drive δ7Lif values

> 40 h which exceed reported water-clay per mil fractionation factors (17-20 h;

Vigier et al., 2008). Adsorption of Li to surface sites can also increase δ7Lif values,

but the low fraction of aqueous Li (≈ 5–16 %) that is adsorbed compared to Li

that is crystallographically incorporated suggests it minimally affects δ7Lif values

(Li et al., 2020; Pogge von Strandmann et al., 2019). These endmember models

adequately describe observed ranges of δ7Lif values in previous studies, but the en-

vironmental or geologic conditions for which these models apply – including climate,

tectonics, rock type, and landscape morphometrics – remain actively debated.

Figure 2.1: (A) Histogram of published river water δ7Li values with sample popu-
lation N , population mean µ, and standard error σ inset. Domains for weathering
congruency are listed and the ranges over which Rayleigh and batch fractionation
models are indicated by arrows above the histogram plot. (B) Empirical relationship
between river water δ7Li values (presented relative to source rock δ7Li values) and
weathering intensity (Dellinger et al., 2015). The black vertical band corresponds
to the boundary between kinetically limited and supply-limited weathering regimes
(Dellinger et al., 2017; West et al., 2005).

Climate is canonically invoked as primary driver of silicate weathering and

thus has been attributed as a control in Li isotope studies. Application of Li isotopes

to sediment and speleothem paleoclimate records reveal inverse correlations between
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δ7Li values and δ18O archives from benthic sediments and ice cores (Dosseto et al.,

2015; Pogge von Strandmann et al., 2017b; Ryu et al., 2014). Coupled δ7Li and

δ18O values suggest that changes in the congruency of silicate weathering are in

accordance with Milankovitch climate cycles, where hot and wet interglacial periods

enhance congruent weathering and cold and dry glacial periods subdue congruent

weathering (Pogge von Strandmann et al., 2020). These studies that employ Li iso-

topes mostly attribute temperature variations as the cause for δ7Li variations, but

the monotonic relationships among precipitation, temperature, and silicate weath-

ering fluxes imply that precipitation could also be responsible for this variation

(Godsey et al., 2009; Ibarra et al., 2016; Kump et al., 2000; Maher and Chamber-

lain, 2014). When modern weathering environments are considered, the influence of

climate on δ7Lif values become less clear. For example, seasonal variations in river

discharge causes perceptible changes in δ7Lif values (e.g., Gou et al., 2019; Henchiri

et al., 2016), but the range of δ7Lif values that are observed are less than the entire

range of δ7Lif values found in large river systems. Moreover, transcontinental river

systems at high and low latitudes exhibit a similarly wide range of δ7Lif values de-

spite their distinct differences in climate (Murphy et al., 2019). These observations

imply that variations in climate cannot fully explain changes in silicate weathering

and how climate is conveyed through Li isotope ratios.

The role of tectonics in the continental Li cycle on Earth, much like cli-

mate, has been studied through observations of ancient archives and modern sys-

tems, yielding similarly confounding results. Cenozoic seawater chemistry reflects

long-term (106 – 107 yr) changes in elemental cycles on Earth, with riverine alka-

linity input playing a primary role in its evolution (e.g., Misra and Froelich, 2012).

Significant increases in seawater δ7Li values during the Cenozoic have thus been

attributed to tectonically induced weathering changes during Himalayan uplift, sim-

ilar to changes observed with other weathering-sensitive geochemical proxies such as

12



87Sr/86Sr and 187Os/188Os (e.g., Peucker-Ehrenbrink and Ravizza, 2000; Raymo and

Ruddiman, 1992). However, the generation of continental relief during Himalayan

uplift as the primary driver for changes in global weathering congruency remains

contested (e.g., Colleps et al., 2018; Li and West, 2014; Pogge von Strandmann

et al., 2017a; Rugenstein et al., 2019; Vigier and Goddéris, 2015), owing largely to

the inextricable connection of tectonics, climate, and surface processes (e.g., West

et al., 2005; Riebe et al., 2017; Whipple, 2009). In modern environments, evidence

of an inverse relationship between uplift rate and δ7Lif values suppose a direct effect

of tectonics on Li transfer (Pogge von Strandmann and Henderson, 2015), but often

concomitant with changes in uplift are changes in climate and depositional setting

that influence how sediments and fluids interact. In sum, the coupling of tectonics

and climate, among other important properties of drainage catchments, complicate

how to apportion the influence of each driver on δ7Lif values.

Drainage catchment lithology (i.e., rock types) and their paleogeographic and

tectonic settings are increasingly proposed as an important driver of silicate weath-

ering (e.g., Li et al., 2016; Macdonald et al., 2019). The lithology through which

subsurface fluids flow can impact the stoichiometry of weathering reactions (e.g.,

Dellinger et al., 2015; Henchiri et al., 2016; Pogge von Strandmann et al., 2017b;

Winnick et al., 2019) and impart diagnostic δ7Lif values. However, less is under-

stood about the extent to which lithologic modulations of δ7Lif values are due to

their physical and/or chemical erodibility. The physical erodibility of rocks within a

catchment is dependent on rock strength, surface roughness, and mineralogy (e.g.,

Howard et al., 1994; Small et al., 2015). As a result, these physical properties mod-

ulate the mean local relief and sediment grain size distributions within catchments,

influencing the timescales over which acid-bearing fluids and minerals interact and

thereby dictating the modes of denudation in a catchment (e.g., Maher and Cham-

berlain, 2014; Portenga and Bierman, 2011). Although an influence on physical
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erosion, the chemical erodibility of rocks within catchment depends largely on min-

eralogy, temperature, and fluid availability, all of which directly affect river water

chemistry. Reaction rates as well as the types of secondary minerals that form as

a byproduct of chemical weathering influence the transfer of Li between solid and

aqueous phases (Winnick et al., 2019).

Catchment morphometric properties – which are integrative expressions of

climate, lithology, and tectonics – have been indirectly related to δ7Lif values. Most

studies have argued that integrative metrics, such as erosion (Bouchez et al., 2013;

Pogge von Strandmann and Henderson, 2015) and fluid residence time (Liu et al.,

2015; Manaka et al., 2017; Meier et al., 2017; Wanner et al., 2014), drive δ7Lif

values. Not directly considered in Li isotope studies, however, is catchment relief,

which is thought to be a principal driver of fluid (Ma loszewski and Zuber, 1982;

McGuire et al., 2005) and mineral (e.g., Montgomery and Brandon, 2002) residence

time. Moreover, fluid and mineral residence times (∼ 1/erosion rate) share simi-

lar increases with decreasing relief (Maher and Chamberlain, 2014; Portenga and

Bierman, 2011) that further complicate their individual influences on δ7Lif val-

ues. Before processes can be invoked, direct comparisons of relief (and other river

drainage morphometric properties) with δ7Lif values are warranted.

Of all proposed environmental controls on δ7Lif values, silicate weathering

intensity (Bouchez et al., 2014; Dellinger et al., 2014; Huh et al., 2001) and its close

relationship with landscape position appears to mechanistically explain the range

of δ7Lif values. Defined as the ratio of silicate weathering to the sum of silicate

weathering and physical erosion (Bouchez et al., 2014), silicate weathering intensity

is observed to span 3 orders of magnitude among samples from several transcon-

tinental rivers (Dellinger et al., 2015; Fig. 2.1B). At low weathering intensities,

congruent weathering is the dominant mode of silicate weathering and is often asso-

ciated with high-relief, kinetically limited weathering environments (Dellinger et al.,
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2015). Similarly, congruent weathering is favored at high weathering intensities, but

the low δ7Lif values are attributed to the dissolution of secondary minerals in low-

relief continental interior, supply limited weathering environments (Dellinger et al.,

2015; Henchiri et al., 2016). Intermediate weathering intensities are found to have

high relative δ7Lif values, which is argued to be the result of weathering in flood-

plains (Dellinger et al., 2015; Pogge von Strandmann and Henderson, 2015). This

empirical relationship between δ7Lif values and weathering intensity is potentially

powerful because it suggests that past silicate weathering fluxes can be quantified

if ancient river water δ7Li values and erosional fluxes are determined. Some studies

are beginning to apply this relationship to probe drivers of secular variations in the

geologic carbon cycle (e.g., Rugenstein et al., 2019) while others are pointing to ad-

ditional factors, such as annual to millennial changes in weathering intensity (Ferrier

and West, 2017; Ferrier and Perron, 2020; Gou et al., 2019; Pogge von Strandmann

et al., 2020), that muddle this relationship. Ultimately, the extent to which the

relationship between δ7Lif values and weathering intensity applies broadly to rivers

worldwide is a primary focus of this study.

Here we compile a global dataset of published Li isotope river water samples

to identify key relationships between river water chemistry (δ7Lif values, Li concen-

trations, and Li/Na ratios) and drainage catchment properties. Specifically, we test

the hypothesis that silicate weathering intensity, and not individual drainage catch-

ment properties, can adequately describe the range of observed δ7Lif values by (1)

determining catchment-averaged climate (mean annual precipitation and temper-

ature), lithology (exposed bedrock geology), and morphometrics (catchment area,

mean local relief, and hillslope angles); (2) utilizing various statistical tests to quan-

tify the strength of variable correlations on a global dataset; and (3) predicting

silicate weathering intensity using catchment-average properties. Through these ob-

servations and predictions, we highlight the inherently coupled nature of drainage
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catchment properties and the continued need to refine drivers of river water chem-

istry across landscapes.

2.2 Methods

2.2.1 Global Li river chemistry database construction

The global dataset consists of published δ7Lif values (nsamples = 757, nstudies =

27; Table 2.1) and respective sampling locations (Fig. 2.2). A subset of the data

includes river dissolved Li concentrations (nsamples = 737) and a lesser number of

studies (nsamples = 574) report dissolved Li and Na concentrations alongside δ7Lif

values. The sample set includes rivers in all climate zones (including monsoonal

climates), draining a wide range of bedrock types, and flowing through a variety of

geomorphic settings. Most samples come from well-studied transcontinental river

systems with a smaller number of samples from Critical Zone observatories or smaller

streams. Data from dry or seasonally wet climates, from Africa, Europe, and the

southern hemisphere are underrepresented. Nevertheless, on average, the river water

samples come from sedimentary rock-dominated catchments with moderate relief

and temperate climates, characteristic of most environments presently at the Earth’s

surface (Fig. 2.2). Due to gaps in geospatial data around the polar regions, we do

not include samples from Antarctica (Witherow et al., 2010; nsamples = 6) in our

subsequent analyses. To query weathering signals in the river water data, we correct

δ7Lif values by accounting for source rock δ7Li values and consider Li input from

non-silicate sources. Corrections for source rock chemistry are presented as ∆7Lif−s

where

∆7Lif−s = δ7Lif − δ7Lis (2.1)
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and subscript “s” corresponds to “source rocks”. Because different bedrock types

can exhibit a >10 h range in δ7Li values (Tomascak et al., 2016), we constrained

δ7Lis values using reported Li isotope composition of river bedload sediments (e.g.,

Dellinger et al., 2014). We do not consider reported river suspended load δ7Li values

because suspended sediments often geochemically bias towards more negative values

relative to their source rocks (e.g., Lupker et al., 2012; Dellinger et al., 2017). When

a range of δ7Lis values are reported for a given sample set, we compute ∆7Lif−s

based on the mean of the δ7Lis values. When the δ7Lis values are not reported

alongside δ7Lif values, we assume a narrow range of δ7Lis values between 1.0 – 3.2

h, representative of most of the upper continental crust (Tomascak et al., 2016). To

test the validity of our correction, we computed δ7Lis values as a weighted average of

exposed bedrock types, assigning each rock type to have a median δ7Li value and Li

concentration. ∆7Lif−s values are mostly within 2 h of those computed assuming a

δ7Lis value of the upper continental crust (see Figs. A.1-A.2, Table A.1 and methods

therein). Because the assumptions of δ7Lis values and Li concentrations are tenuous,

we elect to use the former computation for δ7Lis values. Lastly, δ7Lif values can be

influenced by the input of Li through rainfall, aerosols (e.g., Pogge von Strandmann

et al., 2006), hot springs (e.g., Rad et al., 2013), evaporites (e.g., Dellinger et al.,

2015), and anthropogenic activities including agriculture (e.g., Choi et al., 2019;

Millot and Négrel, 2021). When available, we choose data that have been already

corrected for non-silicate Li input in the original publication (nsamples = 222, or 29%

of all samples).

2.2.2 Determining catchment geometries and extracting geopspa-

tial information

Sample locations are crucial for determining drainage catchment geometries. When

studies do not report coordinates of sampling locations, latitudes and longitudes
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Study name Continent Country/Major drainage n

Bagard et al., 2015 AS Ganges-Brahmaputra 26
Bohlin and Bickle,
2019

AS Himalaya (Alaknanda) 23

Clergue et al., 2015 SA Lesser Antilles 4
Dellinger et al.,
2015

SA Amazon 42

Gou et al., 2019 AS Yellow 60
Henchiri et al., 2014 EU, AU

(OC), AF
Azores (EU), Java (AU), Reunion (AF) 9

Henchiri et al., 2016 AF Congo 10
Hindshaw et al.,
2018

EU Svalbard 20

Huh et al., 1998 SA, NA,
AS

Amazon (SA), Orinoco (SA), Mississippi (NA), Mackenzie
(NA), Ganges-Brahmaputra (AS), Lena (AS), Yellow (AS),
Qiatong (AS), Baikal (AS), Jordan (AS)

41

Huh et al., 2001 SA, AS Orinoco (SA), Anadyr (AS), Indus (AS) 12
Kisakűrek et al.,
2005

AS Himalaya 44

Lemarchand et al.,
2010

EU Strengbach 28

Liu et al., 2015 NA Columbia 31
Longley, 2018 AS Chao Phraya 96
Manaka et al., 2017 AS Ganges-Brahamputra 21
Meier et al., 2017 AS Gunt 65
Millot et al., 2010 NA Mackenzie 40
Murphy et al., 2019 AS Lena 71
Pogge von Strand-
mann and Hender-
son, 2015

AU (OC) Southern Apls (New Zealand) 17

Pogge von Strand-
mann et al., 2006

EU Iceland 23

Pogge von Strand-
mann et al., 2010

EU Azores 13

Pogge von Strand-
mann et al., 2017a

AS Ganges 49

Rad et al., 2013 SA Lesser Antilles 5
Vigier et al., 2009 EU Iceland 20
Wang et al., 2015 AS Yangtze 30
Weynell et al., 2017 AS Dongqu 24
Witherow et al.,
2010

AN − 20

Table 2.1: List of studies included in this compilation and location information. Note
that some studies include analysis ground water, ice water, or water from thermal
springs, which are not used in this study. AS: Asia; AF: Africa; AU: Australia; AN:
Antarctica; EU: Europe; OC: Oceania; NA: North America; SA: South America.
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Figure 2.2: Map of global river water δ7Lif samples synthesized in this study. Global
elevation map (meters above sea level) with river water δ7Lif sample locations (white
circles) and major rivers (blue lines).

were estimated by relating sample location descriptions (e.g., city names, landmarks)

and/or map illustrations of sample locations to the largest nearby river reaches.

Individual catchments for each river sample were designated using ArcGIS

(ArcHydro tool extension), 30 arcsecond-resolution HYDRO1k global digital eleva-

tion data, Flow Accumulation, and Flow Direction rasters (Greenlee, 1987; Jenson

and Domingue, 1988; Tarboton et al., 1991; Verdin et al., 2011). The generated

watershed polygon was used to extract geospatial information from other global

databases including climatic (precipitation and temperature), lithologic (exposed

bedrock proportions), and morphometric (mean local relief, mean catchment hills-

lope angles, and catchment area) information. We refer to the geospatial measure-

ments as “catchment variables” and characterize them as either a climatic, lithologic,

or morphometric “catchment property” (Table 2.2).

Climate proxies, including mean annual temperature (MAT) and precipita-

tion (MAP) data, were derived from 1 km (∼30 arcsecond) spatially resolved and

monthly interpolated climate measurements from 1970–2000 included in the World-
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Catchment property Variable Mean Median Range S.D. 1σ error

River chemistry δ7Lif (h LSVEC) 19.5 18.9 44.3 7.4 0.3
∆7Lif−s 17.9 16.9 44.3 7.2 0.3
log10 [Li/Na] -3.09 -2.97 4.4 0.79 0.03
log10 [Li (ppm)] -2.62 -2.72 6.11 0.85 0.03

Climate MAT (◦C) 8.5 8.8 43.1 12.8 0.5
MAP (mm) 1024.6 951.8 3575 614.4 22.4

Morphometrics log10 [area (km2)] 3 2.8 6.7 1.9 0.1
Mean hillslope (◦) 12.4 11 43.1 8.6 0.3
Local relief (m) 469 357 2161.8 425 15.5

Lithology Sedimentary (%) 47 42.8 100 43.1 1.6
Sediments (%) 13.8 0 100 27.8 1
Metamorphic (%) 15.2 0 100 28.3 1
Plutonic (%) 9.8 0 100 21.3 0.8
Volcanic (%) 13.1 0 100 30 1.1
Mafic (%) 9.8 0 100 26.7 1
Intermediate (%) 3.1 0 100 15.6 0.6
Felsic (%) 10 0.1 100 21.2 0.8
Other (%) 1.1 0 100 8.1 0.3

Table 2.2: Catchment-wide variables and river water chemistry for global dataset.
“Other” corresponds to areas with glaciers, water bodies, or no data.

Clim 2 database (Fick and Hijmans, 2017). These MAT and MAP data do not

correspond to the MAT and MAP at the time the waters were sampled.

Lithologic data were compiled from the 1:3,750,000 area-weighted scale (∼1.5

km resolution) global lithology map GLiM (Hartmann and Moosdorf, 2012), which

allows for the delineation of contributing surface areas for all lithologic units within

each catchment. We consider the relative proportions of 12 different rock types

including sedimentary rocks (siliciclastic, mixed siliciclastic, pyroclastic, carbon-

ate, and evaporite), plutonic rocks (mafic, intermediate, and felsic), volcanic rocks

(mafic, intermediate, and felsic), metamorphic rocks, and unconsolidated sediments

in a drainage catchment. The catchment area consisting of glaciers/ice, water bod-

ies, and areas with no data is negligible for all samples. Further, the number of

samples with plutonic and volcanic rock-dominated (i.e., proportions ≥75%) catch-

ments is small and thus we could not interrogate the differences between felsic and
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mafic rock-dominated catchments with much statistical significance. All lithologic

data for each catchment are presented as proportions.

Lastly, for morphometric data, we consider catchment area, mean flow lengths,

mean local relief, and mean hillslope angles using the 30 arcsecond HYDRO1k dig-

ital elevation data (Verdin et al., 2011). Mean local mean relief was computed

across the land surface by averaging the elevation over a 3 km-diameter circular

area, except for data from Guadaloupe (Rad et al., 2013) that required a 1 km di-

ameter averaging window due to the demonstrably small area of the island on which

samples were gathered. Mean hillslope angles were determined from a study that

computed global hillslope angles on a 3 arcsecond DEM (Larsen et al., 2014b). For

each sample, we compute a catchment-wide minimum, maximum, mean, and stan-

dard deviation for all climatic and morphometric variables. All catchment variables

are compared against river water chemistry (δ7Lif values, Li concentrations, and

Li/Na ratios) (Table A.1).

2.2.3 Statistical analyses

To discern statistical trends among river water chemistry and catchment proper-

ties, we utilize linear regressions and two-way analysis of variance (ANOVA). All

catchment variables exhibit skewed, non-normal distributions making many useful

parametric tests, including principal component analysis, not suitable. We instead

utilize non-parametric statistical tests that convey the significance of variable corre-

lations (i.e., linear regressions) and the statistical similarity between various sample

populations (i.e., ANOVA).

Linear regressions enable us to compare the strength of variable correlations

among geochemical, climatic, and morphometric data. We compute the Spearman

rank-order correlation (Spearman’s ρ) to quantify the significance of the monotonic-

ity among these variables. Variable pairs with ρ > 0.1 exhibit a significant direct
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relationship, variables pairs with ρ < −0.1 exhibit a significant inverse relationship,

and variable pairs with |ρ| < 0.1 exhibit no monotonicity.

Two-way ANOVA enables us to assess the strength of variable correlations

using categorical data, allowing us to consider the effect of lithology on geochemical

data. For each catchment variable (i.e., independent variable), we define categories

in which geochemical data (∆7Lif−s and log10 Li/Na) are grouped and then test

the difference among category medians and distributions. This method enables

us to determine if “main effects” or “interaction effects” exist among catchment

variables, where the former represents a statistically significant direct effect of a

catchment variable on geochemical data and the latter represents a statistically

significant combined effect of two catchment variables (see Section A.1.2 for a further

description of the technique). For lithologic data, we only consider catchments that

are dominated by ≥75% areal exposure one rock type, and “mixed” catchments that

do not have ≥50% areal exposure of any one rock type. These constraints define

our categories for lithology, and we therefore do not test if individual rock type

proportions (e.g., sedimentary rocks) have main effects on geochemical data.

2.2.4 Modeling silicate weathering

Silicate weathering intensity was computed for samples for which climatic, litho-

logic, and morphometric were gathered (nsamples= 748). Computing weathering

intensity relies upon the estimation of both erosion and silicate weathering fluxes.

To compute erosion fluxes, we applied an empirically derived power law relationship

(Montgomery and Brandon, 2002) where

E = ρsoilaS
b, (2.2)

E is erosion (t km−2 yr−1), ρsoil is soil density (kg m−3), S is mean local relief

(m), and a and b are empirical constants (unitless). To compute silicate weathering
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fluxes, we use two modeling approaches: one which assumes steady state erosion and

silicate weathering (West, 2012) and another which allows for transience in erosion

and silicate weathering (sensu Bouchez et al., 2013; Ferrier and Kirchner, 2008).

Steady state weathering and erosion

To assess steady state weathering, we employ a parametric weathering equation

specifically derived for continental-scale weathering estimates (West, 2012). In this

formulation, the supply of fresh, un-weathered bedrock from erosion is assumed to

be the primary driver of silicate weathering. The parametric equation is presented

as

W = Eχm ·
{

1− exp
[
−K ·

(
1− exp(kw ·Q)

)
· · ·

exp
( Ea

RT
− Ea

RT0

)
·

(ρsoilzE )σ+1

σ + 1

]}
(2.3)

where W is the silicate weathering flux (t km−2 yr−1), χm is the molar fraction of

mono or divalent silicate cations found in eroding sediment (mol mol−1), and each

term between the curly braces corresponds broadly to kinetic effects that modify

the maximum silicate weathering flux (Wmax = Eχm; West et al., 2005). Details

regarding the derivation of these terms can be found in West (2012) and references

therein, but briefly put, the amalgamation of terms represents the cumulative effects

of fluid flow, temperature, weathering zone thickness, and mineral surface area and

residence time on mineral dissolution rates.

The catchment variables that are passed as input to Eqs. 2.2 and 2.3 include

MAT (T ), MAP (Q), mean local relief (S, E, z), and source rock proportions (χm)

(Fig. 2.3A). Without making crude assumptions that relate catchment-wide MAT

and MAP to evapotranspiration, we assume that MAP is equivalent to subsurface

fluid flow rates Q (m yr−1). Moreover, we assume a nominal range of χm values for
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each of the 5 dominant rock types (Rudnick and Gao, 2003) and then compute a

weighted average χm for each catchment. To compute weathering zone thickness z

(m), we elect to assume that relief is equal to the weathering zone thickness because

other formulations where z is a function of erosion-driven soil production rates (e.g.,

Heimsath et al., 1997; Larsen et al., 2014a) predict extremely low weathering inten-

sities (Fig. A.3). All other empirical constants (K, kw, Ea, σ + 1) are assumed to

have a value between the 66% confidence interval determined by West (2012) (Table

2.3). To account for the range of values for empirical constant and the standard

deviation of catchment-average variables, we use a Monte Carlo approach (50,000

iterations) to compute a range of weathering intensities for each sample; all W , E,

and weathering intensity computations are presented as means of the 50,000 indi-

vidual computations. Lastly, we compute weathering intensity simply by taking the

ratio of W and W + E such that

Weathering intensity =
W

W + E
. (2.4)

Model results using this formulation are hereafter referred to as “W2012” results

(after West, 2012).

Time-dependent weathering and erosion

To assess the effects of time-dependent weathering and erosion on silicate weathering

intensity, we modify and numerically model a series of partial differential equations

that describe changes in silicate weathering as a function of soil thickness, erosion,

and sediment deposition (Bouchez et al., 2013; Ferrier and Kirchner, 2008; Heimsath

et al., 1997). The change in soil (i.e., weathering zone) thickness z (m) over time t

(yr) can be expressed as

ρsoil
dz

dt
= ε0exp(−αz) +D − (E +W ) (2.5)
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Variable Description Units Values(s)a Distributionb Referencec

ρsoil Soil density kg m−3 2000b

a Constant 1 1.4E-6 MB2002
b Constant 1 1.8 MB2002
E Erosion t km−2 yr−1 Calculated
W Weathering t km−2 yr−1 Calculated
D Deposition t km−2 yr−1 Calculated
Dmax Max. deposition t km−2 yr−1 2000

Cation fraction (sedimentary) [0.001, 0.04] Uniform
Cation fraction (sediments) [0.001, 0.04] Uniform

χm Cation fraction (metamorphic) mol mol−1 [0.04, 0.13] Uniform RG2003
Cation fraction (plutonic) [0.04 0.13] Uniform
Cation fraction (volcanic) [0.04, 0.13] Uniform

K Grain size/weathering 1 [7.6E-6, 1.2E-3] Uniform W2012
kw Role of water flow 1 [1.5E-6, 3E-3] Uniform W2012
Ea Activation energy kJ mol−1 [14.6, 79.2]d Uniform W2012
R Gas constant kJ mol−1 K−1 8.3146E-3
T0 Mean surface temperature K 286 BC1994
z Weathering zone thickness m Calculated
σ + 1 Time dependence weathering 1 [0.66, 1.13] Uniform W2012
S Relief m Input Uniform
Q Subsurface fluid flow m yr−1 Input Uniform
T Temperature K Input Uniform
ε0 Soil production rate kg m−2 yr−1 [.375, 15] H1997, L2014
α Soil production decay const. m−1 3 H1997; L2014
γ Constant 1 20 This study
avariables with multiple values are minimum and maximum values; bapplies to steady
state weathering intensity calculations; cMB2002: Montgomery and Brandon (2002) -

RG2003: Rudnick and Gao (2003) - W2012: West (2012) - BC1994: Brady and Carroll
(1994) - H1997: Heimsath et al. (1997) - L2014: Larsen et al. (2014a); dsee Table 2.4 for

mineral-specific values

Table 2.3: Variables used in weathering intensity calculations
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Figure 2.3: Workflows for the (A) steady-state weathering and (B) time-dependent
weathering models for a given river sample.

where soil production rate ε0 (kg m−2 yr−1) and soil production decay constant α

(m−1) modulate the nonlinear growth of soil while W and E (t km−2 yr−1) remove

soil mass and thus act to decrease soil thickness. We modified previous formulations

to include sediment deposition D (t km−2 yr−1) as another mode of sediment input

into the weathering environment. This conservation of mass equation Eq. 2.5 also

extends to mineral phase i and its molar concentration in soil [Xi]soil (mol kg−1),

which we express as

d[Xi]soil
dt

=
D + exp(−αz)

ρsoilz

(
[Xi]s − [Xi]soil

)
+ · · ·

exp
(Eai

RT
− Eai

RT0

){ ηisi
ρsoil

− κiAi[Xi]soil

}
+ · · ·

[Xi]soil

N∑
i+1

exp
(Eai+1

RT
−
Eai+1

RT0

){
κi+1Ai+1[Xi+1]soilwi+1 −

ηi+1si+1wi+t
ρsoil

}
(2.6)
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where

N∑
i+1

wi[Xi] = 1, (2.7)

N∑
i+1

ρiwi[Xi]s = ρsoil, (2.8)

si is the mineral formation rate (kg m−3 yr−1), κi is the mineral dissolution rate (kg

m−2 yr−1), Ai is the mineral surface area (m2 mol−1), wi is the mineral molar mass

(kg mol−1),ηi is a term which scales si by the availability of primary minerals (mol

mol−1), and N is the total number of mineral phases found in source sediments and

soil. These equations implicitly assume that soils do not exhibit depth-dependent

changes in mineralogy and instead treat soils as uniform reservoirs. Furthermore,

by introducing D in Eq. 2.5, we assume that the chemistry of sediment input by

deposition (atop soil) and of bedrock input by erosion (below soil) are identical.

Note that we have included an Arrhenius term in Eq. 2.6 (sensu West, 2012) that

modifies the rates of mineral dissolution and formation. We compute ηi at each time

step by comparing the proportion of biotite (bt), plagioclase (plag), and potassium

feldspar (kspar) in source sediments to their proportions in soil such that

ηi =
wbt[Xbt]soil + wplag[Xplag]soil + wkspar[Xkspar]soil

wbt[Xbt]s + wplag[Xplag]s + wkspar[Xkspar]s
. (2.9)

Eq. 2.9 is specifically designed for kaolinite (the only mineral that forms in this

model) such that kaolinite formation occurs most quickly when the concentration of

select primary minerals in soil are equal to those in source sediments. Because these

constitutive equations track changes in soil mineralogy, we compute W at each time
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step where

W = z
N∑
i

exp
(Eai

RT
− Eai

RT0

){
κiAi[Xi]swiρi − ηisiwi

}
. (2.10)

Moreover, we develop mass balance equations for Li and its isotopes (see Section

A.1.3) and can thus predict ∆7Lif−s values alongside weathering intensities.

Like the steady state weathering equation, the time-dependent weathering

equations can be tailored to predict weathering intensities for each sample with

climatic, lithologic, and morphometric information (Fig. 2.3B). Specifically, we pass

MAT, mean local relief, and rock proportions as input to these equations. Although

MAP is postulated to be related to soil production rates ε0 (Larsen et al., 2014a)

and influences mineral dissolution rates (e.g., Maher, 2010; Kump et al., 2000), it

is excluded from these weathering intensity calculations due to (1) a paucity of

functional relationships between MAP and ε0 and (2) unclear connections between

parameters in the steady state equation (Eq. 2.3) and time-dependent equations

(Eqs. 2.5-2.6), respectively. For each of the major rock types we have defined, we

simply assume that each major rock type is composed of varying proportions of

quartz, plagioclase feldspar, potassium feldspar, biotite, kaolinite, and zircon (Table

2.4). A constant erosion rate, as determined through Eq. 2.2, is imposed over

50,000 years of model time and we initialize a soil thickness z of 0.1 m. We solve

Eqs. 2.5-2.6 with a fourth order Runge-Kutta method and report the predicted

weathering intensities and ∆7Lif−s values after 50,000 years of model time (when

systems generally approach a steady state). Lastly, for each sample, we solve Eqs.

2.5–2.10 with and without the effect of sediment deposition D. We assume a nominal

inverse relationship that relates D to E, expressed as

D = Dmax

exp
(
γ Emax−E
Emax−Emin

)
exp(γ)− 1

(2.11)
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Variable Description Units qtz plag kspar bt zir kao

κ Mineral dissolution rate mol m−2 yr−1 5E-8 5E-6 5E-7 2E-6 0 5E-8
A Mineral surface area m2 mol−1 2 117 26 1069 4 4776
w Molar mass kg mol−1 0.0609 0.26544 0.27835 0.46460 0.18313 0.25818
s Mineral formation rate kg m−3 yr−1 0 0 0 0 0 0.51
ρ Mineral density kg m−3 2650 2650 2560 3090 4600 2600
Ea Activation energy kJ mol−1 84 73 50 42 54 61

Molar conc. (sedimentary) 6.550 0.1884 0.5389 0.4305 0.0005 0.7747
Molar conc. (sediments) 4.9908 0.1884 0.5389 0.4305 0.0005 1.1620

[X]s Molar conc. (metamorphic) kg mol−1 4.1588 1.5069 0.7185 0.3229 0.0005 0
Molar conc. (volcanic) 0.8321 2.6368 0.3593 0.3229 0.0005 0
Molar conc. (plutonic) 4.1588 1.5069 0.7185 0.3229 0.0005 0

Table 2.4: Mineral-specific properties used in time-dependent weathering intensity
calculations. Refer to Table 2.5 for mineral abbreviations.

where Emax is the maximum predicted erosion rate among samples in the global

dataset, Emin is the minimum predicted erosion rate among samples in the global

dataset, Dmax is a nominal maximum deposition rate typical of foreland basins (∼1

mm/yr aggradation rate), and γ is a constant which modifies the concavity of the

inverse relationship between D and E.

Model results using this formulation are hereafter referred to as “FK2008”

results.

2.3 Results

2.3.1 Global distributions of catchment properties and geochemical

compositions

Catchment-wide properties and river water chemistry are reported as mean, median,

range, and standard deviation/error (Table 2.2). We report a global mean ∆7Lif−s

value of 17.9 h ± 7.2 (1 standard deviation) with a range of 44.3 h. This mean

value is comparable to the known per mil fractionation factor between water and

clay at Earth surface temperature (17–19 h; Vigier et al., 2008). The average

river Li/Na is 10−3.09±0.79, which is about 10 % of the upper continental crust

Li/Na (Li/NaUCC = ∼10−2; Rudnick and Gao, 2003; Tomascak et al., 2016). River
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catchment lithology is dominated by sedimentary rocks (mean 47 %) with moderate

proportions (∼10-15 %) of metamorphic rocks, plutonic rocks, volcanic rocks, and

unconsolidated sediment.

2.3.2 Linear regression and two-way ANOVA of global data

Linear regressions among climate (mean annual temperature and precipitation),

morphometrics (hillslope angle, catchment area, mean local relief), and river water

chemistry (log10 Li/Na, log10 Li, ∆7Lif−s) quantify monotonic relationships in the

global dataset (Fig. A.4). Strong variable correlations among certain catchment

variables (e.g., hillslope angle and mean local relief) allow us to reduce the scope

of variables considered hereafter, which includes MAT, MAP, catchment area, and

mean local relief. Concerning solely ∆7Lif−s values, we find that no morphometric

or climatic property exhibits a notably dominant relationship with ∆7Lif−s values

(Fig. 2.4). We find weak monotonic relationships between ∆7Lif−s values and both

mean local relief (Spearman’s ρ = -0.104) and MAT (Spearman’s ρ = 0.141). Log10

drainage catchment area (Spearman’s ρ = 0.123) maintains a subsidiary relationship

with ∆7Lif−s while MAP lacks a statistically significant correlation with ∆7Lif−s

values (Spearman’s ρ = 0.021). Notably, through ANOVA, we find that although

none of the catchment variables have statistically significant main effects on ∆7Lif−s

values, there are significant interaction effects among catchment properties (Fig.

2.4).

ANOVA of geochemical data reveals the significant coupling of lithology with

other catchment properties and river water chemistry (Figs. 2.4 and 2.5; see Fig.

A.5 for complete ANOVA results). Generally, we find two endmember environ-

ments that broadly correspond with rock erodibility. Crystalline rock-dominated

catchments, which includes those with a majority of metamorphic and pluton rocks,

tend to comprise small catchments with high relief and low MAT and MAP. Catch-
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Figure 2.4: Correlation plots and histograms of continuous catchment variables
against ∆7Lif−s values. Magenta lines represent least squares linear regressions and
all values in the title of bivariate plots are Spearman’s ρ where values > 0.1 have
a significant monotonic relationship that are either positive (blue), negative (red)
correlations, or are < 0.1 and lack a significant monotonic relationship (black).
Green stars indicate a significant interaction effect of a catchment variable and
lithology on ∆7Lif−s values, as determined by ANOVA (p-value < 0.05).

ments with more erodible rocks, which includes those with unconsolidated sedi-

ments, volcanic, sedimentary, and mixed bedrocks, tend to have larger areas, lower

relief, and higher MAT and MAP. The distribution of log10 Li/Na among different

rock-dominated catchments is distinct, with metamorphic rock-dominated catch-

ments having the highest log10 Li/Na, volcanic rock-dominated catchments hav-

ing the lowest log10 Li/Na, and sedimentary, unconsolidated sediment, and mixed

rock catchments containing intermediate and overlapping log10 Li/Na ranges (Fig.

2.5B). In contrast, the distributions of ∆7Lif−s values are indistinguishable among

different rock-dominated catchments (Fig. 2.5A). The coupling of lithology with

all other catchment variables yields significant interaction effects on ∆7Lif−s; al-

together, these tests reveal that there is not a catchment variable which has an

overwhelmingly dominant relationship with ∆7Lif−s values.

2.3.3 Silicate weathering

The combined effect of catchment properties on ∆7Lif−s values are explored for

river samples that have independent Li isotope and weathering intensity constraints
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Figure 2.5: Global distribution of geochemical (A, B), climatic (C, D), and morpho-
metric (E, F) catchment properties relative to lithology, shown as box-and-whisker
plots that include quartile limits (red lines) means (green lines) for data subpopu-
lations, outliers (red plus signs), total number of values in the distribution (upper
numbers), and statistically similar groups (upper letters) where same letters indicate
statistical similarity through the Wilcoxon rank sum test. Lithology abbreviations
include metamorphic (M), plutonic (P), sedimentary (S), unconsolidated sediment
(US), volcanic (V), and mixed (mxd) bedrock dominated catchments.

(Fig. 2.6). At low weathering intensities (values < 10−1.5), catchments are typically

cold, receive low relative amounts of precipitation, and have moderate relief. At

high weathering intensities (values > 10−1), catchments are typically warm, receive

high relative amounts of precipitation, and have low relief. Samples with moderate

weathering intensities tend to have catchment properties that fall variably between

those of low and high weathering intensity regimes. These consistent trends in
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catchment properties hint at plausible mechanisms that induce these trends, which

further underscores the need to incorporate these properties into mechanistic models.

Modeled silicate weathering intensity

Silicate weathering intensity was computed for all samples with extracted catchment

property information (Fig. 2.7, 2.8A). All results from W2012 fall within kinetically

limited weathering regimes, with weathering intensities spanning ∼10−4 to 10−1.3

that show direct relationships with MAT and MAP and an inverse relationship with

mean local relief (Fig, 2.7). The changes in weathering intensity are greatest at the

lowermost range of observed MAT (< 0◦C), MAP (< 1000 mm), and relief (< 1000

m). These findings contrast with FK2008 model predictions that fall within supply-

limited weathering regimes with > 10−1 intensities. The few samples that have

weathering intensities < 10−1 are often at the soil formation limit, which occurs

when soil mass removal (erosion E) exceeds soil mass addition (soil production rate

ε0 + deposition D) (Fig 2.7F). The relationships between FK2008 modeled weath-

ering intensity and both MAT and MAP are less obvious, where there are subtle

increases in mean weathering intensity with MAT and MAP. In contrast, weathering

intensity steeply decreases with increasing relief, suggesting that relief is the domi-

nant driver of weathering intensity in this model (Fig. 2.7F). Weathering intensity

estimates among FK2008 models with and without deposition are similar, with the

inclusion of deposition generally increasing predicted weathering intensities. Increas-

ing the soil production rate in the FK2008 models increases predicted weathering

intensities for all samples, but the broad trends between weathering intensity and

catchment properties remain the same (Fig. A.6).

Between W2012 and FK2008 model predictions, there are a dearth of pre-

dicted weathering intensities that fall within the moderate weathering intensity

regime: approximately between weathering intensities of 10−1.6 and 10−1.1 where
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the highest observed ∆7Lif−s values have been most readily identified (Fig. 2.8A).

When modeled weathering intensities are compared to reported weathering inten-

sities (Fig. 2.8B), two noteworthy trends arise. First, W2012 model predictions

compare well with reported weathering intensities (< 10−1) for kinetically limited

weathering regimes yet increasingly underestimate weathering intensity as reported

weathering intensities increase. Second, FK2008 model predictions consistently over-

estimate weathering intensity but become increasingly accurate as reported weath-

ering intensities increase (> 10−1). From these model-data comparisons, it appears

that while W2012 more accurately represents kinetically limited weathering regimes,

FK2008 more accurately represents supply-limited weathering regimes. We explore

why this observation might be the case and discuss how it may relate to different

modes of landscape denudation (see Section 2.4.3).

Time-dependent modeled Li isotopes

Model-determined ∆7Lif−s values were found for all samples whose relief-driven

erosion did not exceed the soil formation limit (Fig. 2.9). FK2008 models with and

without deposition poorly agree with reported ∆7Lif−s values (Fig. 2.9A), where

all results fall within a ∆7Lif−s range of 10 to 20 h. Among FK2008 models, there

is significant agreement. Models that include deposition tend to predict slightly

higher ∆7Lif−s values; the difference is greatest among samples who also have ele-

vated mean local reliefs (Fig. 2.9B). For a better understanding in what drives this

disagreement, we explore how each major catchment property individually affects

predicted ∆7Lif−s values (see Section 2.4.1) and posit mechanisms that FK2008

might not capture (see Section 2.4.3).
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2.4 Discussion

2.4.1 Catchment properties control on weathering intensities and

river Li isotope compositions

The synthesis of W2012 and FK2008 results, corroborated by statistical analyses of

global ∆7Lif−s values, underscore the combined and at times non-unique influence

of climate, lithology, and morphometrics on river water chemistry (Figs. 2.4–2.6).

Despite the overestimations of weathering intensity and narrow range of ∆7Lif−s

values predicted by FK2008, we discern through sensitivity analyses how each of

the primary input variables influence predicted weathering intensities and ∆7Lif−s

values (Fig. 2.10).

Catchment-average temperature shows dual effects on ∆7Lif−s values and

weathering intensity (Fig. 2.10B). With constant catchment-average erosion rates,

soil formation rates, and uniform lithology (plutonic), FK2008 models predict de-

creases in ∆7Lif−s values and increases in weathering intensity with increasing MAT.

The decrease in ∆7Lif−s values with increasing MAT occurs due to two known pro-

cesses: the decrease in the clay-water fractionation factor (Dupuis et al., 2017; Vigier

et al., 2008) and the enhanced dissolution of minerals relative to secondary mineral

formation (e.g., Henchiri et al., 2016). The 30 ◦C range we explore only manifests

in a < 4h range of ∆7Lif−s values (11–15 h), which agrees with the ∆7Lif−s

range predicted by the direct effect of temperature on isotope fractionation (Dupuis

et al., 2017; Vigier et al., 2008) but only composes one tenth the observed range

in ∆7Lif−s values. The predicted weathering intensities increase from > 10−0.9

to > 10−0.8 (10 % range) with increasing MAT. This finding suggests that with

erosion held constant, increasing MAT will promote primary mineral dissolution

over secondary mineral formation, even though secondary mineral formation is also

increasingly catalyzed with increasing temperature.
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Lithology, like MAT, influences both ∆7Lif−s values and weathering inten-

sity (Fig. 2.10C). With erosion rates, soil formation rates, and temperature held

constant, the model predicts a ∼3 h range of ∆7Lif−s values among the five major

rock types. Weathering of sedimentary rocks and unconsolidated sediments mani-

fests in ∆7Lif−s values which are ∼2 h greater than the weathering of metamorphic,

plutonic, and volcanic rocks (∼13 h). Additionally, minimum weathering intensi-

ties increase from sedimentary to metamorphic to volcanic rocks, covering a 10−0.2

(∼20 %) range. These trends among ∆7Lif−s values and weathering intensity arise

primarily due to the proportion of plagioclase and primary kaolinite found in each

rock type. In our model, the presence of primary kaolinite – with its high Li con-

centration and large partition coefficient – appears to catalyze secondary kaolinite

formation, lowering bulk δ7Lisoil values over time while maintaining elevated δ7Lif

values that ultimately yield higher ∆7Lif−s values absent temperature effects; this

finding is purely model-derived and thus needs further interrogation through exper-

imentation or observations of natural systems. More sensibly, weathering intensity

is driven by the relative dissolution rates of the primary minerals. Rocks with high

proportions of plagioclase will yield greater weathering fluxes due to the high disso-

lution rate of plagioclase. Conversely, kaolinite dissolves relatively slowly and thus

rocks with high proportions of kaolinite will yield comparatively smaller weathering

fluxes.

Lastly, erosion and deposition, unlike MAT and lithology, primarily influence

weathering intensity and have less of an effect on ∆7Lif−s values (Figs. 2.10D and

2.10E). With increasing erosion rates, we observe a decrease in minimum weather-

ing intensities (10−0.1 range) and subtle decrease in ∆7Lif−s values by at most 1

h. These trends are to be expected; increasing erosion rates will directly decrease

weathering intensity and the relative suppression of secondary mineral formation

at elevated erosion rates will yield a decrease in ∆7Lif−s values. The inclusion of
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deposition with erosion subtly increases both the minimum weathering intensity

and ∆7Lif−s values relative to the same model without deposition (Fig. 2.10D).

In this case, deposition effectively offsets the removal of soil and increases the pro-

portion of primary minerals in the soil, which subtly enhances secondary mineral

formation while increasing the net weathering flux from the soil. Contrarily, absent

erosion, deposition yields ∆7Lif−s values (11 – 12.5 h) that are among the lowest

values predicted among our observed range (Fig. 2.10E). Without removal of soil,

deposition enriches soil in minerals with the lowest dissolution rates (e.g., quartz

and kaolinite), which both decreases the rate of secondary mineral formation and

decreases bulk δ7Lisoil values progressively over model time. Notably, the consis-

tent prediction of a weathering intensity of 1 (i.e., when there is no erosion) and its

noticeable (albeit subtle) effect on ∆7Lif−s values may reveal an insufficiency with

characterizing landscapes in terms of weathering intensity (Eq. 2.4), especially since

many low relief landscape elements can be net aggradational over time (see Section

2.4.2 for further discussion).

Altogether, these FK2008 model predictions deconvolve the influence of indi-

vidual catchment properties on predicted weathering intensities and ∆7Lif−s values.

However, the inability for the model to predict a wider range of ∆7Lif−s values may

be more revealing. Firstly, the inability of the model to predict ∆7Lif−s values

< 10h models suggest that for ∆7Lif−s values to be that low, secondary mineral

formation must be substantially suppressed. This inference agrees with common

conceptions (e.g., Dellinger et al., 2015). In catchments with high relief, this sup-

pression is likely due to short residence times of primary sediments in soils; whereas,

in catchments with low relief, this suppression is likely due to the limited availability

of primary sediments and the high MAT and MAP that enable secondary mineral

dissolution (Fig. 2.6; Dellinger et al., 2015; Henchiri et al., 2016). Moreover, the

inability of the model to predict ∆7Lif−s values > 20 h all but confirms the role
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of fluid movement in modulating Li isotope signatures via Rayleigh fractionation

(e.g., Fig. 2.1A). Ultimately, this inference underscores that the inclusion of fluid

flow in models of mineral transformations within soil and addition/removal of sedi-

ments (e.g., FK2008) will allow for a better understanding of the role of catchment

properties in modulating the highest ∆7Lif−s values.

2.4.2 Transience of weathering regimes

To what extent is the empirical relationship between ∆7Lif−s values and weather-

ing intensity time-transgressive? In modeling weathering intensity via W2012 and

FK2008, we assume that either mass transfer within a catchment is at a steady state

(i.e., W2012) or we allow a perturbed system to evolve toward a steady state (i.e.,

FK2008). However, catchments that are perturbed by internal dynamics or external

forces undergo transient and nonlinear changes in weathering intensity (Ferrier and

West, 2017; Ferrier and Perron, 2020) whose timescales are comparable to relevant

silicate weathering responses in the geologic carbon cycle (> 105 years; Hilton and

West, 2020). To explore how transient changes in erosion and deposition manifest in

∆7Lif−s values and weathering intensity, we present findings from a representative

time-dependent model (FK2008) where erosion and deposition oscillate out-of-phase

over time (Figs. 2.11 and 2.12) while temperature, soil formation rate, and lithology

(plutonic) are held constant.

To a first order, these models reveal two important findings: (1) weathering

intensity can vary over an order of magnitude while ∆7Lif−s values fluctuate only

several per mil (Fig. 2.12B) and (2) deposition, in lieu of high soil formation rates,

can yield high silicate weathering fluxes (Fig. 2.11A). As erosion decreases and de-

position increases, weathering intensity increases and approaches 1 (Fig. 2.11D),

mirroring the topology of the sawtooth-shaped deposition curve. Nadirs in depo-

sition are countered by peaks in the erosion curve, where soil thickness decreases
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(Fig. 2.11B), relative proportions of kaolinite in soil slightly increase (Fig. 2.11C),

and weathering intensity drops by 10−0.7 (70%) within 5,000 years of model time

(Fig. 2.11). These shifts in weathering intensity are largely driven by the period-

icity and magnitude of the maximum deposition and erosion mass fluxes. Despite

large fluctuations in erosion and deposition, the changes in ∆7Lif−s values are small

(Fig. 2.11E), mirroring the relative consistency of soil mineralogy over the model

run (Fig. 2.11C). These predicted ∆7Lif−s values agree with the sensitivity analyses

that highlight the greater influence of lithology and temperature (Fig. 2.10B, C).

Together, these results question how empirical relationship between weath-

ering intensity and ∆7Lif−s values are utilized in estimating silicate weathering

fluxes in the geologic past. Weathering estimates gleaned from ancient seawater

δ7Li values (e.g., Misra and Froelich, 2012; Washington et al., 2020) consider the

cumulative input of Li from continental rivers, which forces us to think about the

apportionment of silicate weathering and Li fluxes across landscapes. Canonically,

mountain hillslopes are thought to yield the greatest silicate weathering fluxes (e.g.,

Larsen et al., 2014b) and are inferred to have the greatest effect on seawater δ7Li val-

ues. Mountain hillslopes, however, are shown to respond quickly to environmental

perturbations (e.g., Ferrier and West, 2017), albeit heterogeneous among different

portions of hillslopes (Ferrier and Perron, 2020). Their quick returns to steady states

suggest that any perturbation would be indiscernible over geologic time. Low-relief

terrain, such as floodplains, could instead respond over much longer timescales if

a large state change occurs (Ferrier and West, 2017). The silicate weathering flux

from floodplains, unlike mountain hillslope, are less well parameterized and are more

globally variable. For example, 70% of the silicate weathering associated with the Hi-

malaya orogen is generated within the Ganges floodplain (Bickle et al., 2018; Lupker

et al., 2012) whereas only 10% is generated in the Amazon floodplain when consid-

ering the Amazonian Andes (Bouchez et al., 2014). The deposition of sediments
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atop soils in floodplains could perhaps reconcile these differences in silicate weath-

ering yields among transcontinental drainages, but a “top-down” understanding of

soil formation will need further inquiry. If floodplains are important loci for silicate

weathering fluxes and are vulnerable to state changes, then the relationship between

weathering intensity and ∆7Lif−s values in supply-limited weathering may not be

time-transgressive. Importantly, absent changes in subsurface fluid flow that could

modify ∆7Lif−s values, these results reinforce the idea that steady ∆7Lif−s values

does not necessarily indicate unchanging weathering intensity (i.e., non-uniqueness

of ∆7Lif−s values in Fig. 2.1B; findings from Henchiri et al., 2016).

2.4.3 Li isotope compositions related to catchment-wide denuda-

tion mechanisms

From global analyses of catchment properties, river water chemistry, and numerical

models of silicate weathering, we determine that differences in the morphometrics

properties within transcontinental drainages play a consistently important role in

characterizing ∆7Lif−s values and weathering intensity. With this finding, we sum-

marize the differences in weathering intensity predictions and catchment properties

to posit the prevailing weathering processes that govern river water chemistry across

catchment settings (Fig. 2.13). We broadly characterize samples into one of three

geomorphic settings: high relief catchments (Fig. 2.13A), low relief catchments (Fig.

2.13C), and transitional catchments (Fig. 2.13B).

High relief catchments are often small to intermediate in size and silicate

weathering is often thought to be kinetically limited (West et al., 2005), meaning

that the rate of river incision and physical erosion often exceeds the rate at which

minerals can chemically weather within weathering horizons. Rocks resistant to

weathering, such as felsic plutonic and metamorphic rocks, often comprise bedrock

in the highest relief settings and thus may be responsible for the maintenance of high
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relief erosional landscapes. The rate of soil formation, and thus secondary mineral

formation, has been observed to keep pace with incision rates in high relief settings

(Larsen et al., 2014a) despite elevated erosion rates, but the weathering intensity is

generally thought to be low in areas with high erosion (e.g., Bouchez et al., 2012).

Lower MAT and MAP in these high elevation settings may contribute to sluggish soil

formation. From the comparison between model-generated and reported weathering

intensities (Fig. 2.8B), we posit two plausible modes of landscape denudation that

are characteristic of high relief catchments: (1) deep weathering (sensu West, 2012)

or (2) shallow weathering and landslides (sensu Ferrier and Kirchner, 2008; Larsen

et al., 2014a). In the former scenario, silicate weathering would be less intense but

occurring over a deeper swath of the Critical Zone. This mode of denudation is

supported by the modest agreement between reported and modeled low weathering

intensities in W2012, a model which assumes that relief is analogous to weathering

zone thickness. The presence of topographically and tectonically induced bedrock

fractures in high relief environments (e.g.,Moon et al., 2017), alongside deeply root-

ing organisms (e.g., Tune et al., 2020), would allow water, O2, and CO2 to pene-

trate deeply below the Earth’s surface and promote weathering reactions. In the

latter scenario, silicate weathering reactions would be highly concentrated to shal-

low regolith with mass wasting (i.e., landslides) counteracting the high weathering

intensity. While the steady-state models in FK2008 greatly overestimate weathering

fluxes at low weathering intensities (Fig. 2.8B), it is also plausible that the occur-

rence of landslides, and thereby erosion, are greatly underestimated. According to

empirical relationships between relief and erosion (e.g., Montgomery and Brandon,

2002), erosion rates exponentially increase beyond a relief threshold in some drainage

catchments, lending credence to shallow weathering mechanisms. This mechanism

would more readily occur in environments where MAP is high enough to support

high soil formation rates (Larsen et al., 2014a). Overall, the extent to which either of
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these denudation mechanisms generate observed weathering intensities and ∆7Lif−s

values remains to be tested; the usage of other geochemical proxies for weathering

and erosion (e.g., U activity ratios, 10Be/9Be, low-temperature thermochronometric

systems) alongside Li isotope ratios will be likely be needed to make these inferences

for a given catchment.

Juxtaposing high relief catchments, low relief catchments are often interme-

diate to large in area and silicate weathering is thought to be supply-limited (West

et al., 2005), meaning that the rate of physical erosion and supply of fresh minerals

lags the rate of incongruent weathering reactions in soils. Large catchments often

integrate many rock types but are typically dominated by sedimentary rocks or

unconsolidated sediments. Diminishing relief in these settings, perhaps influenced

by bedrock types and tectonics, reduces the gravitational potential energy of the

environment, and thus yields landscapes that tend to be net aggradational. The

spatiotemporal understanding of mineral and water transit through low relief envi-

ronments are less well understood than in high relief settings, although it is widely

observed that soil development is primarily a function of the distance sediments

are from active channels (e.g., Kraus, 1999). The input of sediment through de-

position laterally from river channels may be an important mode of mass transfer

(Fig. 2.11) that has received less attention in literature on silicate weathering, yet

its importance remains to be tested. Increases in fluid and mineral residence times

and the presence of finer-grained sediments catalyzes secondary mineral formation

and perhaps yields subtle increases in ∆7Lif−s values (Fig. 2.10C). Generally, MAT

and MAP tend to be high in these environments, which would enable more intense

weathering. Denudation in this environment is largely driven by weathering in

soils, as is indicated by FK2008-data comparison of weathering intensity estimates

(Fig. 2.8B). Unlike high-relief catchments, low-relief catchments may be more prone

to internal and external perturbations that affect weathering on longer timescales.
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Moreover, inferring local weathering signals in rivers draining large catchments may

be challenging given that river water chemistry integrates weathering occurring up-

stream of the locally low relief terrain. This further motivates the need to refine

silicate weathering and Li fluxes along the length of transcontinental rivers and their

influence on oceanic Li isotope compositions through time.

Positioned between high- and low-relief catchments are so-called “transi-

tional” catchments, which contain attributes of both endmember geomorphic en-

vironments (Fig. 2.13B). These environments tend to be composed of sedimentary

rocks and unconsolidated sediments and have intermediate MAP, MAT, and mean

local relief. Weathering in these environments is thought to be kinetically limited,

but weathering intensities are intermediate among reported weathering intensities

(Fig. 2.1B). The conspicuous inability of W2012 or FK2008 to predict intermedi-

ate weathering intensities (Fig. 2.8A) suggest that some combination of denuda-

tions mechanisms occurring in high- and low-relief catchments are also operating in

transitional catchments. Notably, it is in these transitional catchments where the

highest ∆7Lif−s values occur (Fig. 2.4), which implies that the influence of fluid

flow on ∆7Lif−s values in these catchments is most salient. The two mechanisms

we posit induce these elevated ∆7Lif−s values are hyporheic exchange near active

river channels (e.g., Maffre et al., 2020; Pogge von Strandmann and Henderson,

2015) and Rayleigh fractionation along groundwater flow paths (e.g., Bohlin and

Bickle, 2019). The former appears most relevant where floodplains begin to develop

along fluvial distributive systems river reaches and corresponds with the deposition

of freshly eroded sediments (Pogge von Strandmann and Henderson, 2015). Maffre

et al. (2020) suggest that in these incipient floodplains, the Li budget is greatest

in the dissolved load of rivers and when these waters are introduced in adjacent

floodplains during a flood, Rayleigh fractionation enables ∆7Lif−s values to in-

crease beyond the batch fractionation limit. The latter process, which is largely a
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model finding (Bohlin and Bickle, 2019) but has been recently observed in fractured

bedrock (Golla et al., 2021), illustrates that silicate weathering concomitant with

groundwater fluid flow induces a Rayleigh fractionation along deep flow paths. The

less frequent occurrence of high ∆7Lif−s values in high- and low-relief catchments

may support the possibility of groundwater flow in inducing high ∆7Lif−s values.

At high relief, rates of subsurface fluid flow may exceed the rate of incongruent

weathering reactions such that secondary mineral formation imparts less of an ef-

fect on ∆7Lif−s values, leading to lower values. In low relief environments where

fluid flow occurs much more slowly, the rate of incongruent weathering reactions

exceeds the rate of fluid flow and therefore ∆7Lif−s values approach the limit for

batch fractionation (Fig. 2.1A). To discern which process is more relevant for a

given sample, information about subsurface structure and hydrology will need to be

gleaned. Ultimately, a better grasp of the processes that induce the highest ∆7Lif−s

values, and how these processes relate back to observable catchment properties, will

further enhance our understanding of weathering intensity shifts over geologic time.

2.5 Conclusion

This study of a global compilation of river water Li isotope compositions helps to

elucidate the relationships of river water chemistry with their drainage catchment

climatic, lithologic, and morphometric properties. By employing various statistical

techniques, including linear regressions and two-way analysis of variance, we quan-

tify the strength of variable correlations with river water chemistry and the coupling

of catchment-wide properties with one another. In general, we find that that river

water δ7Li values cannot be adequately explained by individual catchment proper-

ties, but that the effect of climatic (mean annual temperature and precipitation)

and morphometric (mean local relief, catchment area, and mean hillslope angles)

properties, improves significantly when coupled with the proportion of rock types
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in catchments.

We then utilize two weathering models – one which was developed for steady

state environments (West, 2012) and another which models soil formation over time

(Ferrier and Kirchner, 2008) – to predict the influence of catchment properties on

weathering intensity. We find that while the steady-state model better represents

weathering in kinetically limited weathering regimes, the time-dependent model bet-

ter represents weathering in supply-limited weathering regimes. Whereas weathering

intensity predictions from the steady-state model (W2012) are equally sensitive to

climatic, lithologic, and morphometric information, the predictions from the time-

dependent model (FK2008) show a dominant control of morphometric properties,

particularly mean local relief and its influence on erosional and depositional mass

fluxes.

In unifying catchment properties and weathering intensity predictions, we

characterize catchments as one of three catchment types – high-relief, low-relief, and

transitional – and discuss plausible denudation mechanisms that influence ∆7Lif−s

values and weathering intensity in each. This discussion underscores that while

high relief environments are better understood both in terms of denudation mech-

anisms and Li isotope systematics, more knowledge gaps exist for transitional and

low-relief catchments. Transitional catchments tend to yield the highest ∆7Lif−s

values of the three catchment types and although the loci of the ∆7Lif−s values and

the mechanisms that yield them are uncertain, two compelling hypotheses (Maffre

et al., 2020; Pogge von Strandmann and Henderson, 2015) give roadmaps for future

investigations. Understanding denudation mechanisms in low-relief catchments re-

mains challenging because (1) silicate weathering fluxes are highly variable in these

catchments and less well parameterized, (2) low-relief catchments are susceptible to

transient perturbations by internal and external variables, and (3) the chemistry of

river water that flows through them are imprinted with inherited, upstream weather-

45



Subscript Description

f Fluid (river water)
s Source rock
f-s Fluid minus source rock (i.e., weathering signal)
soil Soil
i Specific mineral phase
N Total number of mineral phases
qtz quartz
plag plagioclase feldspar
kspar potassium feldspar
bt biotite
zir zircon
kao kaolinite

Table 2.5: Description of subscripts

ing signals. We ultimately hypothesize that the deposition of sediments from rivers

onto adjacent floodplains may be able to resolve the wide-ranging predictions for

silicate weathering in low-relief environments. Altogether, our study corroborates

the foremost hypothesis of a weathering regime control on ∆7Lif−s values (e.g.,

Dellinger et al., 2015; Huh et al., 2001). Through our compilation of catchment

properties and their input to numerical models, we further this hypothesis and pro-

vide a template with which to probe in the environmental influences on river water

chemistry that thereby refine our understanding of surface processes and their role

in the geologic carbon cycle, past and present.
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Figure 2.6: Plots of the empirical relationship between ∆7Lif−s values and weath-
ering intensity (Dellinger et al., 2015) with mean catchment properties (A) Mean
annual temperature (MAT), (B) Mean annual precipitation (MAP) and (C) mean
local relief. The vertical black band corresponds to the boundary between kineti-
cally limited (weathering intensity < 10−1) and supply-limited (weathering intensity
> 10−1) weathering regimes (same bar as in Fig. 1B). Gray shape indicates range
of published weathering intensity and ∆7Lif−s values from Dellinger et al. (2015).
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Figure 2.7: Predicted weathering intensity for the dataset plotted as a function of
MAT (A, D), MAP (B, E) and mean local relief (C, F) for steady state (W2012; white
triangles) and time-dependent (FK2008; colored circles) weathering models. (F)
Dashed vertical lines indicate limits for FK2008 model predictions where weathering
intensity cannot be predicted due to conditions where the rate of mass removal from
soil (erosion E) exceeds the rate of mass addition (soil formation ε0 ± deposition
D).
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Figure 2.8: (A) Reported ∆7Lif−s values vs. modeled weathering intensity for all
samples. Gray shape indicates range of published weathering intensity and ∆7Lif−s
values from Dellinger et al. (2015). Vertical black band indicates boundary between
supply-limited (> 10−1) and kinetically limited (< 10−1) weathering regimes. (B)
The ratio of modeled to reported weathering intensity vs. reported weathering in-
tensity for samples with independent weathering intensity estimates. Symbols above
the horizontal black dashed line indicate overestimated modeled weathering intensi-
ties whereas symbols below indicate underestimated modeled weathering intensities.
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Figure 2.9: (A) Modeled ∆7Lif−s values (found with time-dependent FK2008 mod-
els) vs. reported ∆7Lif−s for all samples. (B) Comparison of modeled ∆7Lif−s
values for FK2008 models with and without deposition included as a mode of mass
transfer. Colors of symbols correspond to catchment-average mean local relief. Black
dashed lines in panels A and B are 1:1 lines.
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Figure 2.10: The sensitivity of time-dependent modeled ∆7Lif−s values and weath-
ering intensities to (B) temperature (C), lithology, (D) erosion, and (E) deposition.
All results fall within the red square of ∆7Lif−s-weathering intensity space (A)
and were driven by oscillatory erosion (± deposition). Each rectangle corresponds
to range of modeled ∆7Lif−s values and weathering intensities as the system ap-
proaches a relatively steady state (i.e., between 85-100 kyr of model time). Values
or words beside each box correspond to the imposed boundary conditions; all other
relevant domain variables, which are held constant through each simulation, are
listed within each Cartesian space.
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Figure 2.11: Time-dependent model predictions (FK2008) of (A) silicate weather-
ing fluxes (black line and imposed erosion (red line) and deposition (blue line) mass
fluxes that vary periodically and out-of-phase over time, and resulting (B) weath-
ering zone thicknesses, (C) mineral fractions in soil, (D) weathering intensity, and
(E) δ7Lif and δ7Lisource values. Mineral abbreviations include: qtz (quartz), kspar
(potassium feldspar), kao (kaolinite), plag (plagioclase feldspar), bt (biotite), zir
(zircon). This model assumes an input plutonic lithology, a constant MAT of 15 ◦C,
and a constant soil formation rate ε0 of 0.375 kg m−2 yr−1 over 100 kyr of model
time. Input deposition rate is roughly equivalent to a 0.3 mm/yr aggradation rate
and erosion rate is analogous to one generated in a catchment with a mean local
relief of ∼600 m.
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Figure 2.12: (A) Location of panel B within observed range of ∆7Lif−s values
and weathering intensities, where the gray shape indicates the range of published
weathering intensity and ∆7Lif−s values from Dellinger et al. (2015). (B) Model
predictions of ∆7Lif−s and weathering intensity using the transiently imposed ero-
sion and deposition mass fluxes (same model results as presented in Fig. 2.10). The
color of the line corresponds to model time (kyr).
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Figure 2.13: Schematic diagrams of key catchment types – (A) high relief catch-
ments, (B) transitional catchments, and (C) low relief catchments – which includes
their catchment properties, proposed methods of fluids and solid mass transfer, and
what portions of ∆7Lif−s-weathering intensity space they likely occupy.
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Chapter 3

Rapid silicate weathering response in

floodplains during the Paleocene-Eocene

Thermal Maximum

During hyperthermal events, such as the Paleocene-Eocene Thermal Maximum

(PETM), rates of silicate weathering are thought to increase and offset the rapid and

massive input of CO2 into the atmosphere and ocean. However, limited quantitative

evidence exists of the silicate weathering response on continents to the PETM. Here

we show that silicate weathering intensity in the Bighorn Basin, Wyoming (USA)

increased during the PETM and remained high during at least the initial stage of

recovery, even as atmospheric pCO2 decreased. We quantify weathering intensity

by first measuring Li isotope ratios of the clay size fraction of silicate minerals in

floodplain deposits. We then compare Li isotope ratios of the floodplain deposits

with those of bedrock exposed in the basin-bounding ranges, using trace element

ratios to partition the source of floodplain clays between basement rock and Creta-

ceous shale endmembers. We find that soils that formed farthest from ancient river

channels are more sensitive to changes in climate than near-channel soils, demon-

strating that the secular change is at least in part controlled by in situ floodplain

weathering. The simplest explanation for these changes relates to increased mean
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annual temperature, pCO2 and seasonal fluctuations in water table height, all of

which promote mineral dissolution and precipitation reactions. Although the sensi-

tivity to climate from weathering on hillslopes is well accepted, these findings newly

demonstrate that weathering in floodplains also responds to climate change.

3.1 Introduction

The Paleocene-Eocene Thermal Maximum (PETM) was a 190 kyr-long event during

which an abrupt input of carbon to the ocean and atmosphere increased global

average temperatures by 5–8 ◦C (McInerney and Wing, 2011; Wing et al., 2005),

more than doubled atmospheric CO2 concentrations (Gutjahr et al., 2017; Haynes

and Hönisch, 2020; Fig. 3.1A), and profoundly changed marine and terrestrial

biomes (McInerney and Wing, 2011; Wing et al., 2005). Although the conditions

that induced and sustained the hyperthermal event have been studied extensively

(e.g., Bowen et al., 2015; Denis et al., 2021; Gutjahr et al., 2017; Inglis et al., 2021;

Lyons et al., 2019), the recovery phase of the event remains less constrained. Silicate

weathering and organic carbon (OC) burial are known processes that promote the

withdrawal of carbon from the exosphere (i.e., ocean and atmosphere) and are thus

posited to have enabled global climate to return to its pre-PETM state (e.g., Bowen

and Zachos, 2010; Komar and Zeebe, 2011; Torfstein et al., 2010). Continental

erosion rates increased after the onset of the PETM (e.g., Molnar, 2001; John et al.,

2012; Sharman et al., 2017) which likely enhanced riverine fluxes of OC and dissolved

weathering products to the ocean (e.g., Hilton and West, 2020). The composition

of marine sediments (e.g., Dickson et al., 2015; Komar and Zeebe, 2011; Penman

et al., 2016; Ravizza et al., 2001; Self-Trail et al., 2012) and models of the carbon

and silicon cycles (e.g., Komar and Zeebe, 2021; Panchuk et al., 2008; Penman,

2016) corroborate these increases, but comparatively little is known about how or

where silicate weathering responded on continents. To improve upon these marine
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records and model findings, more geochemical evidence from nonmarine sedimentary

archives needs to be gathered.

Landscapes respond unevenly to climatic perturbations (e.g., Romans et al.,

2016; Whipple, 2009), yet a key variable that underpins silicate weathering responses

across continents is the supply of fresh, un-weathered minerals to near-surface weath-

ering zones. Mountain hillslopes are a dominant locus for silicate weathering in

modern environments (e.g., Larsen et al., 2014b) because incising rivers generate

relief that enhances the supply of fresh bedrock to the Earth’s surface. The respon-

siveness of river incision to climate (e.g., Murphy et al., 2016) suggests that silicate

weathering in mountain hillslopes may be the primary mechanism by which CO2

is sequestered after hyperthermal events. However, these eroding landscapes are

poorly preserved in the geologic record.

In contrast, floodplains are readily preserved in sedimentary records and

serve as significant repositories of past Earth surfaces. Yet, the controls of silicate

weathering in floodplains are less well understood. Generally, river-borne sediments,

having already undergone weathering in the upper reaches of catchments (Dosseto

et al., 2006), are delivered to adjacent floodplains during avulsions and overbank

deposition. Low supply of fresh sediments and long fluid-rock interaction time,

characteristic of floodplains, favor high silicate weathering intensities (e.g., Bouchez

et al., 2014; Dellinger et al., 2014, 2017). Globally, however, the resultant silicate

weathering flux is variable, amounting to as little as 10% of the net catchment

weathering flux in some drainages (e.g., Amazon floodplain; Bouchez et al., 2014)

to upwards of 70% in others (e.g., Ganges floodplain; Bickle et al., 2018). More-

over, in ancient floodplain deposits, conflicting evidence exists regarding the silicate

weathering response to changes in climate across Paleogene hyperthermal events.

Despite the similarity in magnitude and direction of change in climate during these

events, some ancient floodplains contain evidence of marked increases in weathering
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intensity (Clechenko et al., 2007), whereas others show little change (Wang et al.,

2017). Further efforts to refine controls of silicate weathering in floodplains are

necessary to evaluate their role in climate modulation.

In this study, we quantify silicate weathering intensities in a well-studied,

ancient floodplain in the Bighorn Basin, Wyoming, USA that spans the PETM.

We apply a recently developed empirical relationship (Dellinger et al., 2017) which

relates the Li isotope composition of river sediments and bedrock (hereafter re-

ferred to as source rocks) to silicate weathering intensity. Whereas Dellinger et al.

(2017) compares bedrock with sediment suspended in the water column of rivers,

we compare bedrock with paleo-floodplain sediments. When geochemical data are

contextualized alongside stratigraphic and sedimentological information, we docu-

ment the variability of silicate weathering intensity in floodplains and underscore

the important roles of landscape position and climate.

3.2 Geologic setting and samples

All samples were collected in the Bighorn Basin in northern Wyoming, USA: an

alluvial, intermontane basin (Dickinson et al., 1988) that formed 70 Ma during

the Laramide orogeny (Fig. A.7). Pre- and postdating the PETM, climate in

the Bighorn basin is classified as temperate and humid, promoting the growth of

deciduous flora such as conifers (McInerney and Wing, 2011; Wing and Harrington,

2001; Wing et al., 2005; Smith et al., 2008). In contrast, climate during the PETM

is classified as hot and seasonally wet (e.g., Baczynski et al., 2017), promoting

the growth of tropical flora including dicots and palms. The basin contains well-

preserved alluvial channel sandstones and floodplain siltstones and mudstones that

have undergone variable degrees of pedogenesis.

All paleosols were sampled at Polecat Bench in Powell, WY, which is a well-

characterized outcrop positioned along the basin axis in the northernmost extent
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of the basin. This site contains sedimentary units that span the latest Paleocene

and onset, main body, and recovery phases of the PETM. Stratigraphic elevations

were converted to time with respect to the carbon isotope excursion (CIE) using the

age model of van der Meulen et al. (2020). In accordance with pedogenic and sedi-

mentologic features, all paleosols were classified as either composite, crevasse splay,

or cumulative soils (Bown and Kraus, 1987; Kraus, 1999), which are facies charac-

terizations of soils that describe soil formation in response to episodic (composite,

crevasse splay) or continuous (cumulative) sedimentation. These soil facies quali-

tatively indicate the paleo-landscape position of the soil at the time of formation.

Source rock samples were retrieved from outcrops on the flanks of the basin.

3.3 Quantifying silicate weathering intensity

The clay-sized fraction (< 2µm) of paleosols and whole rock powders of source

rocks were analyzed for major and trace element concentrations and Li isotope

ratios. Using an immobile element mixing model (see Section A.2.3), we identify

the proportion of each source rock that is weathered to form secondary clays in

paleosol samples. Two endmembers were identified – a shale and feldspar-bearing

igneous rock endmember – and we express proportions as fractions where

fshale + figneous = 1 (3.1)

and fshale and figneous correspond to the fractions of shale and igneous rocks, re-

spectively. The differences between measured δ7Liclay values and mixing model-

determined δ7Lisource values (notated as ∆7Liclay−source) enabled the quantification

of silicate weathering intensities (Dellinger et al., 2017), which is mathematically
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expressed as

Weathering intensity =
W

W + E
. (3.2)

and approaches a maximum value of 1 as silicate weathering intensity increases. All

descriptions of analytical and computational methods can be found in the Appendix.

The measured δ7Liclay values range from -2.3 to +0.6 h. Based on source

rock mixing methods (see Section A.2.3 for detailed methods), calculated δ7Lisource

values range from 1.1 to 2.4 h. In contrast to the δ7Lisource values which that

are roughly constant across the PETM, δ7Liclay values steadily decrease through

the main body and into the recovery phase of the event (Fig. 3.1B). As a result,

predicted weathering intensities increase by 0.15 on average during the main body

of the event and remain high into the recovery phase (Fig. 3.1C). It is worth noting

that predicted negative weathering intensities are empirical artifacts which arise

when clay and source δ7Li values are within ∼ 1h of one another (Dellinger et al.,

2017); however, we elect to report negative weathering intensities to convey the

relative differences among all samples.

When samples are grouped in accordance with their soil facies (composite,

crevasse splay, or cumulative soils), predicted weathering intensities show consistent

inverse correlations with the fraction of primary shale (fshale) (Fig. 3.2), where

higher fshale yields lower weathering intensities. Within a given soil facies, samples

that predate or coincide with the onset phases are regressed with steeper negative

slopes, whereas samples within the body and recovery phases are regressed with

shallower negative slopes. Among all soil facies, soils that formed closer to the

ancient river channel are regressed with shallower negative slopes, whereas soils

that formed more distal are regressed with steeper negative slopes (Fig. 3.2).
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3.4 Influence of climate and landscape position on flood-

plain weathering

The Li isotope data indicate a rapid and significant increase in silicate weathering

intensity in response to the climatic perturbation. This stepwise increase in weath-

ering intensity during the PETM coincides with major shifts in atmospheric pCO2

(Gutjahr et al., 2017; Haynes and Hönisch, 2020), hydroclimate (Kraus et al., 2013,

2015; Smith et al., 2008), floral composition (Wing and Harrington, 2001; Wing

et al., 2005), and floodplain architecture (Abdul Aziz et al., 2008; Foreman, 2014;

Kraus et al., 2015) in the Bighorn Basin. The >3 h negative excursion in δ7Liclay

values is likely driven by changes in weathering resulting from these environmental

changes because sediment aggradation rates (Clyde et al., 2007; van der Meulen

et al., 2020) and provenance (DeCelles et al., 1991a; May et al., 2013; Neasham and

Vondra, 1972; steady δ7Lisource values in this study (Fig. 3.1B)) remained constant

across the PETM.

Several lines of evidence suggest that a combination of environmental vari-

ables is necessary to explain these weathering trends. First, the outright control

of temperature/pCO2 on observed trends can be ruled out because silicate weath-

ering intensity a) fluctuates during the main body of the PETM when temper-

ature/pCO2 are relatively steady and b) remains high in the recovery phase as

temperature/pCO2 have returned to pre-PETM levels. Second, distinct weathering

relationships are found when the fraction of shale-derived sediment in the pale-

osol (fshale), climate, and soil facies are considered together (Fig. 3.2). Shales,

which are lithified byproducts of past continental weathering, weather less readily

at Earth’s surface than primary igneous rock-derived minerals like plagioclase or

biotite (e.g., White and Buss, 2014), explaining the consistent inverse relationships

between weathering intensity and fshale. This lithologic control is then modulated

by climate and landscape position. High temperatures and pCO2 enable more in-
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tense silicate weathering (e.g., Winnick and Maher, 2018) that effectively subdue

the lithologic control on weathering intensity. For all soil facies during the main

body of the PETM, the flattened slopes in weathering intensity-fshale space indi-

cates a reduced effect of fshale on weathering intensity. Lastly, the difference in

weathering trends between varying climate states is most pronounced in soils that

formed far from the channel. Composite and crevasse splay soils, which are coarser

grained, better drained, and topographically high within floodplains (e.g., Kraus,

1999), form in oxidizing conditions that more readily facilitate silicate weathering

reactions. Cumulative soils, in contrast, tend to be finer grained and more poorly

drained, favoring reducing conditions and slow water movement that keep silicate

minerals from chemically weathering. Therefore, in this alluvial system, when cli-

mate does change, more limitations of silicate weathering are removed in cumulative

soils than their near-channel counterparts, yielding a stronger silicate weathering re-

sponse.

The simplest explanation for these weathering trends is the fluctuation of

the water table in response to increased seasonality during the PETM (Fig. 3.3).

Alongside increases in mean annual temperature (MAT) and pCO2 during the main

body, mean annual precipitation (MAP) in the Bighorn Basin decreased but became

more seasonal (Kraus and Hasiotis, 2006; Kraus et al., 2015; Smith et al., 2008).

Large rainfall events and increased evapotranspiration in the basin led to better-

drained soils and large fluctuations in water table height (Kraus et al., 2013; Smith

et al., 2008). As a result, soil water contents would change widely throughout a year,

perturbing the saturation state of the aqueous solutions in soil that ultimately cat-

alyzed mineral dissolution and precipitation reactions. In contrast to well-drained

proximal soils, distal soils retain water due to high clay content (i.e., due to high

matric potentials) and therefore require greater changes in in water table height to

enable oxidative weathering. Periods of poor soil drainage and high MAP during the
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main body of the PETM may also explain the occurrences of low silicate weathering

intensity. We postulate that the relatively high silicate weathering intensity during

the recovery phase is due to sustained seasonality of rainfall (Kraus et al., 2015)

that promotes intense weathering. Although unproven, it is also possible that with

the incipient return of conifer forests alongside seasonal precipitation, an increase in

root mass sustained high soil pCO2 and transiently increased weathering rates (e.g.,

Algeo and Scheckler, 2010) despite atmospheric pCO2 returning to pre-PETM lev-

els. A third possibility is that detrital floodplain sediments from upstream comprise

a significant proportion of paleosol clay-sized fractions that mask an undetected

decrease in silicate weathering intensity during the recovery phase. However, the

consistency of weathering trends among soil facies suggest that the detrital compo-

nent is minimal. And, if these detrital clay-sized sediments are derived from the

hinterland, those which have higher δ7Li values than authigenic clays, the inferred

silicate weathering intensities presented herein would thus represent minimum val-

ues. It is possible that a return to low silicate weathering intensity occurs further

beyond 150 kyr (Fig. 3.3), which could be tested via analysis of samples further

up-section.

Altogether, these findings newly demonstrate that floodplain weathering dy-

namically responds to climate change. Unlike weathering in mountain hillslopes

whose climatic sensitivity is tied to the kinetics of silicate mineral dissolution (e.g.,

Bufe et al., 2021), floodplain weathering involves mineral residence times long enough

to counter these dissolution kinetics (e.g., Dosseto et al., 2006; Torres et al., 2017,

2020). Instead, weathering in floodplains is sensitive to climatically driven changes

in water flow through soils where better soil drainage begets more intense weath-

ering. The rapid and large weathering response to climate change in the Bighorn

Basin during the PETM might be characteristic of intermontane basins whose steady

supply of less weathered silicate sediments from adjacent uplifts (Clyde et al., 2007;
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van der Meulen et al., 2020) does not limit silicate weathering. These findings ul-

timately expand upon recent studies that argue for floodplains as a carbon sinks

(e.g., Torres et al., 2016; Bufe et al., 2021) and underscore the relevance of flood-

plain biogeochemical cycling in the carbon cycle over much wider timescales than

previously thought.
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Figure 3.1: Atmospheric and soil chemistry across the PETM. Gray vertical bands
represent key time intervals across the event (McInerney and Wing, 2011; van der
Meulen et al., 2020) and time is presented relative to the onset of the carbon
isotope excursion. A) Compilation of pedogenic carbonate δ13C values from the
Bighorn basin (van der Meulen et al., 2020) and model-derived atmospheric pCO2

partial pressures (Haynes and Hönisch, 2020). The black line corresponds to locally
weighted mean carbonate δ13C values with a 2.5 % averaging window. B) Measured
paleosol clay (< 2µm size fraction) δ7Li values and mixing model-determined source
rock δ7Li values for each paleosol. The red error bar corresponds to a maximum,
conservative error for each data (0.4 h, 2 standard deviations). C) Empirically
determined silicate weathering intensity from ∆7Liclay−source. Error (1) accounts for
the error in ∆7Liclay−source and the ∆7Liclay−source-weathering intensity empirical re-
lationship (Dellinger et al., 2017). Weathering intensity < 0 cannot be realized and
are artifacts of the empirical relationship. The black dashed lines are mean weather-
ing intensities over different time intervals (pre-onset, onset + main body, recovery),
and the black line corresponds to locally weighted mean weathering intensities with
a 2.5 % averaging window.
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Figure 3.2: Weathering intensity as a function of the fraction of primary shale
sediments (fshale) from which secondary clays formed (error bars are 1σ). Data are
grouped according to soil type and time intervals of the PETM, and lines correspond
to linear fits through corresponding data groups. The gray shaded region indicates
artificial weathering intensity predictions that are < 0. Linear fits with steeper neg-
ative slopes broadly correspond to stronger lithologic controls during cooler climates
whereas shallower negative slopes broadly correspond to weaker lithologic controls
during warmer climates.
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Figure 3.3: Conceptual cross-sections of floodplains in the Bighorn basin spanning
the pre-onset and onset (A), main body (B), and recovery (C) phases of the PETM.
The relative location of each soil facies (composite, crevasse splay, and cumulative)
is listed beneath cross section in panel A but applies to each cross-section. Blue
lines correspond to the elevation(s) of the water table (fluctuating in panels B and
C). Red arrows indicate locations of silicate weathering fluxes in the floodplain and
the sizes are their relative magnitudes (larger = greater).
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Chapter 4

Sediment transport and silicate weathering in

the Huerfano Basin (Colorado, USA) during

the latest Paleocene and Early Eocene

Silicate weathering imposes a negative feedback in the geologic carbon cycle and

stabilizes Earth’s climate on 105-106-year timescales. Its sensitivity to geologic and

environmental conditions at the Earth’s surface results in orders-of-magnitude vari-

ability across continents today. Moreover, these combined effects of geology and cli-

mate on silicate weathering are challenging to disentangle when considering silicate

weathering in the geologic past, which ultimately hamper how silicate weathering is

included in carbon cycle models. To adequately refine controls of silicate weather-

ing, thorough studies of nonmarine sedimentary basins are warranted. In this study,

we measure the elemental and Li isotope compositions of sediments in the Huerfano

Basin: a Laramide basin in the Western United States that contains latest Pale-

ocene and early Eocene strata. To interrogate the controls of silicate weathering,

we select clay-sized (< 2µm) sediments in overbank deposits and bulk sandstones

for analysis, where the former is hypothesized to capture in situ weathering signals

and the latter is hypothesized to reflect primary sediment compositions.

When we synthesize our measurements with previously published bedrock
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geochemical data, we first distinguish that the range of observed clay and sand-

stone chemistry can be explained by the chemistry of intrusive rocks in the hin-

terland. Whereas clays are geochemically similar to mafic and intermediate rocks,

sandstones are most geochemically similar to intermediate and felsic rocks. We

attribute these lithologic differences to the sorting of sediments during deposition,

where more weatherable, finer-grained mafic sediments are more readily included

in overbank deposits while less weatherable, coarser-grained felsic sediments com-

pose channel sandstones. Although containing different proportions of source rock

sediments, overbank clays and sandstones have remarkably comparable up-section

trends in δ7Li values. The simplest explanation for their isotopic similarity is that

they both contain similar Li-rich minerals/sediments that dominate the bulk δ7Li

value. This control is intimated by 1) the significant relationship between sandstone

δ7Li values and percentages of metasedimentary lithic fragments in sandstones and

2) the known high concentrations of Li in biotite that frequently compose overbank

deposits in the basin.

Importantly, these comparable up-section trends and the inconsistent re-

lationships between clay δ7Li values and other weathering-sensitive proxies (e.g.,

Mg/Ti, K/Ti, magnetic coercivity) suggest that silicate weathering intensity is low

in the basin. We posit that weathering is limited in the Huerfano Basin due to the

short residence time of sediments in floodplains, which is plausibly a result of poor

sediment cohesion controlled by source rock mineralogy. Although climatically and

tectonically driven sediment transfer cannot be disregarded as a control, this newly

identified lithologic limitation on silicate weathering is consistent with sedimento-

logical information and ultimately underscores the importance of surface processes

in modulating silicate weathering.
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4.1 Introduction

Silicate weathering is a central process in Earth systems models and is canonically

thought to impose a negative feedback in the geologic carbon cycle (Berner et al.,

1983; Chamberlin, 1899; Walker et al., 1981). In essence, high atmospheric pCO2

facilitates the leaching of Ca and Mg from silicate minerals that, upon its delivery

by rivers to the ocean, promotes the formation of marine carbonates, acting as a

net atmospheric pCO2 sink that thus weakens silicate weathering. This feedback is

consistent with thermodynamic controls of CO2 on silicate weathering rates (e.g.,

Penman et al., 2020; Winnick and Maher, 2018) and the response of silicate weath-

ering to hyperthermal (e.g., Chapter 3) and ocean anoxic events (e.g., Pogge von

Strandmann et al., 2013) of the last 100 Ma. However, it is increasingly recognized

that silicate weathering is directly modified by climate (Kump et al., 2000; Maher

and Chamberlain, 2014; Fang et al., 2019), tectonics (Raymo and Ruddiman, 1992;

Misra and Froelich, 2012), lithology (Macdonald et al., 2019; Park et al., 2020),

terrestrial biomass (D’Antonio et al., 2019; Hahm et al., 2014; Ibarra et al., 2019;

Tune et al., 2020), and landscape configuration (Bufe et al., 2021; Larsen et al.,

2014b; Pogge von Strandmann and Henderson, 2015; Torres et al., 2016). These

modifications are evidenced by the wide range of silicate weathering fluxes observed

in rivers globally despite the global uniformity of atmospheric pCO2 (Gaillardet

et al., 1999; Tipper et al., 2021). Moreover, as these environmental and geologic

conditions change and equilibrium climate states change with them, the silicate

weathering feedback is thus thought to vary through geologic time (Caves et al.,

2016; Lee et al., 2019; Penman et al., 2020; Rugenstein et al., 2019). To further

extend our understanding of silicate weathering during different equilibrium climate

states and over wider geologic conditions, continental archives of past Earth surfaces

need further investigation.

Sedimentary deposits in intermontane basins are records of tectonic, climatic,
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and eustatic processes that contribute to basin development, capturing many con-

trols of silicate weathering. The Laramide orogeny in North America was brought

forth by flat-slab subduction of the Farallon plate, transferring deformation through

the overlying North American plate (e.g., Bird, 1998) that yielded a series of north-

south trending nonmarine basins (Dickinson et al., 1988; Lawton, 2008). The

orogeny continued to develop occurring between ∼75 and 35 Ma, and the sediments

filling these Laramide basins serve as important archives of changes in the Earth sys-

tem during the late Mesozoic and early Cenozoic eras. Paleocene- and Eocene-aged

strata are particularly well preserved and outcrop as extensive badlands exposures

in several Laramide basins.

Global climate in the Paleocene and Eocene epochs is classified as a warm-

house or hothouse (Westerhold et al., 2020) due to high atmospheric pCO2 levels

(Rae et al., 2021) and the absence of polar ice (Zachos et al., 2001). Notably, the late

Paleocene and Early Eocene were punctuated by hyperthermal events, where geo-

logically rapid input of endogenic CO2 to the ocean and atmosphere caused extreme

changes in climate (Carmichael et al., 2018; Rush et al., 2021; Wing et al., 2005), sur-

face processes (e.g., Duller et al., 2019; Foreman et al., 2012; Foreman, 2014; Kraus

et al., 2015; Pujalte et al., 2015), and marine and nonmarine biota (Bowen et al.,

2002; McInerney and Wing, 2011; Self-Trail et al., 2012). Silicate weathering rates

are shown to increase globally (e.g., Dickson et al., 2015; John et al., 2012; Komar

and Zeebe, 2011; Penman, 2016; Ravizza et al., 2001) and within Laramide basins

(e.g., Clechenko et al., 2007; Chapter 3) during the events. Yet, the perceptibly low

silicate weathering rates before the events (Chapter 3) and between hyperthermal

events (Wang et al., 2017) suggest that either equilibrium climate conditions during

the Paleocene and Eocene could not sustain high silicate weathering rates, or that

other limiting factors at the catchment scale inhibit elevated weathering rates.

In this study, we analyze the chemical and isotopic composition of fluvial de-
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posits in the Huerfano Basin (Colorado, USA) to assess the provenance, deposition,

and chemical weathering of silicate minerals during the latest Paleocene and early

Eocene. We target bulk channel sandstone deposits and clays (< 2 µm grains) in

overbank deposits for analysis to gauge integrated source rock compositions and in

situ weathering signals, respectively. Alongside traditional measurements of major

and trace element concentrations, we measure Li isotope ratios of these sediments

because of their utility in quantitatively describing the mode and intensity of sili-

cate weathering (Dellinger et al., 2017 and references therein). These analyses are

interpreted in the context of published magnetic and petrographic data from these

sedimentary deposits(Rasmussen, 2016; Rasmussen and Foreman, 2017; Rasmussen

et al., 2020) and are compared to bulk elemental data of rocks that crop out in

the basin-bounding mountain ranges (Armbrustmacher, 1984, 1988; Boardman and

Condie, 1986; Noblett and Staub, 1990; Parker and Sharp, 1970; Van Gosen, 2020).

These compositional data, synthesized with sedimentological information, allow for

a detailed assessment of silicate weathering and its potential relationships with cli-

mate, lithology, tectonics, and sediment transport in the basin.

4.2 Geologic setting

The Huerfano Basin is one of the southeastern-most Laramide basins (Fig. 4.1A),

situated between the Sangre de Cristo Uplift to the west and the Wet Mountains

to the northeast. Its formation is often genetically linked with the nearby Ra-

ton Basin (Bush et al., 2016; Cather et al., 2004; Chapin et al., 2014), but recent

studies argue that the Huerfano Basin is a unique depocenter (Rasmussen and Fore-

man, 2017; Rasmussen et al., 2020) containing alluvial sequences spanning the latest

Paleocene and Early Eocene. Paleocurrents, derived primarily from trough cross-

bedding in sandstones, indicate a consistent southward drainage throughout the

section (Cather et al., 2004; Dickinson et al., 1988; Rasmussen and Foreman, 2017).
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Detrital zircon (DZ) spectra among the Paleocene and Early Eocene are nearly iden-

tical (Rasmussen and Foreman, 2017). Interestingly, U-Pb ages younger than ∼517

Ma are absent in detrital zircon samples, and suggest that any Paleozoic through

Mesozoic sedimentary cover in the basin-bounding ranges was eroded and deposited

farther downstream of the Huerfano Basin. Moreover, the distinct DZ peaks along-

side cobble censuses and sandstone petrography indicate the provenance of sediment

from solely Proterozoic basement and Cambrian-aged plutons in the Wet Mountains

(Rasmussen and Foreman, 2017). The crystalline units in the Wet Mountains mostly

consist of granites, syenites, and metasedimentary paragneisses, but many of these

plutonic units are crosscut by or commingle with mafic and ultramafic suites that

consist of gabbros, lamprophyres, pyroxenites, and amphibolites (Armbrustmacher,

1984, 1988; Boardman and Condie, 1986; Noblett and Staub, 1990; Park et al., 2020;

Van Gosen, 2020). Felsic volcaniclastic units, and some intermediate ones, also crop

out in the Wet Mountains. The felsic intrusive units are dominantly represented in

sandstone deposits (Rasmussen and Foreman, 2017).

Across the three formations that compose the Huerfano Basin, including

the Poison Canyon, Cuchara, and Huerfano formations, lithofacies are dominated

by interbedded layers of channel-fill sandstones and conglomerates and overbank

mudstones and siltstones (Fig. 4.1B; see Rasmussen et al., 2020 for a thorough

review). Quartz-rich sandstones and conglomerates exhibit a wide range of sedi-

mentary structures and colors. The laterally continuous sheet sandstone deposits

and abundant rip-up clasts of the Poison Canyon and Cuchara formations indicate

steep river gradients and mobile river channels that actively reworked floodplain

sediments during these time intervals (Rasmussen et al., 2020). The heavily biotur-

bated sandstones of the Huerfano Formation, in contrast, indicate single-threaded

rivers within well-drained, broad floodplains. Although sediment provenance is the

same for the three formations, the proportion of sediment sources among the forma-
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Figure 4.1: A) Laramide basins of the Western US (modified after Dickinson et al.,
1988 and Rasmussen et al., 2020). Names and locations of major uplifts are listed
beside the Huerfano Basin. B) Stratigraphy of the Huerfano Basin (modified after
Rasmussen et al., 2020). White circles and diamonds correspond to the stratigraphic
height of mudstone/siltstone clays and bulk sandstones analyzed in this study, re-
spectively. Green circles and green diamonds are samples that come from a nearby
locality and do not have specific stratigraphic heights in this section; their locations
correspond to the formation they comprise, where three clay samples at the inter-
preted unconformity between the Cuchara and Huerfano Formations (Rasmussen
and Foreman, 2017; Rasmussen et al., 2020) crop out in the Cuchara Formation
stratigraphically higher than the extent of the Cuchara Formation in this section.
The brown, pink, drab gray, and red layers correspond to the color sandstone layers
(Rasmussen and Foreman, 2017; Rasmussen et al., 2020).
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tions vary. As determined through sandstone petrography and clast counts in previ-

ous work (Rasmussen and Foreman, 2017), the proportion of alkali feldspar-bearing

granite grains and metasedimentary (lithic) grains increase significantly from the

Poison Canyon to the Huerfano Formation. These up-section changes in source rock

proportions are hypothesized to be the result of one or more periods of increased

uplift in the Wet Mountains (Rasmussen et al., 2020). Overbank mudstones and

siltstones are often drab-colored, mica-rich, and appear to have undergone low de-

grees of pedogenesis; they are classified as Entisols and Inceptisols (Rasmussen and

Foreman, 2017; Rasmussen et al., 2020; Robinson, 1966). Coercivity measurements

of overbank deposits, which convey the relative proportion of oxidized ferrimagnetic

minerals (e.g., goethite, hematite, maghemite) to magnetite, suggest episodes of in-

creased oxidative weathering in the middle of the Cuchara Formation and in the

Huerfano Formation. Thus, the stacking pattern of the channel-fill and overbank

deposits – notably the acyclical amalgamation of fluvial channel belts – are thought

to be modulated by external factors (climate and/or tectonics) rather than internal

dynamics (e.g., river avulsions; Hajek and Straub, 2016) between the Paleocene Poi-

son Canyon Formation and Early Eocene Cuchara/Huerfano formations (Rasmussen

et al., 2020).

Despite this wealth of sedimentological information, temporal and climatic

constraints are less well determined. The dearth of index fossils, pedogenic carbonate

nodules for stable C isotope measurements, Paleocene- or Eocene-aged zircons for

maximum depositional ages, and the absence of large C isotope excursions in organic

matter (which can be diagnostic of hyperthermal events, e.g., Baczynski et al.,

2013) make it challenging to pinpoint when in the Paleocene and Eocene these

sediments were deposited (Rasmussen and Foreman, 2017; Rasmussen et al., 2020).

By correlating observations in the Huerfano Basin with nearby Laramide Basins

that contain better temporal constraints, Rasmussen et al. (2020) propose that the
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Poison Canyon and Cuchara formations developed in the latest Paleocene (∼57-

56 Ma) and the Huerfano Formation deposited through Wasatchian-7 of the North

American land mammal age (∼53 Ma, i.e., Early Eocene). Yet, the amount of

time represented by the unconformity between Cuchara and Huerfano Formations

is uncertain. Climate in the Huerfano Basin during this time interval is largely

informed quantitatively by abundant proxy data in nearby basins (e.g., Snell et al.,

2013) and global climate models (e.g., Sewall and Sloan, 2006). Global climate

models for the Paleocene in nearby Raton Basin predict mean annual temperatures

of 10–12 ◦C and mean annual precipitations of 730 – 1100 mm (Sewall and Sloan,

2006). Eocene climate in the basin is less understood, but the increased occurrence

of well-drained soils suggests higher temperatures and more seasonal rainfall than

in the Paleocene (Rasmussen et al., 2020). Overall, climate in the Huerfano Basin

proceeds from more temperate in the Paleocene to more tropical in the Eocene,

tracking with increases in MAT observed globally and in nearby basins (e.g., Snell

et al., 2013; Wolfe and Upchurch, 1987).

4.3 Methods

4.3.1 Sample preparation

Overbank mudstones/siltstones and channel sandstones required different prepara-

tion prior to chemical and isotopic analyses. The target mass of sample for geochem-

ical analyses was based on minimum mass constraint for Li isotope measurements

(∼50 ng Li) and assumed Li concentrations of the analytes (conservative minimum

estimates of 1 ppm and 5 ppm for bulk sandstones and overbank clays, respectively).

To selectively extract clay-sized sediments from overbank deposits, approximately

10 g of bulk sample were disaggregated in clean low-density polyethylene tubes

by deionized (DI) water for at least 24 hours. Once disaggregated, samples were
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transferred to centrifuge tubes using a 10 mg sample:300 g DI water ratio. To iso-

late clay-size fractions, samples were centrifuged for 45 seconds at 900 rpm, which

left clays in suspension. To collect the clays, solution with suspended clays was

transferred to another centrifuge tube and centrifuged for 40 minutes at 2400 rpm.

Around 20 mg of clay from each sample were processed for geochemical analysis

(see Section A.3). Before full dissolution, all clays were treated with a 1M ammo-

nium chloride solution (using a 1 mL solution:5 mg sample ratio following similar

protocols of Dosseto et al., 2015) and agitated for 1 hour (repeated 3 times) to re-

move all exchangeable cations. These cations, although typically containing small

amounts of Li relative to crystallographically bound Li (e.g., Li et al., 2020), are

susceptible to post-depositional exchange with fluids and therefore selectively re-

moved. All solution was discarded between steps. Other partial dissolution steps

to remove carbonate, Fe/Mn oxide, and organic fractions were excluded because

negligible amounts of Li are found in those fractions in humid soils (Li et al., 2020).

Furthermore, some reagents used to selectively dissolve non-silicate fractions have

been shown to dissolve phyllosilicate minerals (e.g., Whalley and Grant, 1994). All

pre-treated clays were rinsed in doubly deionized (18.2 mΩ) water, repeated 3 times

with solution discarded between steps, before full dissolution.

Most sandstone samples were fissile and disaggregated into loose sediments.

Approximately 5 grams of well-mixed sandstone sediments were gathered and sub-

sequently powdered in a diamonite mortar and pestle. Approximately 45–75 mg

of powder for each sandstone sample were used for geochemical analysis. Most Li

in siliciclastic sediments is found in silicate minerals, and not in carbonates (e.g.,

Kisakűrek et al., 2005) nor sorbed to organic matter (Li et al., 2020). Thus, the

sandstones were not treated with reagents to selectively dissolve non-silicate phases.

Once weighed, samples were reacted in Teflon beakers with a series of strong

acids to attack Si-O bonds. The sequence involved reactions with concentrated HF,
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concentrated HF + concentrated HNO3, and 6N HCl at 110 ◦C. Whereas the first 2

steps required ∼100 hours each, the third step required only 24 hours. All steps were

repeated if significant solid residue remained after the complete dissolution. Upon

samples being fully dissolved, they were reconstituted in 6N HNO3 and inspected

for residuum. If fully in solution, samples were split into two aliquots: one for Li

isotope analysis (90 % v/v), and another for major and trace element analysis (10

% v/v).

4.3.2 Major and trace element chemistry

Major and trace element concentrations were measured at the University of Texas at

Austin with an Agilent 7500ce quadrupole ICP-MS. All samples in 6N HNO3 were

diluted to 2 % (v/v) HNO3 solutions and introduced into the instrument in solution.

Uncertainties for elements Al, Mg, Ti, and K were <6 % and Li and Zr were <12 %,

based on replicate analyses of both in-house standards and the Geological Survey

of Japan JR-1 (rhyolite) and NIST1643f international standards.

4.3.3 Li isotope chemistry

To selectively extract Li and remove cations prior to isotope measurements, samples

underwent cation chromatography following the procedure of Magna et al. (2004).

All samples were reconstituted in the 0.67N HNO3 + methanol (30% v/v) and

centrifuged prior to chemistry. The eluent was loaded on columns packed with

BioRad® AG 50W-X8 (200–400 mesh) cation exchange resin. Eluate was collected

before and after the Li elution to assure that Li yields were > 99 %. After cation

chromatography, all samples were dried on a hot plate and reconstituted in 2%

(v/v) HNO3 for isotope analysis. Li isotope ratios were measured at the University

of Texas at Austin with a Nu Plasma 3 Multi Collector ICP-MS in solution mode.

All measured 7Li/6Li ratios were converted to delta values (in units of h) following
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a standard-sample-standard bracketing method where

δ7Lisample =

{ (
7Li
6Li

)
sample[(

7Li
6Li

)
standard,i−1

+
(

7Li
6Li

)
standard,i+1

]
/2

}
× 1000 (4.1)

and “standard i-1” and “standard i+1” correspond to measured IRMM-016 isotope

standards before and after the “sample” unknown, respectively. All delta values

computed in Eq. 4.1 are then converted to delta values relative to the NIST RM

8454 lithium carbonate (LSVEC) standard (Brand et al., 2014). During each session

of cation chromatography, at least one matrix-matched analytical standard (i.e., JR-

1 rhyolites) was processed alongside unknowns. Over the time in which unknowns

were analyzed, the long-term average δ7LiJR−1 value was 4.0 h ± 0.4 (2 s.d.; N =

16) – compared to a reported value of 4.0 h ± 0.3 (Oi et al., 1997) – and δ7LiLSVEC

value was 0 h ± 0.2 (2 s.d.; N = 34). In-run standard error (2σ) for unknowns was

∼0.1 h. As conservative estimate, we apply the long-term error for JR-1 (0.4 h)

to all data and subsequent interpretations.

4.4 Results

4.4.1 Major element ratios

Major and trace element concentrations reveal distinct geochemical arrays for over-

bank clays and sandstones (Fig. 4.2; see Section A.3 for complete geochemical data).

These differences are prevalent in two element ratio spaces: one often utilized to de-

pict weathering trends (Fig. 4.2A), and another used to determine the proportion

of bedrock sources in sedimentary deposits (Fig. 4.2B). In the former space, clays

exhibit a comparatively wide range of Mg/Ti values (0.7–8.7) and a narrower range

of K/Ti (0.9–4.0) whereas sandstones span a relatively narrower range of Mg/Ti
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(0.4–5.6) (albeit comparable to clays) and a large range K/Ti (9.3–106.4; note that

one sandstone sample is not shown in Fig. 4.2B). The decrease in K/Ti and Mg/Ti

often correlates with increased weathering intensity (e.g., Bastian et al., 2017, 2019)

because K and Mg are progressively leached from primary minerals and excluded

from authigenic phyllosilicates (e.g., kaolinite and gibbsite) while Ti remains min-

eralogically bound due to its low solubility in water at Earth surface temperatures.

Clays and sandstones both exhibit monotonic relationships in K/Ti-Mg/Ti space,

which reflects that Ca and Mg are affected similarly by given processes and thus

lends credence to decreases in K/Ti or Mg/Ti being weathering signals. However,

both arrays overlap significantly with source rock compositions. Many felsic and

intermediate source rocks have high K/Ti and lower Mg/Ti, overlapping and span-

ning the range of sandstones elemental ratios. Similarly, the clay array overlaps

significantly with mafic values. Clay K/Ti trend marginally higher than the source

rocks and some clay Mg/Ti are lower than the minimum mafic source rock Mg/Ti

(Fig. 4.3).

The immobile element ratios of clays, sandstones, and source rocks depict

a similar story (Fig. 4.2B). In Ti/Al-Zr/Al space, clays form a near-vertical array

(having a wide variability in Ti/Al) whereas sandstones form a near-horizontal array

(having a wide variability in Zr/Al). With increasing stratigraphic height (i.e.,

over time), clay composition shifts toward higher Ti/Al and sandstone compositions

shift toward lower Zr/Al. In this space, intermediate and mafic source rocks have

distinctly low Zr/Al and extend toward high Ti/Al, characteristically above the clay

array. The felsic and intermediate source rocks span a much wider range of Ti/Al

and encompass nearly all sandstones and clay samples. With notably low Zr/Al,

hornblende-bearing syenites overlap nearly the entire range of clay values. Felsic

rocks without perceptible hornblende, such as felsic volcaniclastics and granites,

tend to have lower Ti/Al and higher Zr/Al.
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Figure 4.2: Major and trace element ratios of overbank clays, sandstones, and po-
tential sources. All elemental data of source rocks are literature values (Armbrust-
macher, 1984, 1988; Boardman and Condie, 1986; Noblett and Staub, 1990; Parker
and Sharp, 1970; Van Gosen, 2020). A) K/Ti vs. Mg/Ti of samples, typically used
to interrogate weathering intensity. B) Ti/Al vs. Zr/Al x 1000 of samples, used to
determine the proportion of source rocks that compose basin sediments (overbank
clays and sandstones). The color of clay and sandstone symbols correspond to their
stratigraphic heights. Samples with Ti/Al > 0.05 listed above with their Ti/Al
values listed in parentheses. Their x-axis location corresponds with their Zr/Al.

4.4.2 Stratigraphic trends in Li isotope ratios and Mg/Ti

Li isotope ratios and Mg/Ti of clays and sandstones are shown stratigraphically

(Fig. 4.3). Clay δ7Li values span -0.9 to +9.2 h whereas sandstone δ7Li values

span +1.9 to +13.0 h, nearly encompassing the reported range of river suspended

and bedload δ7Li values globally (Tomascak et al., 2016). The range of clay δ7Li

values in the Poison Canyon Formation is narrower than the range in the Cuchara

Formation (Fig. 4.3A, B). Conversely, the range of sandstone δ7Li values is largest

in the Poison Canyon Formation and narrows up-section into the Cuchara Forma-

tion. We suppose that the wide range of sandstone δ7Li values to the occurrence of

high-δ7Li-valued outliers (see Section 4.5.1 for further discussion). Once account-

ing for those outliers, the up-section trends between sandstone and clay δ7Li values

are noticeably similar. Clay and sandstone δ7Li values steadily increase upward
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through the Poison Canyon Formation and into the Cuchara Formation, decrease

by upwards of 7 h about half-way through the Cuchara Formation, increase by as

much as 10h around when the gray sandstones were being deposited in the Cuchara

Formation, and ultimately remain positive into the Huerfano Formation. Three clay

deposits without stratigraphic information (considered to be latest Paleocene) are

consistently low with δ7Li values from -0.9 to -0.1 h (Fig. 4.3B). Up-section, clay

δ7Li values are generally lower than sandstone δ7Li values.

Stratigraphically, clay and sandstone Mg/Ti follow comparable up-section

trends as well (Fig. 4.3C). Clay Mg/Ti are highest in the Poison Canyon Forma-

tion and progressively decrease through Cuchara Formation and into the Huerfano

Formation. Sandstone Mg/Ti is low in the lower and middle portions of the Poison

Canyon Formation, increases stepwise toward the end of the Poison Canyon Forma-

tion, and then follows a similar decreasing trajectory in Mg/Ti values through the

Cuchara Formation. The difference in clay Mg/Ti and sandstone Mg/Ti is greatest

in the Poison Canyon Formation and then tapers up-section, similar to clay and

sandstone δ7Li values.

4.5 Discussion

4.5.1 Lithologic and mineralogical controls on sediment chemistry

The elemental and isotopic data from overbank clays and channel sandstone de-

posits, alongside mineralogical information (e.g. Rasmussen and Foreman, 2017;

Robinson, 1966) point toward a lithologic control on the chemistry of sedimentary

deposits in the basin. The distinct arrays that clays and sandstones form in both

mobile (Fig. 4.2A) and immobile (Fig. 4.2B) element ratio spaces show that over-

bank and channel-fill deposits are composed of sediments with varying chemistry.

The sandstones consistently exhibit a geochemical similarity with felsic and inter-
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Figure 4.3: Isotopic and geochemical data of basin sediments considered stratigraph-
ically. A) Huerfano Basin stratigraphy (same as in Fig. 4.1B). H corresponds to
the Huerfano Formation. B) Clay and sandstone δ7Li values (2σ error bars for δ7Li
values are smaller than symbols). Symbols for sandstones with outlying δ7Li values
have bolded rims and green-colored symbols are samples without clear stratigraphic
heights. C) Clay and sandstone Mg/Ti. Bolded diamonds are sandstones with out-
lying δ7Li values and green-colored symbols are samples without clear stratigraphic
heights.

mediate source rocks, whereas clays in overbank deposits exhibit strong geochemical

similarities with more mafic sediments and hornblende-rich syenites. The disparity

of sediment chemistry within modern fluvial environments is commonplace, as ev-

idenced by depth-dependent changes in the chemistry and grain size of suspended

river sediments (e.g., Bouchez et al., 2011; Garzanti et al., 2011) and differences
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in sediment provenance as a function of river suspended sediment grain size (e.g.,

Cullers et al., 1987; Malkowski et al., 2019). Experiments have shown that sediment

sorting can lead to geochemical and mineralogical disparities in sedimentary deposits

(Pyles et al., 2013), which is likely due to the significant correlation between grain

size and sediment chemistry (Bouchez et al., 2011; Garzanti et al., 2011).

We therefore posit that the distinct geochemical affinities of clays and sand-

stones are driven by sediment sorting during deposition, which separates coarse-

grained felsic/intermediate bedrock-derived sediments from fine-grained mafic bedrock-

derived sediments. The absence of mafic clasts and the low relative proportion of

metasedimentary lithic grains in sandstones and conglomerates (Rasmussen and

Foreman, 2017), alongside high fractions of mica in overbank deposits (Robinson,

1966), are consistent with this hypothesis. Furthermore, because mafic minerals are

known to weather more rapidly than felsic minerals (e.g., Brantley, 2004; White

and Buss, 2014) and would likely be finer grained than felsic sediments at a given

location in the catchment, it is plausible that mafic minerals would remain in sus-

pension preferentially and thus be deposited in floodplains. Of all source rocks,

it appears that hornblende-rich syenites could serve as an endmember sediment

source for both overbank deposits and channel-fill sandstones. For this to be pos-

sible, differential weathering of hornblende-rich syenites should be taking place to

some extent. The Cambrian syenites in the Wet Mountains are composed of plagio-

clase feldspar, potassium feldspar, biotite, and hornblende (Armbrustmacher, 1984,

1988): minerals which have different natural dissolutions rates at Earth surface con-

ditions and different crystal structures. If these syenites were to weather along grain

boundaries and be subjected to sorting, sheet and chain silicates (like biotite and

hornblende) would be preferentially included in overbank deposits while framework

silicates (feldspar) would be included in channel sandstones. This interpretation is

consistent with apparent differences in floodplain depositional patterns when com-
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pared to other Laramide basins. In the Eocene Willwood Formation of the Bighorn

Basin floodplain strata are composed of both well-developed paleosol mudrocks and

a heterolithic suite of claystones, siltstones, and sandstones, with the latter rep-

resenting major crevasse splay events wherein both bedload and suspended load

sediment are provided to the floodplain (Kraus et al., 2015). Willwood Formation

fluvial channel movement was characterized by an initial pulse of fluvial sediment

to the floodplain that deposited several meters of sandstones and siltstones prior to

channel avulsion (Kraus et al., 2015). In contrast, Paleogene strata of the Huerfano

Basin are comparatively poor in these crevasse splay (avulsion deposits sensu Kraus

et al., 2015), and typical thicknesses are less than a meter (Rasmussen et al., 2020).

This observation suggests sediment provision to the Huerfano Basin floodplains may

have been dominated by overbank flooding that would create a flux to the floodplain

of the suspended sediment load.

Considering the distinct chemistry of clays and sandstones, the shared up-

section trends in δ7Li values and Mg/Ti is especially striking. We propose that

when clays and sandstones follow similar up-section trends, overbank deposits and

sandstones contain the same Li- and Mg-rich phases that dominate the Li isotope

and Mg/Ti signals, even though their other mineralogical compositions differ from

each other. Evidence for this is found when the elemental and isotopic composi-

tion of sandstone are compared to results from sandstone petrography (Fig. 4.4;

Rasmussen, 2016). There is a significant inverse correlation between sandstone δ7Li

values and the percent lithic fragments, where these lithic fragments are typically

metasedimentary in origin and composed of alkali feldspar, biotite, and minor am-

phibole (Rasmussen and Foreman, 2017). The lowest percentages of lithic fragments

often correspond with high percentages of quartz. With respect to other minerals

found in granites and paragneisses, quartz has the highest observed δ7Li values and

lowest Li concentrations (Zhang et al., 2021). It is thus notable that the three
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sandstone outliers (Fig. 4.3B; 4.4) solely occur at high δ7Li values where samples

either have high quartz contents or low Li concentrations. Quartz is seldom the

primary mineral from which secondary clays form (feldspar and phyllosilicates are

predominant), which means that sandstones composed of nearly all quartz are not

representative of source sediments for authigenic minerals in overbank deposits.

Figure 4.4: Sandstone chemistry compared to sandstone petrography. Bolded black
diamonds correspond to the interpreted sandstone outliers from Fig. 3B. An increase
in percent lithic grains corresponds with a decrease in percent quartz grains. Left
axis: δ7Lisandstone values vs. % lithic fragments determined via sandstone petrogra-
phy (2σ error bars for δ7Li values are smaller than symbols). Linear fit through all
data (purple line) and 66% confidence interval (translucent purple envelope) shown.
The gray bar corresponds to the median range of quartz δ7Li values from Zhang
et al. (2021). Right axis: Ti/Al vs. % percent lithic fragments. Greater Ti/Al trends
toward the mafic source rock endmembers. Linear fit through all data (orange line)
and 66% confidence interval (translucent orange envelope) shown.
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Ultimately, we designate those samples as outliers because quartz-rich sand-

stones are exceptionally unlike overbank deposits and therefore compositionally in-

comparable. Moreover, modest increases in lithic fragment contents yield significant

decreases in δ7Li values (Fig. 4.4), suggesting that these lithic grains have higher Li

concentrations and lower δ7Li values than quartz sediments. The increase in sand-

stone Ti/Al with increasing lithic fragments indicate that sandstones with greater

lithic fragments trend geochemically toward intermediate and mafic source rock

compositions, i.e., more like clays. These lithic fragments can contain higher pro-

portions of Li- and Mg-rich minerals like amphibole and biotite. Therefore, upon

inclusion in sandstones, these lithic fragments—or minerals that commonly compose

lithic fragments—bridge the apparent geochemical disparity between sandstone and

overbank clays. The determination of modal mineralogy through X-ray diffraction

of both sandstones and overbank deposits are needed to corroborate this inference.

There are two potential explanations for the increased up-section similarity

between clay and sandstone geochemistry. One reason highlights the potential in-

fluence pf progressive reworking of floodplain sediments by rivers. In a study of

rivers flowing through the Wet Mountains, Cullers et al. (1987) demonstrated that

the chemistry of river suspended clays and silts well integrates the chemistry of

exposed catchment rocks, whereas river suspended sands are more geochemically

like Holocene soils near the active river channel. It is therefore possible that the

increased similarity between clay and sandstone chemistry (i.e., δ7Li values and

Mg/Ti) into the Cuchara and Huerfano Formations is caused by the progressive

reworking of floodplain sediments that incrementally enriches sandstone deposits in

mafic/intermediate sediments rich in Li and Mg. However, the second and more

reasonable explanation for the up-section improved comparability is due to changes

in source rock proportions entering the basin. Over time, the proportion of lithic

fragments in sandstones increases significantly, from ∼13 % in the Poison Canyon
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Formation to nearly 30 % in the Huerfano Formation (Rasmussen and Foreman,

2017). Thus, it is likely that when sandstones contain more lithic fragments, their

bulk δ7Li values and Mg/Ti begin looking more like those of overbank deposits.

4.5.2 What limits weathering in the Huerfano Basin?

The Li isotope, elemental, and sedimentological compositions of basin sediments

highlight the foremost control of source rock lithology (i.e., mineralogy) on sec-

ondary mineral composition. Given this strong control, it appears that silicate

weathering plays a subsidiary role in sediment composition or that this mineralog-

ical signature completely masks a weathering signal. When secondary clays form

from the weathering of primary silicates, they preferentially incorporate 6Li over 7Li

and thus have lower δ7Li values than the rocks from which they form (e.g., Hindshaw

et al., 2019; Pistiner and Henderson, 2003). The progressive decrease in clay δ7Li

values relative to source rock δ7Li values corresponds with higher silicate weath-

ering intensity (Dellinger et al., 2017), where differences of 2–3 h are significant

and a change of 1 h in either can correlate to an order-of-magnitude change in sili-

cate weathering intensity. Taking clay and sandstone δ7Li values at face value, one

could infer that the common occurrence of clay δ7Li values less than sandstone δ7Li

values (as large as 3 h different) indicates high silicate weathering intensity and

that up-section changes in the δ7Li value difference indicate changes in weathering

intensity over time. However, the elemental data (Fig. 4.2) imply that sandstones

are not necessarily representative of integrated source rock compositions. Thus, it

may not be judicious to quantify silicate weathering intensity from the comparison

of clay and sandstone δ7Li values, especially when sandstones lack lithic fragments.

Also, large fluctuations of clay δ7Li values > 7 hwould involve extreme changes in

weathering that have not been observed during other climatic perturbations (e.g.,

Pogge von Strandmann et al., 2013; Chapter 3), notwithstanding the similar fluctu-
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ations in sandstone δ7Li values that suggest a non-weathering control of up-section

δ7Li trends.

Moreover, when proxies for silicate weathering are considered against one an-

other (Figs. 4.5 and 4.6), there is little evidence that clay δ7Li values and elemental

compositions are driven by silicate weathering. Clay K/Ti and Mg/Ti each show

an inconsistent and non-unique trend with clay δ7Li values (Fig. 4.5); low Mg/Ti

and K/Ti values, which typically indicate high weathering intensities (e.g., Bastian

et al., 2017, 2019), occur at both low and high clay δ7Li values. Strong positive

correlations between clay δ7Li values and Mg/Ti or K/Ti would be expected if both

primarily reflected silicate weathering. The comparison between clay δ7Li values

and overbank magnetic data corroborate the limited effects of weathering on sedi-

ment chemistry (Fig. 4.6). Increases in clay δ7Li values coincide with increases in

both saturation and coercivity, where the former underscores the concentration of

ferrimagnetic minerals (Fig. 4.6A) and the latter shows the proportion of ferrimag-

netic minerals that are oxidative weathering products (Fig. 4.6B). In this space,

had clay δ7Li values been unambiguously driven by silicate weathering, decreases

in δ7Li values would coincide with increases in coercivity. This lack of an inverse

correlation further implies that chemistry of input sediments, rather than in situ

weathering, drive changes in δ7Li values and Mg/Ti.

When the chemical and mineralogical composition of basin sediments are

ultimately connected to sedimentological information, the simplest conclusion to

draw is that despite warmhouse/hothouse conditions, silicate weathering was min-

imal in the Huerfano Basin during the early Paleogene. The paucity of temporal

information and quantitative climate information in this basin limits our ability to

probe the capacity of climate and soil hydrology in modulating silicate weathering.

Moreover, the lack of Li isotope data for source rocks in the Wet Mountains inhibits

the quantification of silicate weathering intensity (Dellinger et al., 2017), which is
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Figure 4.5: Commonly used, weathering-sensitive geochemical data of overbank
clays. A) K/Ti vs. δ7Liclay values; B) Mg/Ti vs. δ7Liclay values.

more judicious than inferring weathering intensity from clay δ7Li values alone. Yet,

the stratigraphy in the Huerfano Basin reinforces the idea that silicate weathering

intensity was low in the basin and further intimates that source rock compositions

played an important role in limiting weathering. One key criterion for high weath-

ering intensity is long residences times of sediments at the Earth’s surface (Dosseto

et al., 2006). In alluvial systems that have accommodation for sediments to aggrade,

sediment cohesion plays a vital role in stabilizing landscapes and thereby allowing
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Figure 4.6: Clay chemistry and magnetic data. A) δ7Licclay values vs. bulk mud-
stone/siltstone saturation, where high saturations indicate higher concentrations of
ferrimagnetic minerals. B) δ7Liclay values vs. bulk mudstone/siltstone coercivity,
where high coercivities indicate higher proportions of oxidized ferrimagnetic miner-
als, like goethite, maghemite, and/or hematite, relative to unoxidized ferrimagnetic
minerals, like magnetite.
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for sediments to remain exposed to Earth surface conditions for longer amounts of

time (e.g., Hajek and Straub, 2016; Hobson and Dahlgren, 1998). The input of sed-

iments from crystalline bedrock in the Wet Mountains (Rasmussen and Foreman,

2017), alongside short transport distances from the hinterland to the basin, limit the

amount of fine-grained sediment that could be generated. Nearby Laramide basins,

including the Raton Basin, have been interpreted to steadily accumulate sediments

through the early Paleogene (Bush et al., 2016), suggesting that there was at least

some accommodation for sediments to accumulate and weather in the floodplain.

Yet, the incoming coarse grains to the floodplain may not have cohered well, allow-

ing for rivers to avulse and meander across the floodplain and effectively transmit

sediments through the alluvial system faster than the rates at which they chemi-

cally weather (Fig. 4.7). The occurrence of sheet sandstones and weakly developed

overbank soils support this idea, and any climatically or tectonically induced influx

of sediments from the Wet Mountains would only exacerbate river avulsions and

floodplain erosion.

The implication of limited weathering of fresh, igneous-derived sediments is

partly paradoxical because the supply of fresh, un-weathered crystalline bedrock is

thought to be an essential criterion for maximizing silicate weathering fluxes from

landscapes (e.g., Gaillardet et al., 1999; West et al., 2005). These geologic conditions

in the Huerfano Basin are not necessarily representative of most drainage catchments

on Earth that often have a wide range of rock types exposed within them. Yet,

these findings introduce an intriguing caveat in considering the optimal conditions

for generating large silicate weathering fluxes in a drainage catchment, where silicate

weathering is often thought to be limited by the supply of fresh sediments and not

landscape stability.
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4.6 Conclusion

In this study, we present a detailed analysis of silicate weathering in the Huerfano

Basin by integrating new elemental (major and trace) and isotopic (Li) analyses

of basin sediments with previously published magnetic data of overbank deposits,

elemental data of bedrock, and sedimentologic information. When elemental data of

basin deposits are compared with those of bedrock, we determine that the chemistry

of basin sediments primarily reflects source rock lithology and sediment transport.

Although sediment provenance remains constant in the basin, clays in overbank

deposits show a strong geochemical affinity for intermediate and mafic bedrock

whereas channel sandstones are most like intermediate and felsic bedrock. Clays

and sandstones form distinct geochemical arrays in immobile element spaces (i.e.,

Ti/Al vs. Zr/Al) but appear to share a mutual source rock endmember that is geo-

chemically comparable to the intermediate, hornblende-rich syenites from the Wet

Mountains. We propose that sorting of primary sediments during deposition drives

this geochemical disparity, where more weatherable, fine-grained mafic and interme-

diate sediments are deposited into floodplains while less weatherable, coarse-grained

intermediate and felsic sediments are deposited as channel fill (Fig. 4.7).

Despite forming from distinct mineralogical sources, overbank clays and sand-

stones exhibit markedly similar up-section trends in weathering-sensitive proxies.

Clay and sandstone δ7Li values vary up-section by as much as 10 h and these vari-

ations occur at similar stratigraphic heights. Similarly, clay and sandstone Mg/Ti,

although significantly different in the lower portions of the stratigraphic section,

become progressively similar up-section. The inconsistent relationship between δ7Li

values and Mg/Ti underline that these trends are inconsistent with silicate weath-

ering as a primary control. We propose that for stratigraphically adjacent overbank

clays and sandstones to have such similar isotopic and geochemical compositions,

both deposits must share a mineralogical phase that is concentrated in Li and Mg,
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such as amphibole, pyroxene, or biotite . Whereas metasedimentary lithic fragments

would be the host of Li and Mg for sandstones, fine-grained hornblende (amphibole),

pyroxene, or biotite would be the host for overbank deposits.

Ultimately, we conclude that sediments in the Huerfano Basin underwent

very little weathering, which agrees with findings from nearby Laramide basins dur-

ing this time interval (Chapter 3; Wang et al., 2017). However, we propose the lim-

ited weathering is due to the short residence time of sediments in floodplains. These

inferences from geochemical and isotopic data are consistent with basin stratigraphy,

which contains evidence of thin, weakly developed soils and mobile river channels.

Because of the limited temporal constraints in the basin, we cannot rule out the pos-

sibility of climate and/or tectonics influencing sediment transfer through the basin.

However, an alternative and novel explanation for low weathering intensity is the

lack of sediment cohesion controlled by the intrinsic properties of source rock sedi-

ments. Stripped of their sedimentary cover, the Wet Mountains supplied crystalline

bedrock that was thermodynamically poised to undergo intense chemical weather-

ing. However, without the input of fine-grained sediments to the basin, sediments

did not cohere, preventing landscape stabilization, soil development, and intense

weathering. It is entirely plausible that the locus of intense weathering existed far-

ther downstream where the progressive weathering of sediments and decreased local

relief allowed for the development of robust, stable floodplains. If this were the case,

then the unroofing of crystalline bedrock would still yield a large silicate weathering

flux despite the limited weathering in the upper reaches of a drainage catchment.

Nevertheless, these results provide a new, sedimentological perspective of silicate

weathering and lay the groundwork for future studies to test this potential limiting

mechanism.
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Figure 4.7: Conceptual diagram of sediment chemistry, transport, and weathering
in the Huerfano Basin. A) The Wet Mountains are the sole sediment source of
Paleocene and Eocene sediments to the Huerfano Basin. Those sediments undergo
very little chemical weathering, which we posit is due to low mineral residences
times in the basin. Differences in chemistry between overbank clays and sand-
stones are driven by sorting during deposition, with overbank deposits containing
primarily mafic sediments and sandstones containing primarily felsic sediments. B)
Interpreted sediment grain size distributions and chemistries for sandstones and
overbank mudstones and siltstones. Up-section similarities in clay and sandstone
δ7Li values and Mg/Ti are proposed to be due to the mutual presence of Li and
Mg-rich mafic-to-intermediate minerals, like amphibole, pyroxene, and biotite, that
comprise both deposits.
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Chapter 5

Conclusions

Silicate weathering is a fundamental Earth system process because it modifies the

physical and chemical composition of Earth’s crust, modulates the chemical com-

position of the ocean, and influences nutrient cycles that affect both marine and

terrestrial biota. These broad connections to various components of the Earth, de-

spite motivating focused investigation for over a century, make silicate weathering

greatly challenging to characterize theoretically. Improvements in measuring nontra-

ditional isotope ratios, such as Li isotope ratios, have made available new methods

that facilitate our understanding of silicate weathering and its controls. As these

measurements become more routine, there is an increased need to both scrutinize

underlying mechanisms within these isotope system and to determine the extent

of these systems’ capabilities. The overarching objective of this dissertation is to

understand how geologic and environmental conditions, and the processes that they

promote, can manifest in a Li isotope composition of water or sediments.

In Chapter 2, a global compilation of river water Li isotope compositions is

investigated through statistical and modeling techniques. A central and important

finding from this study is that there is not an individual catchment variable that

can adequately describe the global range of observed δ7Lif values. However un-

surprising this finding is, this study is the first attempt at directly link catchment-
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average properties with a global dataset of δ7Lif values and thereby corroborate

the null hypothesis regarding multiple controls of silicate weathering. In addition,

the numerical models more or less corroborate the weathering regime hypothesis

(e.g., Dellinger et al., 2015), which suggests that δ7Lif values are closely related

to catchment-scale denudation mechanisms. This finding, again, fits neatly within

existing paradigms for silicate weathering. However, Chapter 2 addresses several im-

portant knowledge gaps, namely in how catchment properties are related denudation

mechanisms and thus how processes are ultimately imprinted on river water Li iso-

tope compositions. The conceptual framework that concludes this study highlights

several avenues of future research and how Li isotopes, among other geochemical

proxies, can be used to further refine catchment-scale denudation. These avenues

include 1) the discernment of shallow (i.e., soil) weathering from groundwater (i.e.,

deep) weathering in mountain hillslopes/transitional catchments and 2) the role of

transient, external perturbations in modulating weathering in low-relief environ-

ments, like floodplains or shields. Ultimately, this study reinforces the idea that

multiple weathering-sensitive geochemical proxies will be needed to address many

outstanding questions (e.g., Frings, 2019), especially those highlighted herein.

Chapters 3 and 4 work in concert. Both are studies of silicate weathering

in intermontane basins during the Paleocene and Eocene epochs, and both utilize

Li isotopes, major and trace element analyses, and sedimentological information to

deduce controls of silicate weathering. The focus of Chapter 3 is to discern how

silicate weathering intensity changes in response to the Paleocene-Eocene Thermal

Maximum in the Bighorn Basin. The geochemical and isotopic data, in conjunction

with sedimentological information, newly illuminate that floodplain weathering can

actively respond to sudden changes in climate. Weathering in floodplains is often

overlooked when considering climatic perturbations because in these environment, it

is suggested that the supply of fresh, un-weathered sediments is low, and that they
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therefore would not respond actively to a sudden change. However, these findings

illustrate that better soil drainage due to seasonal rainfall may catalyze weathering

reactions and expand the zone (i.e., depth into soil) over which oxidative weathering

occurs. Through both the development of theory for floodplain weathering and

observations of other ancient floodplain deposits that span the PETM, future studies

should explore how widely applicable these findings in the Bighorn Basin are to other

low-relief environments.

Chapter 4 acts as a foil to Chapter 3 due to the distinctly crystalline source

rocks contained in the hinterland of the Huerfano Basin. This study highlights

that despite tropical climates and high atmospheric pCO2, silicate weathering in

the Huerfano Basin is notably limited. The evidence for limited weathering comes

from the comparable up-section trends in sandstone and clay δ7Li values, despite the

fact that they are composed of primary sediments with distinct compositions. The

comparable up-section trends suggest Li is predominantly hosted in one mineral

phase that is mutually found in sandstones and clay. Although needing further

evidence, this finding highlights a potential pitfall in Li isotope studies when source

rock and mineral-specific chemistries are not fully characterized. Two potential

hypotheses are developed to describe the limited weathering in the Huerfano Basin

and both are derived from basin stratigraphy. The first hypothesis suggests that the

lack of sediment cohesion, due to the absence of clay-sized source sediments, stunted

the development of mature soils. The second suggests that sediment influxes from

the mountains, perhaps due to the proximity of the basin to the hinterland, were

too large to allow for extensive periods of silicate weathering before the burial of

sediments. Thermochronologic constraints of uplift in the Wet Mountains, either

from detrital grains or minerals in bedrock, will enable hypothesis testing.

Lastly, one particularly rich avenue of future research (which would benefit

future research objectives related to Chapters 3 and 4) is the synthesis of high-
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resolution global climate models (e.g., Community Atmosphere Model; Neale et al.,

2010), landscape evolution models (e.g., Landlab; Barnhart et al., 2020), and reac-

tive transport models (e.g. CrunchFlow; Steefel and Maher, 2009) to evaluate the

co-evolution of climate, landscapes, and soil chemistry on 104- to 105-year timescales.

These synthesized models, benchmarked against geochemical and sedimentological

observations in sedimentary basins, could enable an understanding of silicate weath-

ering on timescales that are seldom resolvable from the geologic record or the mod-

ern.
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Appendices

A.1 Li isotope composition of river water informed by

catchment properties

A.1.1 Comparison between Upper Continental Crust (UCC) and

calculated source rock chemistry

We compare UCC source rock δ7Li values with δ7Li source values based off a

weighted average of exposed source rock compositions. Our assumed rock Li con-

centrations and δ7Li values are median values of those reported in Tomascak et al.

(2016) and our assumed Na concentrations are values reported in Rudnick and Gao

(2003) (Table A.1). Source rock Li/Na and δ7Li values are found through these

formulations

( Li

Na

)
source

=
∑
i

χi

( Li

Na

)
i

(A.1)

and

( Li

Na

)
source

δ7Lisource =
∑
i

χiδ
7Lii

( Li

Na

)
i

(A.2)
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where i corresponds to a given rock type (sedimentary, volcanic, plutonic, metamor-

phic, or unconsolidated sediments) and χi is the volumetric proportion of the rock

type i [km2/km2].

Figure A.1: Plot of the difference between our simplified ∆7Lif−s (i.e., one using
either reported δ7Lisource values or assumed UCC range) and ∆7Lif−s computed us-
ing a weighted mean of rock proportions in each catchment (all presumed δ7Lisource
values and Lisource concentrations are derived from median values reported in Tomas-
cak et al., 2016). The box plot to the shows the quantile limits with the red line
corresponding to the median and the green dashed line corresponding to the mean.

A.1.2 Two-way ANOVA

Two-way ANOVA enables us to assess the strength of variable correlations using cat-

egorical data, allowing us to consider the effect of lithology on geochemical data. For

each catchment variable (i.e. independent variable), we define categories in which

geochemical data (∆7Lif−s and log10 Li/Na) are grouped and then test the differ-
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Figure A.2: Kernel density plots of ∆7Lif−s with two separate δ7Lisource value
computations (see Section A.1.1 for explanations).

ence among category medians and distributions. We perform a two-sided Wilcoxon

rank sum test to assess whether two categories contain data from continuous distri-

butions with equal medians. If all category medians and distributions are distinct at

the 5% significance level (p-value < 0.05), the catchment variable has a statistically

significant “main effect” on the geochemical data. Two-way ANOVA further enables

us to determine if “interaction effects” exist, meaning that two catchment variables

with their combined categories yield geochemical data with distinct medians and

distributions. We define 3 to 4 categories for each catchment variable. For example,

there are three categories for mean annual temperature (MAT): -20–0 ◦C, 0–20 ◦C,
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and 20–40 ◦C (see Fig. A.1.5 for categories of other catchment variables).

500

1000

1500

2000

Figure A.3: Weathering intensity predictions with the steady state weathering model
(West, 2012) assuming weathering zone thickness z is equal to mean local relief or
soil thickness (using Heimsath et al., 1997 formulation). All other input variables
are equal between the models. Black dashed line corresponds to the 1:1 line.

A.1.3 Mass balance calculations for Li isotope predictions

We adapt the time-dependent weathering expression (Eq. 2.10) to predict changes

in [Li]f , δ7Lif values, and δ7Lisource values. The chemistry of water is going to
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Figure A.4: Correlation plots and histograms of all continuous catchment vari-
ables. All bivariate plots found in each row contain the same variable on the y-axis
whereas each column contains that variable on the x-axis. Magenta lines repre-
sent least squares linear regressions and all values in the title of bivariate plots are
Spearman’s ρ. where values > 0.1 have a significant monotonic relationship that are
either positive (blue), negative (red) correlations, or are < 0.1 and lack a significant
monotonic relationship (black). Green stars indicate a significant interaction effect
of a catchment variable and lithology on river water chemistry, as determined by
ANOVA (p-value < 0.05).

reflect the competing processes of mineral dissolution and formation. Whereas Li

input due to mineral dissolution will directly reflect the chemistry of soil minerals,

Li uptake from water due to the formation of secondary minerals will be modified

by the volumetric partition coefficient KLi (ppm ppm-1) of those phases, which is

expressed for each mineral phase as

KLi =
[Li]soil,i

[Li]f
. (A.3)

104



Figure A.5: Two-way analysis of variance (ANOVA) results for global ∆7Lif−s and
log10 Li/Na. The leftmost plots are histograms of ∆7Lif−s and log10 Li/Na and the
rest of each row contains those geochemical observations categorically binned for
each primary catchment variable, shown as box-and-whisker plots. Horizontal lines
on box-and-whisker plot correspond to a quartile limit and the green dashed lines are
mean variables for that data subpopulation. Red plus signs are outliers. The number
above each box corresponds to the total number of values in the distribution and
letters above indicate the “Wilcoxon” group that each group falls in; as such, bins
with the same letter are statistically indistinguishable. Black brackets connecting
each catchment variable pair indicate statistically significant variable interactions (p-
value < 0.05), akin to the bolded green borders in Fig. 2.3. Lithology abbreviations
include metamorphic (M), plutonic (P), sedimentary (S), unconsolidated sediment
(US), volcanic (V), and mixed (mxd) bedrock dominated catchments.

We assume that volumetric partition coefficients are constant although they can

exhibit a wide range of values due to mineral stoichiometry (e.g.,Bohlin and Bickle,

2019; Tardy et al., 1972). We can thus express a modification of the time-dependent

weathering equation which include [Li]f and substitutions related to Eq. A.3:

[Li]fW = z

N∑
i

exp
(Eai

RT
− Eai

RT0

){
κiAi[Xi]s[Li]soil,iwiρi −KLi,i[Li]fηisiwi

}
. (A.4)

We follow a similar approach for tracking δ7Lif values, which must also account

for isotopic fractionation due to secondary mineral formation. In this case, we can
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express the relationship between δ7Lif to δ7Lis,i assuming an equilibrium isotopic

fractionation such that

1000logαsoil,i−f ≈ δ7Lisoil,i − δ7Lif (A.5)

where αsoil,i−f is the equilibrium fractionation factor between the newly formed

secondary mineral and water, which is also a function of temperature. With Eq.

A.5, we can adapt Eq. A.4 to come to a similar expression that includes isotopic

compositions, expressed as

[Li]fδ
7[Li]fW = z

N∑
i

exp
(Eai

RT
− Eai

RT0

){
κiAi[Xi]s[Li]soil,iδ

7[Li]soil,iwiρi − · · ·

KLi,i[Li]f [1000logαsoil,i−f (T ) + δ7Lif ]ηisiwi

}
. (A.6)

Eq. A.4 and A.6 are rearranged and solved for [Li]f and δ7Lif in sequence. Lastly,

we update δ7Lis values at each time step to reflect the formation of secondary

minerals in the soil. To do so, we first calculate the relative proportion fi of newly

formed secondary minerals (subscript new), primary minerals (subscript source),

pre-existing minerals in the soil (subscript old), each expressed as such:

fnew,i = · · ·

exp
(
Eai
RT −

Eai
RT0

)
ηisi
ρsoil

exp
(
Eai
RT −

Eai
RT0

){
ηisi
ρsoil

+ κiAi[Xi]soil

}
+ E

ρsoilz
[Xi]soil + D+ε0exp(−αz)

ρsoilz
[Xi]source

;

(A.7)
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fsource,i = · · ·
D+ε0exp(−αz)

ρsoilz
[Xi]source

exp
(
Eai
RT −

Eai
RT0

){
ηisi
ρsoil

+ κiAi[Xi]soil

}
+ E

ρsoilz
[Xi]soil + D+ε0exp(−αz)

ρsoilz
[Xi]source

;

(A.8)

fold,i = · · ·

[Xi]soil

{
exp
(
Eai
RT −

Eai
RT0

)
κiAi + E

ρsoilz

}
exp
(
Eai
RT −

Eai
RT0

){
ηisi
ρsoil

+ κiAi[Xi]soil

}
+ E

ρsoilz
[Xi]soil + D+ε0exp(−αz)

ρsoilz
[Xi]source

.

(A.9)

With these proportions determined, new mineral-specific Lis and δ7Lis values can

be calculated where

[Li]soil,i = [Li]soilold,ifold,i + [Li]source,ifsource,i + KLi,i[Li]ffnew,i (A.10)

and

[Li]soil,iδ
7Lisoil,i = [Li]soilold,iδ

7Lisoilold,ifold,i + [Li]source,iδ
7Lisource,ifsource,i+

KLi,i[Li]f (δ7Lif + 1000logαsoil,i−f (T ))fnew,i. (A.11)

Note that subscript sold corresponds to the value of the pre-existing soil.

Once those changes are accounted for, we express the bulk soil δ7Li value as

δ7Lisoil =
N∑
i+1

[Xi]soilwi[Li]soil,iδ
7Lisoil,i. (A.12)
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Eq. A.12 ultimately enables us to express Li isotopes compositions as ∆7Lif−s

values.

Figure A.6: Modeled weathering intensities as a function of MAT (A), MAP (B), and
mean local relief (C) using the FK2008 model and the highest known soil production
rate ε0 =15 kg m−2 yr−1 (Larsen et al., 2014a).

A.1.4 “README” for Li isotope database

File description

This Excel spread (available publicly here) contains information regarding river

water chemistry (Li isotope data, Li concentration data, Na concentration data)

and properties of their drainage catchments.

1. Empty cells in the spreadsheet mean that either the study did not report the

geochemical data or catchment properties could not be determined for those

samples.

2. Each row corresponds to an individual sample and each column corresponds

to a certain descriptor of that river water sample.

Column descriptions

1. Some studies do not report the Li isotope composition of bedrock. If they do

not, we assign a range of values (a minimum and a maximum). Studies that
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have the range bedrock δ7Li values (Li isotope composition) of [1, 3.2] do not

report any bedrock data and studies that have other ranges report bedrock

data but do NOT pair the individual bedrock δ7Li values with a river water

δ7Li value.

2. For each catchment property (excluding lithologic information) we report the

minimum, maximum, mean, and standard deviation of the given catchment

property.

(a) T corresponds to mean annual temperature (◦C)

(b) P corresponds to mean annual precipitation (mm/yr)

(c) FL corresponds to mean flow length (m)

(d) R corresponds to mean local relief (m)

3. For lithologic information, we report the fraction (a number between 0 and 1)

of the catchment that is composed of that rock type.

(a) su corresponds to unconsolidated sediments

(b) ss corresponds to siliciclastic sedimentary rocks

(c) sm corresponds to mixed sedimentary rocks

(d) py corresponds to pyroclastic sedimentary rocks

(e) sc corresponds to carbonate sedimentary rocks

(f) ev corresponds to evaporites

(g) mt corresponds to metamorphic rocks

(h) pa corresponds to acidic (felsic) plutonic rocks

(i) pi corresponds to intermediate plutonic rocks

(j) pb corresponds to basic (mafic) plutonic rocks

(k) va corresponds to acidic (felsic) volcanic rocks
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Rock type Li (ppm) Na (ppm) δ7Li (h LSVEC)

Sedimentary 70 24259 -1.0
Unconsolidated sediments 40 24259 -0.5
Metamorphic 20 24159 0
Plutonic 40 22774 1.0
Volcanic 15 24259 4.0

Table A.1: Li concentration, Na concentrations, and δ7Li values used for δ7Lisource
computation from catchment lithology.

(l) vi corresponds to intermediate volcanic rocks

(m) vb corresponds to basic (mafic) volcanic rocks

(n) ig corresponds to ice and glaciers

(o) wb corresponds to water bodies

(p) nd corresponds to no data

4. Other variables whose column headers require description:

(a) W (t km2 yr) corresponds to reported silicate weathering fluxes

in units of t km−2 yr−1

(b) W/D corresponds to reported weathering intensity

Miscellany

1. Any stream order value of -9999 indicates that the catchment was too small

for a stream order to be determined.
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Mineral Li (ppm) δ7Li (h LSVEC) 1000 logαs−f (T )a KLi (ppm ppm−1)

Quartz 5 15.0 1 1
Plagioclase feldspar 10 3.0 1 1
Potassium feldspar 20 3.0 1 1
Biotite 25 3.0 1 1
Zircon 5 3.0 1 1

Kaolinite 200 -2.0 - 1.63×106

T 2 + 2.04 200b
aTemperature-dependent equation for each mineral when forming from aqueous solution;
bValue exhibits a 2-3 order-of-magnitude range (Bohlin and Bickle, 2019; Tardy et al.,

1972). We elect to use a value on the lower end of the range since high values mask other
underlying dynamics that the model reveals.

Table A.2: Mineral specific values for Li isotope calculations in time-dependent
weathering equations

A.2 Rapid silicate weathering response in floodplains

during the Paleocene-Eocene Thermal Maximum

Expanded geologic setting and sampling protocol

The Bighorn Basin formed in response to the uplifts of the Bighorn, Owl Creek,

and Beartooth Mountains that bound the basin on the east, south, and west, re-

spectively. These mountains were the primary contributors of sediment to the basin

(Fig. A.7). Rapid exhumation of the Bighorn and Beartooth Mountains during the

early to middle Paleocene induced dramatic basin subsidence preceding the PETM

(Fan and Carrapa, 2014), offering accommodation for sediments that led to the co-

eval development of an axially draining alluvial system (Kraus, 1980; Kraus and

Middleton, 1987). Each basement-cored uplift that flanks the basin exhumes Pre-

cambrian basement composed of gneiss and granite and overlying Paleozoic through

Mesozoic sedimentary sequences composed of limestone, dolomite, arkose, and shale

(e.g., DeCelles et al., 1991a; Thomas, 1965). Sediment accumulation rates in the

basin are relatively constant through the late Paleocene and early Eocene (0.25–0.33

mm/yr; Clyde et al., 2007; 0.37 mm/yr; van der Meulen et al., 2020). Paleocurrents
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Figure A.7: Simplified geologic map of the Bighorn Basin after Love and Chris-
tiansen (1985). Shades of gray correspond to primary geologic units and colored
formations correspond to Cretaceous shale formations analyzed in this study. All
light gray area within the Cretaceous shale units correspond to geochemically un-
characterized units in this study. Letters beside the upward triangles, open circle,
and diamond correspond to the names of samples gathered at each locality. Polecat
Bench, in Powell, WY, is the primary locality of the study and where all paleosols
were sampled. Inset: map of Wyoming, USA, and the location of the Bighorn Basin
(BHB).

indicate northward drainage during the Paleocene transitioning to north and west-

ward drainage during the Eocene (Bown and Kraus, 1981; Foreman, 2014; Neasham

and Vondra, 1972) (Fig. A.7). Sediment provenance remains consistent across the

PETM (May et al., 2013) and indicates the ultimate drainage of the basin into the
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Figure A.8: Ancient floodplain deposits at Polecat Bench (location of white circle
in Fig. A.7). A) Panoramic view of a section of Polecat Bench characterized in this
study, spanning a view of the locality from north northeast (NNE) to southeast (SE).
Key time intervals (pre-onset, onset, main body, and recovery) are shown, with the
grayed middle portion representing the main body phase. The blue box corresponds
to a composite soil, the red box corresponds to a cumulative soil, and the purple box
corresponds to a crevasse splay soil. The vertical length of the blue box and red box
spans approximately 1 and 5 meters, respectively. B) Schematic half space of a cross-
section through a floodplain (after Kraus, 1999). Cumulative soils form farther from
the ancient channel and topographically lower than composite and crevasse splay
soils, which are closer to the ancient channel. C) Example cumulative and crevasse
splay soils. The length of the white bar corresponds to an entire cumulative paleosol.
The soil horizon is listed beside the white line (approx. 4m in length) corresponding
to a large Bk soil horizon. D) Example composite soil. A drab green C horizon
underlies a red/purple Bkss horizon. Rock hammer for scale.

present-day Gulf of Mexico during the Eocene (Sharman et al., 2017).

All Paleocene and Eocene sedimentary deposits come from the Willwood

formation, which is broadly characterized as a progradational avulsion channel belt

(Hajek and Wolinsky, 2012). Paleosols across the PETM showcase a range of colors,
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Figure A.9: Age model from van der Meulen et al. (2020) used to determine time
relative to carbon isotope excursion (CIE) for samples analyzed in this study. The
data were regressed linearly which enabled the determination of time for each sample
(red stars) given their stratigraphic elevation. The equation for the linear regression
(and associated R2 value) and key time intervals (pre-onset, onset, main body, and
recovery) are shown.

sedimentary structures, ichnofabrics, and mineralogical compositions, all suggesting

heterogeneous soil development, soil drainage, and hydroclimate through space and

time (Abdul Aziz et al., 2008; Abels et al., 2013; Foreman, 2014; Kraus et al.,

2013, 2015; Kraus and Hasiotis, 2006; Kraus and Riggins, 2007; Smith et al., 2008).

The resultant “pedofacies” concept was largely established from observations of

pedogenesis within overbank and avulsion deposits in the Willwood formation (e.g.,

Bown and Kraus, 1987; Kraus, 1999; Kraus and Aslan, 1993), where it is argued that
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Figure A.10: Immobile element ratios of clays, conglomerate clasts (which contain
igneous rock and carbonate clasts), and shales used for computing the source rock
proportions for each clay sample. The three combinations of immobile element ratios
(panels A, B, and C) are referred to as mixing models 1, 2, and 3, respectively.
All immobile element ratios are in units of mole/mole. Error bars correspond to
the propagated error (1 standard deviation) of numerator and denominator values.
The black line in is the best fit line between the clays and identified endmembers
(Cody shale, feldspar- and biotite-bearing igneous conglomerate clasts), and the
gray envelope around the line is the 66% confidence interval. The linear fit in
mixing model 2 has the highest R2 value and thus is used to compute fshale and
δ7Lisource values.

the degree of soil development is a function of sediment supply and lateral location

of the soil from the ancient channel (Fig. A.8). In this pedofacies framework,

soils that form proximally to the ancient channel (termed composite soils) tend to
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Figure A.11: Stratigraphic information of Cretaceous shale units in the Bighorn
Basin. A) Cross-section stratigraphy of Cretaceous shale units along NW-SE tran-
sect through the Bighorn Basin (modified after Finn, 2019). B) Percentages of all
exposed Cretaceous shale units (Fig. A.1). C) Percentage of Cretaceous shale in
subsurface based off stratigraphic thicknesses (panel A).

contain a series of stacked coarse-grained C horizons and overlying truncated B

horizons as subsequent deposition arrests soil development. In contrast, soils that

form distally from the ancient channel (termed cumulative soils) tend to contain

finer sediments and thick B horizons as the rate of pedogenesis is thought to match

the slow and steady supply of overbank sediments. Composite soils tend to be better
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drained and more oxidized than cumulative soils, but soil drainage can vary within

a given pedofacies, as demonstrated by gradients in color along a given stratigraphic

horizon. Lastly, in addition to these endmembers, heterolithic deposits (interpreted

as crevasse splays; Kraus et al., 2015) crop out consistently within the lowermost

Willwood and undergo pedogenesis (e.g., Kraus et al., 2013). All pedogenically

modified crevasse splay deposits are interpreted as forming proximally to ancient

channels.

At Polecat Bench, where all paleosols were sampled, outcrops were trenched

0.5–1m below modern soils to expose unaltered, lithified mudstones and siltstones.

Samples were characterized in terms of bulk grain size, color, sedimentary structures,

and presence/absence of nodular authigenic minerals (carbonates, Fe/Mn-oxides)

and rhizoliths. This information was used to classify each deposit as a composite,

cumulative, or crevasse splay soils. Approximately 10s of grams of material were

gathered for each sample. Stratigraphic thicknesses were measured with a Jacob’s

staff and sighting lens. Stratigraphic elevations were determined by superimpos-

ing sample GPS coordinates onto a GIS map stack in ArcScene and eliminating

bedding dip. Paleosol descriptions, measured thicknesses, and the location of key

marker beds were used to corroborate these elevations. These elevations were lastly

converted to time with respect to the carbon isotope excursion using the age model

of van der Meulen et al. (2020) (Fig. A.9).

In addition to sampling paleosols, synorogenic conglomerate clasts of the

Beartooth conglomerate (DeCelles et al., 1991b) in nearby Clarks Fork Canyon

(44◦51’5.78”N, 109◦18’14.43”W) were gathered. Six different clast types were iden-

tified (Table A.9) and were inferred to integrate the Precambrian through Mesozoic

source rocks within the basin-bounding mountain ranges. Cretaceous shales, whose

exposure during the Paleocene and Eocene were possibly more widespread (e.g.,

Baczynski et al., 2016), were also analyzed. Shale samples in this study crop out on
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the eastern flank of the basin (Fig. A.8).

Analytical methods

A.2.1 Sample preparation

There are two different analytes in this study that require different sample prepa-

ration: (i) clay-sized (< 2µm) fractions from paleosols; and (ii) bulk source rocks.

The mass of sample required for geochemical analyses was determined by consider-

ing our minimum mass constraint for accurate and precise Li isotope measurements

(50 ng Li). To selectively extract clay-sized sediments, approximately 10 g of pa-

leosol matrices were disaggregated in deionized water for at least 24 hours. Once

disaggregated, samples were centrifuged to isolate clay-size fractions. Around 20

mg of clay from each sample were processed for geochemical analysis. Before full

dissolution, all clays were treated with a 1M ammonium chloride solution (using

a 1 mL solution:5 mg sample ratio sensu Dosseto et al., 2015) and agitated for 1

hour (repeated 3 times) to remove all exchangeable cations that are susceptible to

post-depositional exchange with fluids. All solution was discarded between steps.

Other partial dissolution steps to remove carbonate, Fe/Mn oxide, and organic frac-

tions were excluded because negligible amounts of Li are found in those fractions in

well-drained soils (Li et al., 2020) and some reagents used to selectively dissolve non-

silicate fractions have been shown to dissolve phyllosilicate minerals (e.g., Whalley

and Grant, 1994). All pre-treated clays were rinsed 3 times in doubly deionized

(18.2 mΩ) water before full dissolution.

Bulk source rocks were cut with a water saw where fresh, un-oxidized portions

of the sample were targeted for geochemical analysis. All cut rock samples were

subsequently powdered in a diamonite mortar and pestle. Approximately 45–75 mg

of powder for each rock sample were used for geochemical analysis.

All samples underwent a sequence of strong acid dissolutions involving con-
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centrated HF, concentrated HF + concentrated HNO3, and 6N HCl. All steps were

repeated if significant solid residue remained after dissolution. Upon samples be-

ing fully dissolved, all were reconstituted in 6N HNO3 and inspected for residuum.

If fully in solution, samples were split into two aliquots: one for major and trace

element analysis (10 % v/v) and another for Li isotope analysis (90 % v/v).

A.2.2 Major and trace element analysis

Major and trace element concentrations were measured at the University of Texas at

Austin with an Agilent 7500ce quadrupole ICP-MS. All samples in 6N HNO3 were

diluted to 2 % (v/v) HNO3 solutions and introduced into the ICP-MS in solution.

Uncertainties for elements Ca, Al, Mg, Ti, and K were <6 % and Li, Cs, and Zr were

<12 %, based on replicate analyses of both in-house standards and the Geological

Survey of Japan JR-1 (rhyolite) and NIST1643f international standards.

A.2.3 Li isotope ratios

To selectively extract Li from other cations prior to isotope measurements, samples

underwent cation chromatography following Magna et al. (2004). All samples were

reconstituted in 0.67N HN3 + methanol (30% v/v) and centrifuged prior to being

loaded on columns packed with BioRad® AG 50W-X8 (200–400 mesh) cation ex-

change resin. Eluate was collected before and after the Li elution to assure that

Li yields were >99%. After cation chromatography, all samples were reconstituted

in 2% (v/v) HNO3 for isotope analysis in solution mode. Li isotope ratios were

measured at the University of Texas at Austin with a Nu Plasma 3 Multi Collector

ICP-MS. All measured 7Li/6Li ratios were converted to delta values (in units of h)
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following a commonplace standard-sample-standard bracketing method where

δ7Lisample =

{ (
7Li
6Li

)
sample[(

7Li
6Li

)
standard,i−1

+
(

7Li
6Li

)
standard,i+1

]
/2

}
× 1000 (A.13)

and “standard i-1” and “standard i+1” correspond to measured IRMM-016 isotope

standards before and after the “sample” unknown, respectively. All delta values

computed in Eq. A.13 are then converted to delta values relative to LSVEC stan-

dard. During each session of cation chromatography, at least one matrix-matched

analytical standard (i.e., JR-1 rhyolites) was processed alongside unknowns. Over

the time in which unknowns were analyzed, the long-term average δ7LiJR−1 value

was 4.0 h ± 0.4 (2 s.d.; N = 16) – compared to a reported value of 4.0 h ± 0.3

(Oi et al., 1997) – and δ7LiLSVEC value was 0 h ± 0.2 (2 s.d.; N = 34). In-run

standard error (2σ) for unknowns was ∼0.1 h. The long-term error for JR-1 (0.4

h) is applied to all unknown values as a conservative estimate.

Immobile element mixing models

The immobile element compositions of clays, when compared to the immobile ele-

ment compositions of conglomerates and shales, can be used to quantify the propor-

tion of source rocks that are weathered to form secondary (authigenic) clays (e.g.,

Dellinger et al., 2017). We select three immobile element ratios – Zr/Al, Ti/Al,

and Cs/Al – and use them to produce three distinct mixing spaces (Fig. A.10). In

these spaces, the distance of clays to conglomerate clasts and shales corresponds

to a source rock proportion, where shorter distances indicate greater proportions of

that endmember. We find that two endmembers consistently bookend the array of

clay specimens (Fig. A.10) – the relatively abundant and well-exposed Cody shale

(Fig. A.11) and two feldspar- and biotite-bearing granite clasts from the Beartooth
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conglomerate (Table A.9) – and therefore elect to perform simple binary mixing.

To compute distances, we first normalize the x- and y-coordinates of each sample

such that the range of distances in both directions spans between 0 and 1. A line is

then fitted between the shale endmember and the average of the two igneous rock

endmembers and each clay sample is perpendicularly projected onto that line. We

compute the proportions of shale and igneous rocks using the lever rule and present

the proportions as fractions (fshale and figneous as shown in Eq. 3.1). With these

fractions, we are then able to compute the Li concentration and isotopic composition

of source rocks for each clay sample where

[Li]

[Al] source
= fshale

[Li]

[Al] shale
+ figneous

[Li]

[Al] igneous
, (A.14)

[Li]

[Al] source
δ7Lisource = fshale

[Li]

[Al] shale
δ7Lishale + figneous

[Li]

[Al] igneous
δ7Liigneous, (A.15)

[Li] (mol) is the molar concentration of Li, [Al] (mol) is the molar concentration of Al,

and δ7Lishale and δ7Liigneous(h LSVEC) are the measured Li isotope compositions

of shale and igneous endmembers, respectively, in delta notation (Eq. A.13).

Error propagation for silicate weathering intensity calculations

Once δ7Li¬source values are computed, the empirical relationship from Dellinger

et al. (2017) is used to convert ∆7Liclay−source (equal to δ7Liclay - δ7Lisource) to silicate

weathering intensity. This relationship (R2 = 0.730) is mathematically expressed as

Weathering intensity = (−0.986± 0.0915)∆7Liclay−source + · · ·

(−0.150± 0.039) (A.16)
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which includes the error (1 standard deviation) on the slopes and y-intercept. For

each clay sample, the error on δ7Liclay value, δ7Lisource value, and the slope and

y-intercept of Eq. A.16 are propagated using a Monte Carlo approach. In this ap-

proach, we define normal distributions for ∆7Liclay−source, the slope of Eq. A.16, and

the y-intercept of Eq. A.16 based of their median values and standard deviations.

Random values from each of the three normal distributions are selected and then

passed as input to Eq. A.16 to compute a weathering intensity. This random selec-

tion and weathering intensity calculation is repeated 50,000 times. We compute the

mean, median, maximum, minimum, standard deviation, standard error, maximum,

0.25 quantile, and 0.75 quantile values of the computed weathering intensities. We

present the mean and standard deviation weathering intensities, which is shown in

Fig. 3.1.
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A.3 Sediment transport and silicate weathering in the

Huerfano Basin (Colorado, USA) during the latest

Paleocene and Early Eocene
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ering and CO2 consumption rates deduced from the chemistry of large rivers.

Chemical Geology, 159(1-4):3–30.
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phy, M. J., Einarsson, A., and Gislason, S. R. (2016). The effect of hydrothermal

spring weathering processes and primary productivity on lithium isotopes: Lake

Myvatn, Iceland. Chemical Geology, 445:4–13.

162



Pogge von Strandmann, P. A., Fraser, W. T., Hammond, S. J., Tarbuck, G., Wood,

I. G., Oelkers, E. H., and Murphy, M. J. (2019). Experimental determination of

Li isotope behaviour during basalt weathering. Chemical Geology, 517:34–43.

Pogge von Strandmann, P. A., Frings, P. J., and Murphy, M. J. (2017a). Lithium

isotope behaviour during weathering in the Ganges Alluvial Plain. Geochimica et

Cosmochimica Acta, 198:17–31.

Pogge von Strandmann, P. A. and Henderson, G. M. (2015). The Li isotope response

to mountain uplift. Geology, 43(1):67–70.

Pogge von Strandmann, P. A., Vaks, A., Bar-Matthews, M., Ayalon, A., Jacob, E.,

and Henderson, G. M. (2017b). Lithium isotopes in speleothems: Temperature-

controlled variation in silicate weathering during glacial cycles. Earth and Plan-

etary Science Letters, 469:64–74.

Pogge von Strandmann, P. A. E., Desrochers, A., Murphy, M. J., Finlay, A. J.,

Selby, D., and Lenton, T. M. (2017c). Global climate stabilisation by chemical

weathering during the Hirnantian glaciation. Geochemical Perspectives Letters,

pages 230–237.

Pogge von Strandmann, P. A. E., Jenkyns, H. C., and Woodfine, R. G. (2013).

Lithium isotope evidence for enhanced weathering during Oceanic Anoxic Event

2. Nature Geoscience, 6(8):668–672.

Pogge von Strandmann, P. A. E., Kasemann, S. A., and Wimpenny, J. B. (2020).

Lithium and Lithium Isotopes in Earth’s Surface Cycles. Elements, 16(4):253–258.

Portenga, E. W. and Bierman, P. R. (2011). Understanding Earth’s eroding surface

with 10Be. GSA Today, 21(8):4–10.

Pujalte, V., Baceta, J., and Schmitz, B. (2015). A massive input of coarse-grained

siliciclastics in the Pyrenean Basin during the PETM: the missing ingredient in

163



a coeval abrupt change in hydrological regime. Climate of the Past, 11(12):1653–

1672.

Pyles, D. R., Straub, K. M., and Stammer, J. G. (2013). Spatial variations in

the composition of turbidites due to hydrodynamic fractionation. Geophysical

Research Letters, 40(15):3919–3923.
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