UC Santa Cruz

UC Santa Cruz Electronic Theses and Dissertations

Title

Non-Traditional Stable Isotopes in Land-to-Sea Fluxes

Permalink
https://escholarship.org/uc/item/74n954c8

Author
Bitterwolf, Kimberley

Publication Date
2020

Peer reviewed|Thesis/dissertation

eScholarship.org

Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/74n954c8
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
SANTA CRUZ

Non-Traditional Stable Isotopes in Land-to-Sea Fluxes

A dissertation submitted in partial satisfaction
of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
OCEAN SCIENCES
by
Kimberley Bitterwolf
September 2020

The Dissertation of Kimberley K. Bitterwolf is
approved by:

Dr. Adina Paytan, chair

Professor Christina Ravelo

Associate Professor Carl Lamborg

Dr. Bernhard Peucker-Ehrenbrink

Quentin Williams
Vice Provost and Dean of Graduate Studies



Copyright © by
Kimberley K. Bitterwolf

2020



Table of Contents

LIST OF FIGURES v
LIST OF TABLES vi
DISSERTATION ABSTRACT vii
ACKNOWLEDGEMENTS ix
DEDICATION Xiv
CHAPTER 1: INTRODUCTION 1
DiSSETTAION OVEIVIEW ..eevviiiiieiieeiiieiteesieeeieeeteesteessteesseessseesssessaessseeesseesssessseessseesssesssseensesnes 1
RO OIEICES. ..uvie ettt ettt ettt e et e et e e s te e seteeesbeestbeeeseeensbeenseeesaesaseesnseasnseesnseanssennns 2
CHAPTER 2: THE IMPORTANCE OF GROUNDWATER DISCHARGE IN MARINE ISOTOPE
BUDGETS OF LI, MG, CA, SR, AND BA 4
AABSTRACT ...ttt sttt et et ettt et et e et eut e et e et e ea bt e mteee e e eb e ems e embeeaeesaeesh e e bt em bt emeesaeeeb e et e enteeateeaeenseenbens 4
INTRODUGCTION......coiiiiiiitiiiiee e e e e ettt ee e e e e ettt e e e e eeeeataaeaeeaeeasaaaeaeeaeeesasssaseaesaassssanaeaseeasssreseeaesansnrsreeens 5
MATERIALS AND METHODS......ceoutittetieitentenieenieeteeitenieesaeenteeueeeueesteeseesnesseenseenseessesusesueenseensessesneenne 8
DAtASEE SOUICES. ...cuuveeietieiieeitii ettt ettt ettt ettt e s et e e et e bt e e sbeesabeeesbeesabeesabeesebeesaneennseananeenes 8
Historical Data INCOTPOTAtION .........ecuieruieiiriieriesieeteeteeiesiteteeeeeseaeseen e eseseaessaenseessesnaesseenseenseenes 9
ChemiCal ANALYSES .....eeeuverieiieiieieeeesteeeete ettt et testteteeseeesa et eeseensesssessaenseeseenaesseenseenseenes 9
Geologic ‘Aquifer Type’ CharacteriZations. ..........cecveeevereerieerieererieseeeseeeteeaeseesseenseeseessessnenses 14
GlLobAl EXIrapOIation.....ccccueeiiieiiieiieecieesittete et et eeteesteeetaeesteeseaeessaeessaessaeessaesnseeesseessseennsenns 14
RESULTS AND DISCUSSION ....cciiiiiuiiiitteeeeeiittteeeeeeeesittteeeeeeeessteseseeaeesassassaesaessasassssnsseesssssssseseeessasssnsees 17
(67001 318 13] (0) N1 OSSPSR 20
REFERENCES ...ttt ittt ettt sttt ettt et et e st e et et e e st e bt esbeemeeeutesaee she e bt emeeebteaaeenbeemteeneeestenbeenbeanneas 21
FIGURES AND TABLES.....cc.uteuttetttatteetteteenteeteettesteenteente e eesaeesbee et emsesaeesaeesbeenseesteeneesbeenbeemteenteaneeseeenseas 26
CHAPTER 3 ISOTOPIC CO-VARIATION OF DISSOLVED WEATHERING PRODUCTS IN THE
FRASER RIVER, CANADA 41
ABSTRACT ..ttt ettt ettt ettt et et st e a et et eae e e e s et est e e ae e eae e et s et e ea bt e asesae e b s e st eabeeanesaeenaeenneennes 41
INTRODUCTION ......ceiutiiteitentieitintt ettt ettt ettt et et et e s et et eanesaeesaeesaeemaesaeeeusenseenteemnesueensnenseennens 42
IMIETHODS ...ttt sttt et et sttt et ettt et ettt et st et e s bt et e eaeesaee bt e bt ese e saeesbeemteemteeaneebaenseenneennesanens 44
Study Area and Sample DESCIIPLION .....c..eevvreieiiieriereeie ettt ettt ae e eseenseeae e enes 44
IMEALETIALS ...ttt ettt ettt ettt et et e et e e bt e b e e s e esaeeseesseenseensesnsesseesseenseenseenaenneanseenseensennnens 45
ANALYHCA] MENOAS. .. .iiieiiieiie ettt et ee et e e sae e et e e s beeesbaessbaennaesssnaennneens 46
MOAEIING MENOAS ....c.vvieiieeiii ettt ettt ettt e st e et eeebaeebeessteeesseessseeesseesseenssesnsaesnseenns 46
Silicate Weathering-Derived Cation FIUXES.........cccviviieeriieiiiie ettt eve e eve s 50
RESULTS it e e et e e e e e ettt e e e e e e estataaeeeeeesasstaraaeeeeaaasssssaaeseeeanssssaaeeeeesnnssrrees 51
CationN CONCENIIATIONS. . .ecuviereriereieertierteesteeesteertaeesteeeseessseessseesseessseessseenseeensseessessseeessessseesssenns 51
| E01 0] o T I 1o ¢ F USRS 52
Model CompariSOn t0 Data..........ccuieciirieriieiieie ettt ettt ae st e sae st teeeesseessaenseensens 52
Silicate Weathering-Derived Cation Flux Calculations ...........c.ccevevereeienenenienenenencneeceeenns 53
DISCUSSION......c.cttiuieiitenitetteite st sttt et ettt sttt et et e s eeeshe e bt essesusesaeesaeesseemsesasesaee bt enseeasesusenbeenseennens 54
MOAE] EfICACY ..viinveeeiieiiesiieeit ettt ettt et st e e e saeeseesae e s eenseenseesaesseansaenseensenenans 54
Silicate Weathering: 87Li, 8°Mg, and 0K ........cocoovieveviveeeeeeeeeececececee et en e 54
Carbonate Weathering: §2°Mg, §*/42Ca, and 88¥%0ST .........cvovvveieeeeeeeeeeeeeeeeeeeeeee s 56
CONCLUSIONS ...t ttteittentteite et ett e bt entees e eateebe e bt eatees e aseeshee st e emeeastesaeeshe e bt emeessteabeenbeenteenteestenneenbeanneas 57
REFERENCES ...ttt ittt ettt sttt et et et e st e st et e e st e e sbeemeeeutesate she e bt emeeeaeeabeenbeemteeneeesbenbeenbeennens 58
FIGURES AND TABLES .....uuttiiiiieiiitiiieeeeeeeeitteeeeeeeeeettaeeeeeesesaaeseaesaeeeasasaaessesesansssaeseeesaasssssaseeeesanssnrens 65

il



CHAPTER 4: BARIUM CYCLING IN THE GULF OF AQABA:

AN EXCEPTIONALLY UNDERSATURATED MARINE BASIN FOR BARITE ..ccceeeeeeeeeeeeeneeceneees 77
A BSTRACT ..ttt ettt ettt e e e e ettt ee e e et e e aa e e eeeeette e eeeeeetaaa e eee ettt e eeeretaannaaaraes 77
INTRODUGCTION . .....ooiitiiieettie e et e e et e e e etee e e et e e eeaae e e e aaeeeeetseeeeetaeeeeeseaeeenteseeesseeeeaaaseesnsseseensseeeeessenas 78
Geographic and GEologiC SN ......ccueeiiiieiiieeiieeiieeieesie ettt erte e e seeebeesteeebeesbeensaessesaesneens 80
OCEANOZIAPNIC SEUNE ...euveeriiieeeiieiieeeteeieertteertte et e et e sbeestaeestbeesseeessaeesaesssaeenseesnseeasseessseenssenns 80
MATERIALS AND METHODS.........uiiiiitiieeeiteeeeetteeeeetee e eetaeeeeeetee e eeeteeeeeeaaeeeeeteeeeeseeeeesaeeeaaseeeeenseeseensenas 82
SAIMPIINIE .ttt ettt ettt ettt e et e ettt e et e s bt essb e e sbeessbeeesseessbeenseeensseensaeessaeenseeanseeenseesnseanssaennne 82
Chemical Preparation...........cccvecuieriieiieiiesiesieeie et ette et e e s eese et e ssesaesaeessaenseenseensesseenssenseensens 83
Ba ANALYSES ..eeeiiieiieie ettt et sttt e ae e et e st e st e teeteeae e st enteenteente st enseennenn 84
RESULTS oottt ettt e ettt et e e ettt e e ettt e e staeeeestaeeaastsaeessssaaeassseeaassssaessssaeesssseeeanssaeeesseens 85
NI Az 1S gl g o) 1 (< RN 85
PartiCUAlte PrOTIIES ......coouveeeiieeeeeeeeeee e et e e et e e enaee e e 85
TErreSIIIAl FIUXES ....vvveeieeeeie et e e e et e e et e e e eeaaeeeeeneeeeereeeeennes 86
MaATINE SEAIMEIIES ....vvvviviieiiieeiieie e e ee et e e e e eeae e e e e e e eeaaareeeeeseeessareeeeesesensnarseeseessnnnanees 86
DISCUSSION.. ...ttt ettt e e e ettt e e ete e e e etaeeeeate s e eateeeeeasaaeeeatesseensseseessseeesseeeesseeeeennneas 86
WaALET MASS EATECES .. e e e e e e e eeareeee e e s senaaaees 86
Chemistry of the Ba EXPOrt FIUX .......cociiiiiiiiiicii ettt ettt 87
Barium in Marine SEAIMENTS .........ooiiiiuuiiieieeiieeiiee ettt eeeeeae e e e e eeetaareeeeeeeeeataaeeeeseeenaaeees 88
CONCLUSIONS ...ttt ettt e ettt e et e e e et e e e e te e e e eteeeeetaeeeeateseeateeeeeassaeeeatseeeeasseseeasseeeasseeeeasseesennsneas 89
REFERENCES ...cuttiiietiieeeiieee e sttt ee sttt e eettteaesttteeesstseeesassaaaassseesasssssesasssaessssseesasssesesssesesssseeasssessnssenas 90
FIGURES AND TABLES .....uuttiiiiiiieeeiiieeectiee e sttt e eeeitteeeetaeeetsteaesssseeessssaessssseesasssesessssseessssseesnsssessnssses 94

CHAPTER 5: CONCLUSION 105

v



List of Figures

CHAPTER 2

Figure 1. Subterranean sampling sChematiC..............ooeviiiiiiiiiiiiicicre e eeeennn e 002, 20
Figure 2. Overview of study design..........cooiuiiiiiiiiiii e sesne s eee 0 2T
Figure 3. Elemental concentrations in SAMpPIeS.........c..ecueeerrinerierinieni e eneneneeeeieieieieeeaeeaenene. . 30
Figure 4. Isotopic composition of SAMPIEs.............oiiiiiiiiiiiiiieee e e e 223 ]

Figure 5. Illustration of subterranean estuary during shift to glacial conditions ................cccceeentnn. 40

CHAPTER 3

Figure 1. Watershed map of the Fraser River, adapted from Voss etal., 2014............... ... .05

Figure 2. The Log[Q] vs. Log of concentration and isotopic ratios in the Fraser main stem............ 66

Figure 3. Major and trace chemistry of the dissolved load in the Fraser River ................c.ccccceeene .67

Figure 4. Map of gauged tributaries used in this study............cooviiiiiiiiiiiiiii e, 68
Figure 5. Relationships between the non-traditional stable isotopes and ¥’Sr/%Sr......................... 69
Figure 6. Relationships between Li, Mg, and K 1SOtOPES. ........cuvveniiuiriniiiiiiiiiiiiiiiineneeee, 70
Figure 7. Relationships between 3'Li and silicate weathering-derived solute fluxes ..................... 73
Figure 8. Global context for Fraser Riverdata..............ccooiiiiiiiiiiiiii e 68
Figure 9. Relationships between §2°Mg and Ca/Na ...............oouiiniiiiiiiiiii e, 69
CHAPTER 4

Figure 1. Map of 0ceanographic SEtHING. ... ....cccevierieriieiierieieeierteeeeeieeteie et ereesseesaesesaensesaesseennan 94
Figure 2. Temperature and Chl-a depth profiles for the GOA, 2015 - 2016.....c.ccoeveveecinenenenenenene. 95
Figure 3. SEM images of ‘barite containing sediment fraction’............ccccueeeviereeeveeeiiencieeie e eeeeee 96



Figure 4. Barium concentration and isotopic data in dissolved seawater of the Gulf of Aqaba............ 97

Figure 5. Barium concentration and isotopic data from the Gulf of Aqaba, in a global context........... 98
Figure 6. Barium concentration and isotopic data in the particulate load............ccecvveveencenieenieeinns 99
Figure 7. Particulate Ba, P, and Al fluxes and Ba isotopic composition...........cceeveerveeveeciierveenneennen. 100
Figure 8. Box-and-whisker plot and conceptual diagram of endmembers in this study.......................101
Figure 9. Barium isotopic offset of particles from dissolved seawater, relative to saturation state.......102

List of Tables

CHAPTER 2

Table 1. Sample INfOrmation. ..........o.oiuiiirii s e 28
Table 2. Compilation of concentration data..............o.ouiiiiiiiiiiiiiiii e 29 -31
Table 3. Compilation of iSOtOPe data.........coviiiiiiniii i e 32-34
Table 4. GLIM endmember classifiCation ................oiiuiiii e 35
Table 5. Geologic 'aquifer type' end-member COMPOSItIONS .........ouvrriniiriiinieniiteeiieienaneieannn 38
Table 6. Chemical composition and fIUXES ............ooiiiiiiiiiiii e 39
CHAPTER 3

Table 1. Element concentrations and isotopic compositions in the Fraser River samples............... 71
Table 2. End-Member characterizations. ............coeiirtititiititii e 72
Table 3. Silicate weathering-derived cation flUXeS..........oviiiiiiiiiii e 74
CHAPTER 4

Table 1. [Ba] and 3'**Ba composition of seawater profiles and groundwater.................cc..ccu.......... 103
Table 2. [Ba] and §'**Ba composition of particulate profiles, aerosols, and sediment......................... 104

vi



Dissertation Abstract

Non-Traditional Stable Isotopes in Land-to-Sea Fluxes
by
Kimberley K. Bitterwolf
Earth’s biogeochemical evolution is inferred from the elemental compositions of past
seawater and the rock record. These reconstructions generally assume: 1) a known and relatively
constant flux of continent-derived solutes through time, 2) that the isotopic composition of these input
fluxes is constant over geologic timescales, and 3) that the sensitivity of isotope proxies is constant
over geologic timescales. However, it is prudent to test these assumptions in the modern amidst a well-
understood natural environment before applying them to reconstructions of the past, where far more
unknowns exist. In Chapter 2, I quantified a previously unaccounted for input of continent-derived
solutes: groundwater discharge. My results indicate that the global groundwater flux is responsible for
12 — 23% of the riverine flux for Li, Mg, Ca, Sr, and Ba. Moreover, only the isotopic compositions of
8’Li and 8'**Ba were indistinguishable from riverine values. The §**Mg, 5**Ca, 37Sr/*Sr and §%¥/3°Sr
composition were all distinguishable from global riverine values. This difference was interpreted as an
indication of the disproportionate role that coastal geology plays on the chemical composition of
groundwater discharge. In chapter 3, I constructed the most comprehensive chemical mixing model of
the Fraser River to-date, where the [Li], [Mg], [SO4], [K], [Ca], [Sr], 8’Li, §*°Mg, 534S, 6*'K, 5*Ca,
87Sr/30Sr, and &%¥#Sr composition of the dissolved load of the Fraser River was modeled and compared
to observational data. The variations observed were consistent with (and able to be successfully
modeled as) mixing between the hydrologic outputs of two end-member sources: young igneous rocks
of the Coast Range and ancient (Paleozoic/Precambrian) metamorphosed sedimentary/carbonate
bedrock of the Rocky Mountains. This result of Chapter 3 provides a first-order approximation of how
these isotope systems may co-vary globally if surficial processes were to shift from a regime
dominated by young, volcanic bedrock (e.g. trap volcanism) to a regime dominated by the erosion and

weathering of collisional orogens dominated by ancient metasedimentary sequences (e.g. Himalayas).
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Furthermore, I found 87Li to be the isotope system that correlated most significantly with silicate-
derived cation fluxes (R? = 0.2 — 0.4), which contributes to the growing body of work suggesting it be
a more direct silicate weathering proxy than 37Sr/%Sr (Misra and Froelich, 2012). In Chapter 4, I
focused on constraining the cycling and export of one of these non-traditional isotopes, §'**Ba, in Gulf
of Agaba seawater. Hot and devoid of riverine inputs, the Gulf of Agaba has the lowest saturation state
for barite of any marine basin in the world (Monnin et al., 1999), which I utilized as a modern analog
for arid conditions of Earth’s past. My results indicate that the 5'**Ba composition of the exported
particulate flux does not vary with respect to regional parameters, such as barite saturation state and
primary productivity. Furthermore, the results of this chapter bolster the argument that A'3¥Ba, the
isotopic offset between barite and seawater from which it precipitated (5'3*Baparticutate - 8'>*Baseawater), 1S
consistently -0.47%o. Overall, in this thesis, I have improved constraints on the magnitude and isotopic

composition of groundwater, riverine, and exported particulate fluxes for modern seawater.
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Chapter 1

Introduction

Elements with residence times longer than the mixing time of the ocean (>1000 years; e.g. Li, Mg,
K, Ca, Sr, Ba) have oceanic distributions that are well mixed and, therefore, record global processes
and leave records of isotopic variation in marine archives that are globally relevant (e.g. Broecker and
Peng, 1982). Records of traditional stable (e.g. 8'*C and §'30) and radiogenic (e.g. ¥Sr/*Sr) isotopes
have been foundational to our understanding of Earth’s biogeochemical evolution to date (e.g. Zachos
et al., 2001; Mcarthur et al., 2016), but recent advancements in high-precision mass spectrometry now
make possible the analysis of “non-traditional stable isotopes” in natural samples. This exciting new
field, which includes 8’Li, §*°Mg, 5*'K, §*Ca, §%¥/3°Sr, and 5'**Ba, makes possible the reconstruction
of complementary records that will further detail our understanding of changes in global-scale
processes of Earth’s history, such as hydrology, silicate weathering, carbonate formation/dissolution,
and oceanic circulation (Christina and DePaolo, 2000; Misra and Froelich, 2012; Higgins and Schrag,
2015; Geyman et al., 2019). The paleoceanographic community is already active in reconstructing
shifts in these isotope systems from marine archives over numerous geologic timescales (e.g.
Cenozoic, Mesozoic, and Phanerozoic; Christina and DePaolo, 2000; Farkas et al., 2007; Misra and
Froelich, 2012; Vollstaedt ef al., 2014; Higgins and Schrag, 2015). However, in contrast to more
traditional systems (e.g. 8'3C, §'30, and ¥Sr/®6Sr), the isotope mass budgets of these elements are
lacking in constraints for the inputs and output fluxes. Without accurate and well-understood marine

isotope budgets, the utility of these exciting, new isotope systems is limited.

Dissertation Overview

The goal of this thesis is to provide further constraints on the non-traditional stable isotopic

composition of two important inputs of solutes to the ocean (groundwater and river water) and one



important output (sedimentation). In CHAPTER 2, I calculate the magnitude and isotopic composition
of a previously under-constrained, but important, flux of solutes to the global ocean: groundwater
discharge. Utilizing the largest-ever amassed sample set of coastal groundwater samples and all
available volumetric estimates of global groundwater discharge, I calculate the groundwater-derived
fluxes of Li, Mg, Ca, Sr, and Ba to the global ocean, as well as the 8’Li, §*°Mg, 6*Ca, ¥’Sr/*Sr,
5%%/8%Sr, and 6'**Ba compositions of this flux. This research has important implications for marine
residence time estimates for these elements and their isotopic composition in seawater, as well as new
proxy development and applications. In CHAPTER 3, I analyze 8’Li, §**Mg, §*'K, §*Ca, ¥Sr/*Sr, and
5%%/8Sr in the Fraser River (B.C., Canada), both the main stem and two gauging stations, intended to
represent the two dominant geologic end-members contributing to the river’s chemistry: the Coast
Range and Rocky Mountains. Through the analysis and modeling of these isotope systematics in a time
series on the Fraser River, I contribute to the growing body of work aimed at understanding how these
isotope systems co-vary in the largest input flux for these elements: riverine discharge. Furthermore,
by evaluating the co-variation of these isotopes in such a well-constrained river basin, I provide a first
look into how these systems may co-evolve in riverine discharge and, consequently, seawater with
changes in weathering provenance over time. In CHAPTER 4, I analyzed the §'**Ba composition of
seawater and suspended particulates in the water column from a time series in the Gulf of Agaba. This
study was intended to evaluate how the 3'**Ba composition of barite deposition (the largest Ba export
flux from the ocean) may change with respect to environmental parameters, specifically primary
productivity and barite saturation state. Combined, these chapters improve marine isotope budgets for

these novel systems in the modern, which advances their oceanographic utility moving forward.
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Chapter 2

The Importance of Groundwater Discharge in Marine Isotope
Budgets of Li, Mg, Ca, Sr, and Ba

Abstract

Reconstructions of Earth’s history rely on a detailed understanding of global climate-
tectonic feedbacks. The effects of these feedbacks are integrated into continentally derived solute
fluxes, for which rivers are considered the primary vector of transport. Groundwater discharge
to the ocean has long been assumed static and subordinate to the riverine flux, if not neglected
entirely, in marine isotope budgets. Here I present concentration and isotope data for Li, Mg,
Ca, Sr, and Ba in coastal groundwaters to constrain the role of groundwater discharge in the
magnitude and isotopic composition of their continentally derived solute fluxes. Concentration
and isotope data were extrapolated globally using three volumetric estimates of global
groundwater discharge, from which I estimate that groundwater discharge contributes, at the
minimum, 5% of riverine fluxes for Li, Mg, Ca, Sr, and Ba to the ocean. The isotopic
compositions of groundwater-derived Mg, Ca, and Sr are distinct from average riverine inputs,
demonstrating a strong dependence on coastal lithology. Such dependence is not evident in this
study for Li or Ba isotopes, which are indistinguishable from riverine values. These results imply
that, globally, groundwater discharge may be a hitherto under-constrained conduit for
weathering products, but the broad range of fluxes determined using available global

groundwater discharge models emphasizes the need for more precise volumetric estimates.



Introduction

In this study, I define groundwater discharge as the flow of meteoric waters directly from
aquifers to the coastal ocean. Globally, groundwater-derived solute fluxes, relative to riverine-derived
fluxes, have been difficult to constrain due to large uncertainties in the volumetric flux, significant
quantities of recirculated seawater, and chemical heterogeneity within—and between—aquifers.
Volumetric fluxes of global groundwater discharge vary by an order of magnitude, ranging from 286 —
2,400 km? a”!, or 0.7 — 6% of the riverine flux (Zektser, 2006; Beck et al., 2013; Peucker-Ehrenbrink,
2018; Zhou et al., 2019; Luijendijk, et al., 2020). Despite this large uncertainty, however, several
studies have attempted to constrain the magnitude and isotopic composition of groundwater-derived
solute fluxes to the ocean using available data from local studies of groundwater chemistry
(Johannesson and Burdige, 2007; Beck et al., 2013; Cho ef al., 2018; Rahman ef al., 2019; Luijendijk
et al., 2020; Zhang and Planavsky, 2020). These studies found that groundwater discharge may
significantly impact the residence times of important nutrients in the ocean (e.g. N, P, and Si) (Cho et
al., 2018; Rahman et al., 2019; Luijendijk et al., 2020), serve as a net carbon sink in short- and long-
term carbon cycles (Zhang and Planavsky, 2020), and that its globally-averaged isotopic composition
can differ from riverine discharge (e.g. Sr and Nd) (Johannesson and Burdige, 2007; Beck et al., 2013).
Quantifying and characterizing this continentally derived solute flux is central to our understanding of
the sensitivity and interpretation of numerous oceanographic tracers.

In this study, I measured the concentration and isotopic compositions of a suite of elements —
selected because of their ability to inform on aspects of tectonics, weathering, and biogeochemistry —
in a globally distributed set of groundwater samples. Samples were opportunistically compiled from
previous studies to assemble the most globally representative sample set available without
necessitating additional field work (Fig. 1; Fig. 2; Table 1). Sample distribution is not representative of
all global settings as groundwater sampling campaigns were not carried out evenly throughout the
world (e.g. affluent regions are overrepresented while developing regions, such as Indonesia and

western Africa, have not been adequately sampled, although they may be important). Despite these



limitations, however, the assembled data included aquifers from different geologic substrates (Table
S1), which is important when extrapolating globally with lithologically weighted models of
groundwater discharge (Beck et al., 2013; Luijendijk et al., 2020). I use the results from these aquifers
to provide new estimates of the magnitude and isotopic composition of groundwater-derived fluxes for
major (Mg and Ca) and minor (Li, Ba, and Sr) cations to the ocean, as well as elucidate needs for
future research. The §Li, §**Mg, §*/*2Ca, ¥7Sr/%°Sr, §%¥/4°Sr, and §'**Ba systems were selected for their
roles as major components (Ca and Mg) or minor element proxies (Li, Sr, and Ba) of weathering and
long-term carbon cycling (Misra and Froelich, 2012; Vollstaedt et al., 2014; Horner, et al., 2015).
Recent models of global weatherability emphasize the importance of silicate weathering in humid,
low-latitude, tectonically-active regions (Rad, Allégre and Louvat, 2007; Macdonald ef al., 2019) — the
same regions modeled to host the majority (55 - 68%) of global groundwater discharge (Beck et al.,
2013; Zhou et al., 2019; Luijendijk et al., 2020). This spatial overlap suggests that groundwater
discharge may play an outsized role in silicate weathering and the regulation of atmospheric CO; on
geologic timescales.

To test the hypothesis that, globally, groundwater discharge is a non-negligible source of L1,
Mg, Ca, Sr, and Ba to the ocean and that its isotopic composition is distinct from riverine values, I
analyzed groundwater from 20 subterranean estuaries, in addition to incorporating previously
published data from other coastlines (Hogan and Blum, 2003; Holmden et al., 2012; Beck et al., 2013)
(Fig. 2). Subterranean estuaries are the coastal extent of aquifers, where seawater mixes with meteoric
groundwater (Moore, 1999), facilitating the collection of samples that span the full range of salinities,
from fresh groundwater to coastal seawater (Fig. 1; Fig. 2; Fig. 3). To assess how concentrations and
isotopic compositions of these elements vary with respect to lithology, each subterranean estuary was
characterized according to local geology into one of four ‘aquifer types,’ including extrusive igneous,
carbonate, intrusive igneous, and sedimentary (Fig. 2; Table 1). Elemental concentrations across the
salinity gradient of the subterranean estuary were evaluated for conservative vs non-conservative
behavior. The behaviors of Li, Mg, Ca, and Sr concentrations were conservative (Fig. 3, R? values of

linear trendlines across salinity gradients were >0.6; Table 2) and, thus, their freshwater endmember



concentrations were estimated to equal the intercept of linear regressions with salinity for each ‘aquifer
type.” By using the intercept, which represents cation concentrations at a salinity of 0, I avoid
overestimating the solute concentrations in fresh groundwater discharge due to recirculating seawater,
whose influence is not within the scope of this study. Barium exhibited non-conservative behavior in
this dataset, with maximum Ba concentrations ([Ba]max) occurring at intermediate salinities, consistent
with the expected mid-salinity desorption maxima of Ba in subterranean and riverine estuaries (Fig. 3)
(Edmond et al., 1985; Santos et al., 2011). The [Ba]max concentration for each aquifer was used to
represent the groundwater endmember, since desorbed Ba from coastal sediments is indeed a new (i.e.
non-recirculated) source of Ba to the ocean, indicating that the [Ba]max value more accurately
represents the concentration in the groundwater as it discharges to the ocean. Using the freshwater
endmember, derived from the intercept, would have underestimated the groundwater-derived Ba flux.
Thus, the Ba concentration in the groundwater endmember was estimated to equal the average of
[Ba]max samples within each ‘aquifer type’ (Table 2).

The &'Li, §°Mg, §*442Ca, 87Sr/*Sr, and 6%¥/*°Sr compositions of each ‘aquifer type’
endmember were calculated as the average of the values from the lowest salinity samples in each
aquifer, provided that the sample had a salinity <2 (Fig. 4; Table 3). Using only isotopic compositions
of low-salinity samples reduced the likelihood of unintentionally incorporating values influenced by
recirculated seawater into the groundwater flux characterization. The 3'3¥Ba composition of each
‘aquifer type’ was calculated as the average of the values from each of the [Ba]max samples (Fig. 4;
Table 3). Since little is known about the role that desorption from coastal sediments plays in Ba isotope
fractionation, it was prudent to only use the isotope values of the samples from which the cation flux
was derived.

In the two global groundwater discharge models with lithologic weighting Beck et al. (2013)
and Luijendijk et al. (2020), there are instances when the local geology of aquifers is wholly or
partially unconstrained, which they respectively refer to as ‘complex’ and ‘no lithology.” Since this
unconstrained ‘aquifer type’ is responsible for 37% (Beck et al., 2013) and 10% (Luijendijk et al.,

2020) of the global volumetric fluxes presented in the models, it was necessary to estimate a chemical



composition for this endmember. Therefore, I designed a fifth ‘no lithology’ aquifer type, whose
elemental concentration was equal to the average of the other four lithologic ‘aquifer types’ and whose
isotopic composition was calculated via a concentration-weighted average of the other four ‘aquifer
types’ (Fig. 2; Table 5).

Global groundwater-derived solute fluxes were calculated by feeding the chemical
compositions of these five ‘aquifer type’ endmembers into three models of volumetric groundwater
discharge (Beck et al., 2013; Zhou et al., 2019; Luijendijk, et al., 2020). Two of the models were
lithologically weighted (Beck et al., 2013; Luijendijk et al., 2020); specifically, volumetric flux values
per each groundwater flux region had a distribution of lithology associated with it (e.g. 40% carbonate,
60% sedimentary, etc.). Thus, the resultant flux from that region would have a chemical composition
equal to the proportionate mixture of elemental concentrations and isotope ratios from those ‘aquifer

type’ endmembers characterized in this study.

Materials and Methods

Dataset Sources

Samples were opportunistically amassed from groundwater researchers worldwide
(Supplementary Information, Table S1). In the field, these samples were collected using traditional
groundwater-sampling techniques — namely, digging pits or inserting piezometers into beach faces
perpendicular to the shoreline to obtain a salinity-gradient: from fresh, meteoric groundwater to local
coastal seawater (Fig. 1). Post-collection, samples were filtered through either 0.2 or 0.45 um filters
and acidified. Samples were in storage for anywhere between 9 years to a few weeks before analyses.
Given the consistency of cation concentrations in the samples independent of storage time and the
order-of-magnitude variability in the model outputs when extrapolating the data globally, evaporation
during storage was considered negligible.

Due to the opportunistic nature of this sampling, sub-categories within each lithologic ‘aquifer

type’ are not evenly represented. For example, the extrusive igneous category is comprised



predominantly of samples representing young geologies (e.g. Hawai'i and Mauritius), while
groundwater samples from older extrusive igneous formations (e.g. the Deccan Trap region) are not
represented. This may have influenced the representativeness of the dataset; for example, the 3Sr/%6Sr
composition calculated for the extrusive igneous member might be more radiogenic than calculated
here. Most importantly, vast regions responsible for a large portion of the global groundwater flux,
such as Indonesia and western Africa, were not be sampled for groundwater discharge. However, 1
argue that it is coastal carbonate deposits that are driving the other isotopic differences observed
between groundwater and riverine discharge, globally, and that these are well-characterized by this
study, since all coastal carbonate deposits should be relatively recent in age. Of course, improvements

to the globally representative nature of this sample set are desired.

Historical Data Incorporation

Previously published data from other coastal aquifers/subterranean estuaries that included at
least one of the isotope systems relevant to this study were included in the meteoric groundwater
endmember calculations (Table 1) (Hogan and Blum, 2003; Holmden et al., 2012; Beck et al., 2013).
Data from non-coastal aquifers were not included because the focus of this study was specifically to
examine the groundwater-derived solute flux to the ocean and it is unclear if and how much
transformation these constituents experience in the aquifer before reaching the coast. Thus, to ensure
that data represent the solute load transported to the coast, only coastal groundwater samples and data

from coastal subterranean estuaries were included.

Chemical Analyses

Dissolved concentrations of Li, Mg, Ca, Sr, and Ba were analyzed at the University of
California, Santa Cruz using a Thermo Scientific™ Element XR™ inductively coupled plasma mass
spectrometer (ICP-MS). Subsampling and subsequent analyses of dissolved concentrations to ensure
reproducibility were performed at the Woods Hole Oceanographic Institute and Czech Geological

Survey with a Thermo Scientific iCAP Qc quadrupole ICP-MS and Agilent 5110 ICP-optical emission



spectrometer, respectively. 8’Li, §*°Mg, 5**?Ca, and §'3¥13*Ba data were collected using a Thermo
Scientific™ Neptune™ multi-collector ICP-MS at the Czech Geological Survey, Princeton University,
GEOMAR Helmbholtz Center for Ocean Research, and Woods Hole Oceanographic Institution,
respectively. 37Sr’®°Sr and §%¥/3°Sr data were collected via thermal ionization mass spectrometry at
GEOMAR. All isotope data, except 37Sr/*¢Sr, are reported in per-mil (%o) relative to the corresponding
reference materials using standard delta () notation. Additional information on technical aspects of the
analyses can be found below.

Li Isotope Analyses

Lithium analytical procedures and isotopic measurements were performed at the CGS using a
method developed by Magna, et al. (2004), which involves ion-exchange chromatography with
BioRad™ AG-50W-X8 cation exchange resin (repeated twice), followed by Li isotope analysis using a
Neptune multi-collector inductively-coupled-plasma mass spectrometer (MC-ICP-MS; Thermo
Scientific™). A sample-standard bracketing method using L-SVEC solution was utilized to determine
natural Li isotopic variations in the groundwater samples. The results of Li isotopic measurements are
reported in the d-notation relative to the L-SVEC reference solution (Flesch, Anderson and Svec,
1973) and calculated as:

87Li (%o0) = [("Li/Li)sampte / ("Li/Li)r-svec — 1] x 1000

Four different reference materials were repeatedly analyzed alongside samples to monitor the
consistency of the entire procedure: IAPSO (OSIL seawater; 30.85%o + 0.18; n = 4), NASS-6
(seawater; NIST) (30.78%o + 0.08; n = 3), NIST 1640a (river water; NIST) (16.76%o + 0.08; n = 4),
and SLRS-5 (river water; NRC) (23.58%o + 0.33; n = 3), where the uncertainty represents 2SD. The
resultant 8’Li values for the standards fell within the range of previously published values available on
GeoRem (Jochum et al., 2005) and their reproducibility between runs (+ < 0.33%o; 2SD) was
approximately equal to the uncertainty associated with their individual analyses (0.07 — 0.54%o). All
analytical results for the 8’Li composition of groundwater samples are in Table 3.

Mg Isotope Analyses

10



Magnesium isotopic compositions were measured at Princeton University using a method
developed by Blittler et al. (2015), which involves automated, high pressure ion-exchange
chromatography with a Dionex ICS-5000+ IC system, coupled with a Dionex AS-AP fraction
collector, followed by Mg isotope analysis with a Neptune MC-ICP-MS (Thermo Scientific™). A
sample-standard bracketing method using DSM-3 solution (Galy et al., 2003) was utilized to determine
natural Mg isotopic variations in the groundwater samples. The results of Mg isotopic measurements
are reported in d-notation relative to the DSM-3 reference solution and calculated as:

§*Mg (%o) = [(Mg/**Mg)sampie / (Mg/**Mg)psm-3 — 1] x 1000
where the ‘x’ denotes 26 or 25, respectively.

To ensure that the separation procedure did not fractionate Mg, I processed standards
alongside unknowns. Measured 62*Mg and Mg compositions for IC-purified Cambridge-1 (6**Mg =
-1.35 £0.10%o0; 62°Mg = -2.62 £0.13%o; 2, n=13) and Bermuda seawater (62Mg = -0.45 £0.09%o;
5%Mg = -0.84 £0.12%o; 20, n=13) standards are indistinguishable from published values (Galy et al.,
2003), attesting to the efficacy of this chemical purification protocol. All analytical results for the
8%°Mg composition of groundwater samples are provided in Table 3. For replicated samples (chemical
purification + mass spectrometry), I report the 2c error on the sample average; otherwise, reported
errors correspond to long-term external precision on the Cambridge-1 standard at Princeton (0.09%o,
20, n=79; Blattler et al., 2015).

Ca Isotope Analyses

Calcium isotopic compositions were measured at GEOMAR Helmholtz Center for Ocean
Research (Kiel, Germany). Chemical separation of Ca from the matrix was conducted using an
automated, commercially-available PrepF4AST MC (ESI, Omaha, NE, USA) according to the method
developed by Romaniello et al. (2015). The §**Ca analyses were conducted on a Neptune™ MC-
ICP-MS (Thermo Scientific™ ) with a method adapted from Eisenhauer et al. (2019), which utilizes a
sample-standard bracketing technique using SRM-915a solution (Coplen et al., 2002) to determine

natural Ca isotopic variations.
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5442Ca (%o) = [(“2Ca/**>Ca)ample / (“42Ca/***Ca)sryro1s— 1] 1000

Three different reference materials were separated and analyzed alongside samples to monitor
the consistency of the entire procedure: IAPSO (seawater; OSIL), SRM-915b (calcium carbonate;
NIST), and SRM-1486 (bone meal; NIST). The resultant $*#*2Ca values (+0.90%o, +0.35%o, and -
0.50%o, respectively) are in good agreement with previously published values available on GeoRem
(Jochum et al., 2005) and their long-term reproducibility (+ 2 SD) is equal to 0.08%o (IAPSO, n =
135), 0.10%o (SRM-915b, n = 15), and 0.05%0 (SRM-1486, n = 172). All analytical results for the
§*42Ca composition of groundwater samples are provided in Table 3. For ease of comparison with
other previously published datasets, a conversion calculation to §**4°Ca is provided, based on a
conversion factor from Gussone et al., 2016 (Gussone et al., 2016), which assumes a kinetic
fractionation coefficient of 2.05, where §*44°Ca = §**42Ca x 2.05.

Sr Isotope Analyses

Groundwater Sr isotopic compositions were measured at GEOMAR Helmholtz Center for
Ocean Research (Kiel, Germany) using a method developed by Krabbenhoft et al., (2009), which
involves the chemical separation of every sample twice, once ‘spiked’ using a custom double spike and
once ‘unspiked.” Ion-exchange chromatography was conducted using Eichrom Sr Spec resin in
BioRad™ micro bio-spin™ columns, followed by Sr (6%¥/%Sr and #7Sr/%6Sr) isotope analysis using a
TRITON thermal ionization mass spectrometer (TIMS) (ThermoFisher, Bremen, Germany). The
results of the 5%¥/%°Sr measurements are reported in §-notation relative to the SRM-987 reference
standard and calculated as:

5388081 (%0) = [(*¥S1/3°Sr)sample / (¥3S1/20Sr)srm-087 — 1] X 1000

To correct for session-to-session variations in isotopic ratios, 3 ‘spiked’ and 2 “unspiked’
SRM-987 analyses were conducted during each session — alongside every 8 samples. The average
measured value of these SRM-987 analyses were compared to their accepted values (*¥3°Sr = 8.375209
(3%%8Sr = 0) and ®’Sr/%°Sr = 0.710240) to calculate a correction factor for the session. This correction
factor was applied to each sample, resulting in session-corrected values. Reported in Krabbenhoft et al.

(2009), the long-term &%¥%°Sr reproducibility of SRM-987 with this method and instrumentation is
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0.012 £ 0.044 (2 SD). All analytical results for the 3%/*°Sr and #’Sr/**Sr composition of groundwater
samples are provided in Table 3.

Ba Isotope Analyses

Groundwater samples were prepared and measured for their Ba isotopic compositions at the
NIRVANA Labs at Woods Hole Oceanographic Institution (WHOI) using the method described by
Bates et al. (2017). Samples were spiked with an appropriate quantity of '**Ba-'3*Ba double spike so as
to achieve a spike- to sample-derived Ba molar ratio of between 1-2. Samples with salinity >5 were
co-precipitated via dropwise addition of Ba-free 1 M Na,COj solution. The resultant precipitate was
dissolved in 6 M HCI and evaporated to dryness, before reconstituting in 250 pL of 2 M HCI. Samples
with salinity < 5 were evaporated and reconstituted in 250 puL of 2 M HCI. Following reconstitution, all
samples were twice passed through columns containing 500 uL. of AG 50W-X8 resin that were
precleaned of Ba with 6 M HCI. Following matrix elution (in 2 M HCI), Ba was eluted (and REE
retained) with 2 M HNOj. The resin was discarded after use. Purified samples were evaporated and
reconstituted in 0.5 M HNOj to achieve a sample-derived [Ba] of = 20 ng mL ™.

Analyses were conducted at the WHOI Plasma Facility using a Thermo Finnigan Neptune
MC-ICP-MS, operated in low resolution mode. Samples were aspirated, desolvated, and introduced
into the mass spectrometer using a PFA nebulizer (at a rate of <140 uL min™!), CETAC Aridus II, and
as an aerosol in ~1 L Ar min™! containing 3—5 mL min~! admixed N», respectively. Samples were
analyzed in 30—40 x =4.2 s integrations a minimum of two times, up to a maximum of eight. Spiked
aliquots of NIST SRM 3104a were measured every fifth analysis; the spike-to-sample ratio of NIST
SRM 3104a was adjusted to match bracketing samples and isotopic data reported relative to the nearest
four bracketing standards using the & notation:

3138134Ba (%) = [("**Ba/"**Ba)sampic / (1**Ba/'**Ba)srm-3104a — 1]. Results for groundwater
samples are provided in Table 3.

Analytical precision is reported as the greater of either long-term 2 SD reproducibility (+ 0.03
%o; Horner et al., 2015) or the measured 2 SE obtained from replicate analyses (i.e., where n was

between 2—8). Accuracy was monitored by processing four aliquots of GEOTRACES SAFe D1
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alongside sample unknowns; two aliquots were processed from bottle #591 and two from #596,
yielding mean [Ba] and §'3®Ba of 99.0+2.5 nmol kg™ and +0.33=0.03 %o, and 99.4+2.5 nmol kg™ and
+0.33+0.03 %o, respectively. Results from both bottles are in agreement with previous measurements
of SAFe D1 from the NIRVANA Labs (98.7+2.5 nmol kg™! and +0.31£0.03 %o; Geyman et al., 2019)

and elsewhere (99.6 nmol kg™! and +0.27+0.02 %o; Hsieh and Henderson, 2017).

Geologic ‘Aquifer Type’ Characterizations

Five geologic ‘aquifer types’ were designed for use in the geologically weighted groundwater
discharge models. These types were: extrusive igneous, intrusive igneous, carbonate, sedimentary, and
‘no lithology.” Individual aquifers (n = 27) were categorized into one of these four geologic ‘aquifer
types’ and these categorizations are listed in Table 2. These categorizations were assigned based on
descriptions of local geology from the papers that conducted the initially sampling/study or, for
uncommon instances where geology was not defined in the sampling, regional maps of geology were

used.

Global Extrapolation

The results of this geochemical survey of coastal groundwaters were extrapolated globally
using three volumetric groundwater fluxes Beck et al. (2013), Zhou et al. (2019), and Luijendijk et al.
(2020).

Beck et al., 2013 Model

The model developed by Beck et al. (2013) is based upon the volumetric groundwater fluxes
of Zektser (2006) and the geologic map of Gibbs and Kump (1994). This Zektser model delineates 118
‘groundwater regions,” for which volumetric fluxes of groundwater are calculated. This volumetric
model was adapted by Beck et al. (2013) to include lithologic weighting by overlaying a coarse (2° x
2°) geologic map by Gibbs and Kump, (1994). In the Beck et al. (2013) model, there was an additional
‘aquifer type’ for slate lithologies that was removed in this study due to a lack of samples derived from

slate-dominated aquifers. Before the addition of this new data, however, the slate aquifer endmember
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was removed and there was no change to the resultant Sr flux or isotopic composition calculated with
the data from Beck et al. (2013). I adapted the model, however, to include solute flux-weighting to the
isotopic composition of the global output.

In the original model, an unweighted average Sr concentration ([Sr]) and ¥’Sr/*®Sr value was
used for the composition of all 118 ‘groundwater regions.” However, in this study, the elemental flux
(i.e. concentration * annual groundwater flux) for each of the 118 ‘groundwater regions’ was used to
calculate the isotopic composition of the global groundwater-derived solute fluxes. The calculations
were as follows:

1. Calculate annual solute fluxes (f;,) for each of the 118 groundwater regions:

fo = ([X]n * Q)
where /X], refers to the solute concentration in a ‘groundwater region,” which is dictated by local

geology, and O, refers to the volumetric discharge of groundwater from that region.

2. Calculate % of global groundwater-derived flux for each ‘groundwater region’ (p):
fn
Pn = G118 ¢
S VET

where the flux (f) from an individual groundwater region (») is divided by the summation of fluxes
from all 118 global ‘groundwater regions.’

3. Calculate solute concentrations for global groundwater discharge (Groundwater,,q[X]):

118

Groundwatery, [X] = Z pi * [X];

i=1
where [X]; represents the solute concentration for each aquifer.

4. Calculate isotopic compositions for global groundwater discharge (Groundwatery,,;6X):

Y21 8Xp * fin

Groundwatery, ;86X = Y16 £
i=1/i

where 86X, represents the isotopic composition of a solute for global groundwater discharge, f; denotes

the solute flux from each ‘groundwater region,” and f,,, is the global solute flux, namely:
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Groundwatety, [X] multiplied by the volumetric estimate of global groundwater discharge from each
model.

This change to the calculation of the chemical composition of global groundwater discharge
only resulted in a small difference relative to the original model (Beck et al., 2013) in the final output.
For example, the Li concentration changed from 1.6 to 1.8 pM and §’Li changed from 24.0%o to
23.1%o. These latter values (1.8 uM and 23.1%o0), however, are more representative of the chemical
composition of the global groundwater flux than the unweighted average because this solute flux-
weighting approach corrects for the inequitable influence that regions responsible for only a small
fraction of global groundwater discharge were having on the calculation of global groundwater
chemistry. For example, in the original model, the chemical composition of Jamaica (a ‘groundwater
region’ responsible for only 0.02% of the global volumetric flux and 0.04% of the global Ca flux) had
the same impact on the global groundwater Ca isotopic composition as more voluminous ‘groundwater
regions’ that are responsible for a greater portion of the global groundwater-derived Ca flux (e.g. New
Guinea, which is responsible for 11% of the global volumetric flux and 4% of the groundwater-derived
Ca flux). With this update to the model, each of these 118 ‘groundwater regions’ are not weighted
equally to one another in the calculation of global groundwater chemistry, but rather were considered
in proportion to their volumetric and solute fluxes.

Luijendijk et al., 2020 Model

This volumetric model of global groundwater discharge integrates the watershed geometry,
topographic gradients, permeability, and groundwater recharge of 39,858 coastal watersheds to
construct one, global-scale groundwater flux. Lithologic weighting is integrated in this model as 17
different lithologic groupings derived from the GLiM geologic map (Hartmann and Moosdorf, 2012).
Without the ability to characterize the chemical composition of 17 distinct lithologic ‘aquifer type’
endmembers in this study, these 17 lithologies were binned into the same five ‘aquifer types’ shared by
Beck et al. (2013) — namely, extrusive igneous, intrusive igneous, carbonate, sedimentary, and ‘no
lithology’ (Table 3). The relative abundance of each lithology within each ‘groundwater region,’

however, was far more precise in this model. Beck et al. (2013) estimated watershed geologic make-up
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as a binary combination (i.e. present vs. absent) of each lithology (e.g. an aquifer with carbonates,
granites, and sedimentary rocks would always be represented by a 33.3% share of each — additional
precision was not resolved). This model utilized a higher-resolution geologic map (Hartmann and
Moosdorf, 2012), which yielded a higher-resolution estimation of watershed geology.

Zhou et al., 2019 Model

This volumetric model of global groundwater fluxes is based on continental-scale
hydrographic and climate datasets from NASA, spanning 60°N to 60°S. However, no lithologic
weighting was considered in this model. In lieu of lithologic weighting, I opted to take the average of
the final chemical compositions of global groundwater discharge calculated via the geologic weighting
in the other two models: Beck et al. (2013) and Luijendijk et al. (2020) and simply multiply by the

Zhou et al. (2019) flux.

Results and Discussion

Since the global volumetric groundwater flux estimates of the models used for extrapolation
in this study span from 286 — 2,400 km? a!, or 0.7 — 6% of the riverine flux (Zektser, 2006; Beck et al.,
2013; Peucker-Ehrenbrink, 2018; Zhou ef al., 2019; Luijendijk et al., 2020), the resultant solute fluxes
span a similarly large range (Table 6). For example, in the case of Ba, the groundwater-derived solute
flux ranges from 0.42 —3.72 Gmoles a’!, which corresponds to 5 — 45% of the riverine flux (Table 6).
Groundwater-derived flux estimates for Li, Mg, Ca, and Sr are similarly broad ranging, spanning an
order of magnitude (Table 6).

Of the three global groundwater flux models used in this study, the two published most
recently (Zhou et al., 2019; Luijendijk ef al., 2020) agreed more closely with one another than that
used by Beck et al., (2013), yet there was still almost a two-fold difference (286 vs. 489 km? a’)
difference between even these models. I recognize that the range in global estimates of groundwater

discharge is currently limiting my ability to precisely estimate associated solute fluxes. However, data
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reported here could be used to update estimates as new and improved models become available. In
addition, new chemical data collected from subterranean estuaries in under sampled regions,
particularly in tropical climates with high rates of groundwater discharge, would help to better
constrain the endmember concentrations and isotope ratios used in this study.

Relative to the magnitude of groundwater-derived solute flux estimates, the isotopic
compositions of these fluxes were in closer agreement. They were calculated as the average of the two
model outputs for which lithologic weighting was available (Beck e? al., 2013; Luijendijk et al., 2020).
This resulted in the isotopic compositions of modern global groundwater discharge to be determined as
22.3 +0.7%o (87Li), —1.40 = 0.1%o (§*°Mg), 0.53 = 0.08%o (6*¥*2Ca), 0.70878 = 0.00005 (*’Sr’**Sr),
0.292 + 0.01%o (5%%%°Sr), and 0.12 £ 0.03%o (5'38Ba), where + values represent the greater of model
output ranges or long-term analytical uncertainty (Table 6). The §’Li and §'**Ba compositions of the
global groundwater flux to the ocean, based on this data and model results, are nearly identical to
riverine values (Misra and Froelich, 2012; Cao et al., 2016) (Table 1). However, the **Mg, §*#*2Ca,
5%%/8Sr, and ¥7Sr’*°Sr values are distinct from average riverine compositions (Tipper et al., 2006; Fantle
and Tipper, 2014; Peucker-Ehrenbrink and Fiske, 2019) (Table 6).

The global groundwater fluxes of the suite of elements reported here and the isotopic
composition of these fluxes heavily depend on the distribution of coastal lithology in the models and
the data obtained from each of these distinct settings. All estimates of global groundwater discharge
agree that the majority (55 — 68%) of discharge is derived from tectonically-active, tropical regions
(Beck et al., 2013; Zhou et al., 2019; Luijendijk et al., 2020), which are typically characterized by
young volcanic rocks and coastal carbonate deposits, hence skewing the global average towards these
lithologies. The global riverine flux, in contrast, is more evenly distributed latitudinally and the
chemistry of river discharge is more representative of the average exposure of different rock types on
land (Peucker-Ehrenbrink and Fiske, 2019).

I argue that this is the cause of the observed differences (Sr, Ca, Mg) or similarities (Li, Ba)
calculated between riverine and groundwater-derived solute fluxes. The dominance of young volcanic

rocks and recent carbonate deposits (e.g. paleo-reefs) in low latitude areas with high groundwater
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discharge contribute to the less radiogenic ¥Sr®*Sr composition of the global groundwater flux,
relative to riverine discharge. This finding is consistent with a previous assessment of global
groundwater *’Sr’®°Sr composition (Beck et al., 2013) and in situ investigations of groundwater-
derived Sr fluxes (Rad, Allégre and Louvat, 2007; Allégre et al., 2010) from these regions. In addition
to a less radiogenic ¥’Sr'*Sr composition, coastal carbonate deposits also have an abundance of Mg,
Ca, and Sr with lower §°Mg, §*¥*2Ca, and 8%/%°Sr values, relative to seawater, as reflected in this data.
The abundance of these coastal carbonate deposits in tropical regions disproportionally controls the
5%°Mg, 5*42Ca, and 8%¥/%°Sr signatures of global groundwater discharge, resulting in lighter signatures
unique from riverine fluxes of these elements (Table 6).

I attribute the isotopic similarity between groundwater and riverine-derived fluxes of Li and
Ba to inherent characteristics that make them less susceptible to differences in geologic age of
substrate and coastal carbonate deposits. The 8’Li composition of groundwater derived from young,
tectonically active lithologies was found to be indistinguishable from that of older geologies (Table 5).
Furthermore, since Li is not readily incorporated into carbonates and the 8’Li composition of
groundwater derived from carbonate aquifers was similar to that of igneous aquifers (Table 5), the
abundance of coastal carbonate deposits in regions of high groundwater discharge had minimal impact
on the 3’Li composition of the global groundwater flux. The §'*®Ba composition of the global
groundwater flux exhibited such a narrow range (0.14%o) across all lithologic ‘aquifer type’
endmembers that there was not enough variability in isotopic compositions to yield a geospatially
driven offset from riverine values (Table 5). For example, the carbonate ‘aquifer type’ endmember was
0.09%o and the extrusive igneous value was 0.18%o, which are encompassed by the riverine value of
0.2 = 0.2%o 2 and Bulk Silicate Earth (0.1 £ 0.1%o) (Charbonnier, ef al., 2018). This overlap suggests
that there is likely minimal isotopic fractionation during the weathering of Ba from rocks.

These differences and similarities between riverine and groundwater discharge in solute
composition should not be treated as static, however. I suggest that their solute fluxes may change over
geologic timescales due to differing hydrologic controls on volumetric fluxes — namely, precipitation

and changes in sea level (Stoll and Schrag, 1998; Krabbenhoft et al., 2010), as well as changes in the
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distribution of land masses and associated lithologies relative to climate regions. For example, during
glacial periods, diminished precipitation would decrease riverine discharge (Gonneea, Mulligan and
Charette, 2013), while falling sea levels would transitionally increase groundwater discharge and
exposure of carbonate shelves (Stoll and Schrag, 1998; Krabbenhoft et al., 2010; Vollstaedt et al.,
2014). These conditions should, consequently, increase the relative importance of groundwater-derived
solute contributions globally and its associated isotopic signatures (Fig. 5).

Reconstructing changes to this terrestrial water flux (i.e. riverine + groundwater discharge),
however, is a difficult task. Ba/Ca ratios in coastal carbonate deposits have been utilized with some
success (Weldeab et al., 2007), based on the premise that Ba concentrations of terrestrial water fluxes
are high, which elevates the Ba/Ca ratio of local seawater, and results in a higher Ba/Ca ratio in coastal
carbonate deposits. In coastal areas influenced by terrestrial water (riverine or groundwater), the Ba
incorporated into these carbonate deposits should also have a lower '3¥Ba composition than that of
seawater (+0.3 to +0.6%o) (Horner ef al., 2015), more similar to the composition of meteoric waters
found in this study and the global riverine average (= +0.1%o) (Cao et al., 2016). This implies that Ba
isotopes may have utility as a complementary paleo-proxy to Ba/Ca ratios for the reconstruction of
terrestrial water input fluctuations in nearshore deposits to estimate changes in the relative influence of

terrestrial water inputs over time.

Conclusions

It is clear from this study that groundwater-derived solute fluxes of Li, Mg, Ca, Sr, and Ba are
of significance to marine isotope budgets, since solute fluxes account for at least 5% of the riverine
input and the isotopic compositions of some of these solutes are distinct from those of riverine
discharge. This additional solute flux will inherently impact conceptual models of these elements and
their isotopic compositions in seawater, but also suggests potential implications for other elemental
fluxes to the ocean derived from weathering. Due to the reliance on modeled volumetric fluxes of

global groundwater discharge, combined with the limited number and wide range of volumetric
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estimates currently available, I recommend that the solute fluxes calculated here be treated as first

approximations. As additional models and geochemical data become available, these fluxes should be

refined, but I hypothesize that these groundwater-derived solute fluxes will continue to be non-

negligible and warrant inclusion in updated marine isotope budgets.
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Figure 1. Conceptual diagram of the subterranean estuary and sampling scheme, where
grey bars represent sampling across a salinity gradient.
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Table 1. Sample Info

Aquifer (this study)

Geology

Aquifer Type

Associated Reference

Veraguas Province, Panama
Hawai'i Island, HI, USA

Oahu, HI, USA

Maui, HI, USA

Moorea, French Polynesia
Flic-en-Flac Lagoon, Mauritius

Extrusive volcanics
Modern basalt (<1 Ma)
Quaternary basalt (<2 Ma)
Quaternary basalt (<2 Ma)
1.5-2.0 Ma volcanics

<2 Ma basalt

Extrusive igneous
Extrusive igneous
Extrusive igneous
Extrusive igneous
Extrusive igneous
Extrusive igneous

(Beck et al, 2013)
(Knee et al, 2010)
(Mayfield, 2013)
(Bishop et al, 2017)
(Knee et al, 2016)
(Povinec et al, 2012)

Puerto Morelos, Yucatan, Mexico
Cape Coral, FL, USA

Rottnest Island, Australia

Venice Lagoon, Venice, Italy
*Everglades, FL, USA

*Carbonate GROUNDWATER
average (Florida, Yucatan average)

Holocene (<12 ka) karstic limestone
Pleistocene-Holocene sediments (<2 Ma)
Pleistocene-Holocene limestone (<2 Ma)
Modern carbonates

Modern carbonates with some evaporites
Modern carbonates with some evaporites

Carbonate
Carbonate
Carbonate
Carbonate
Carbonate
Carbonate

(Null et al, 2014)

(Liu et al, 2017)
(Bryan et al, 2016)
(Rapaglia et a/, 2010)
(Holmden et a/, 2012)
(Holmden et al, 2012)

Wagquoit Bay, MA, USA
Great South Bay, NY, USA
Monterey, CA, USA

Kasitsna Bay, AK, USA
Eilat, Israel
*Bay of Bengal, Bangladesh

*Pamet River, MA, USA
*Staten Island, NY, USA

Granitic Glacial Till
Granitic Glacial Till

Mesozoic granites (~180 Ma) and Cenozoic
(<66 Ma) sediments

Mesozoic metamorphic, volcanic, and
igneous intrusive rocks

Late Precambrian igneous and
metamorphics (630 Ma granite, 790 Ma
gneiss, 807 Ma Schists)

Igneous granites and gneisses

Granitic Glacial Till

Granitic Glacial Till

Intrusive Igneous
Intrusive Igneous
Intrusive Igneous

Intrusive Igneous
Intrusive Igneous
Intrusive Igneous

Intrusive Igneous
Intrusive Igneous

(Liu et al, 2017)
(Beck et al, 2008)
(Lecher, Fisher and Paytan, 2016)

(Lecher et al, 2016)
This Study
(Beck et al, 2013)

(Beck et al, 2013)
(Hogan and Blum, 2003)

Seabright, CA, USA
Angel Island, CA, USA
St Lucia, South Africa

Coffs Harbour, Australia

Patos Lagoon, Brazil

Quaternary Sediments (<2.5 Ma)
Altered Graywacke (~100 Ma)

Mesozoic extrusive volcanics (~180 Ma) and
Cretaceous (145-65 Ma) Sandstone

Lower Permian base rock (slate, schistose
sandstone/conglomerate, 250 - 298 Ma) with
modern sands

Pleistocene and Holocene (<2 Ma) sandy cap
on an alluvial fan on Precambrian shield

Sedimentary
Sedimentary
Sedimentary

Sedimentary

Sedimentary

(Lecher, Fisher and Paytan, 2016)
(Null et al, 2012)
(Moore et al, 2019)

(Tucker et al, 2019)

(Windom and Niencheski, 2003)

*Sampling sites for which only historical data is provided - no new analyses were conducted for this study. Associated reference refers to the
study in which the data utilized were published
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Table 2. Compilation of concenfration data generated in this study

[Li] [mg] [ca] ([sr] [Ba]

SampleID Location Lithologic 'Aquifer Type'SaIinityug L"gL-1gL-1mgL-1pgL"
HBM4 Maui, HI Extrusive Igneous 339 166 114039 75 43
HBSP3 Maui, HI Extrusive Igneous 35 16 00700304 1
\"'N‘;’;l"kma' Maui, HI Extrusive Igneous 00 2 00200202 4
HONW Maui, HI Extrusive Igneous 01 0 0.01 001 01 1
KaBpiez1 Oahu, HI Extrusive Igneous 242 112 09303159 10
KaBpiez2 Oahu, HI Extrusive Igneous 275 137 09403159 7
KaBpiez3 Oahu, HI Extrusive Igneous 276 141 089027 55 7
KaBspringl =~ Oahu, HI Extrusive Igneous 13 4 0.04 004 04 10
KaBWell Oahu, HI Extrusive Igneous 00 O 0.01 002 01 2
KONA_104  Kona, HI Extrusive Igneous 248 136 09503158 16
KONA_300 Kona, HI Extrusive Igneous 134 60 0.50 0.17 3.1 8
KONA_85 Kona, HI Extrusive Igneous 2471 143 091028 54 12
KONA_92 Kona, HI Extrusive Igneous 140 86 05801936 10
KONA_93 Kona, HI Extrusive Igneous 140 73 05201833 9
M1 Mauritius Extrusive Igneous 42 18 014009 12 4
M13 Mauritius Extrusive Igneous 83 46 02701320 2
M21 Mauritius Extrusive Igneous 357 180 12104082 5
M22 3/24 Mauritius Extrusive Igneous 349 168 11904183 6
M22 3/25 Mauritius Extrusive Igneous 319 157 10904179 8
M24 3/24 Mauritius Extrusive Igneous 323 152 110038 73 8
M26 3/24 Mauritius Extrusive Igneous 323 183 11103773 6
M4 Mauritius Extrusive Igneous 368 173 12404385 8
M5 Mauritius Extrusive Igneous 368 169 125043 86 8
M6 Mauritius Extrusive Igneous 54 28 01701013 5
M9 Mauritius Extrusive Igneous 362 165 12204283 6
Th_12 Moorea, French Polynesia  Extrusive Igneous 28 022 013 20 58
Th_27 Moorea, French Polynesia  Extrusive Igneous 166 49 040024 60 64
Th_42 Moorea, French Polynesia  Extrusive Igneous 151 0.00 0.00 0.0
Th_47 Moorea, French Polynesia  Extrusive Igneous 164 46 04202573 21
Th_53 Moorea, French Polynesia  Extrusive Igneous 60 60 02201321 6
Th_60 Moorea, French Polynesia  Extrusive Igneous 142 0.55 025 55 76
Th_62 Moorea, French Polynesia  Extrusive Igneous 219 081038 85 6
LJL227 WestPanama Extrusive Igneous 300 118 1.33 052 95 256
LJL228 WestPanama Extrusive Igneous 05 5 0.04 002 03 15
LJL229 WestPanama Extrusive Igneous 11.5 49 030011 20 205
LJL230 WestPanama Extrusive Igneous 10 5§ 0.02 0.02 0.1 2
LJL250 WestPanama Extrusive Igneous 51 13 015020 16 48
LJL251 WestPanama Extrusive Igneous 42 11 01201512 110
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V Artisian Well Venice, kaly Carbonate 07 19 00400405 313
VP02 Venice, kaly Carbonate 129 113 065033 46 43
Vi H Venice, kaly Carbonate 166 104 070 035 48 65
ve7 Venice, kaly Carbonate 204 112 080036 52 54
vP3 Venice, kaly Carbonate 144 90 058029 39 &1
vea Venice, kaly Carbonate 159 84 062031 42 68
Ve Venice, kaly Carbonate 189 111 076 037 53 56
ves Venice, kaly Carbonate 213 128 093043 61 72
Rott1 Rottnest island, West Australia Carbonate 244 110 08303400 &2
Rot2 Rottnest Island, West Australia Carbonate 379 184 128043 84 7
Rond Rottnest Island, West Australia Carbonate 80 65 02501900 19
Rotd Rottnest Island, West Australia Carbonate 03 4 004 005 23 2
RotS Rottnest Island, West Australia Carbonate 190 74 068034 50 30
CAL 212 Cape Coral FL Carbonate 204 21 067127 93 117
CAL 213 Cape Coral FL Carbonate 259 36 096067 89 261
CAL 215 Cape Coral FL Carbonate 83 49 02801522 13
GW 213 Cape Coral FL Carbonate 04 16 0.03 0.04 21 14
ac.7 Yucstan, Mexico Carbonate 5 032020 44 26
ac_17 Yucstan, Mexico Carbonate 00 2 014 01232 51
MEX 11 Yucstan, Mexico Carbonate 395 179 134046 95 19
MEX_63 Yucatan, Mexico Carbonate 306 141 1.04 037 71 10
MEX_66 Yucatan, Mexico Carbonate 424 181 142 050 102 22
SGD Eilm Eila, lsrael Intrusive Ignecus 397 185 133047 97 16
M3 Academy 1 Momerey, CA Intrusive Ignecus 336 160 11103978 12
M2 Academy § Momerey, CA Imrusive Ignecus 271 160 1.16 0.41 81 18
M2 Hopkins 10 Momerey, CA Intrusive ignecus 304 237083 177 2
M8 Hopkins 11 Momerey, CA Intrusive lgnecus 226 161 044033 3% 37
M8 Hopkins 15 Momerey, CA Intrusive Ignecus 155 134 112038 75 15
M2 Hopking 16 Momerey, CA Imrusve lvmsus 349 152 11503979 11
M8 Hopkins 18 Momerey, CA Intrusive lgnecus 218 159 070039 57 39
M2 Hopkins 19 Momerey, CA Intrusive lgnecus 337 149 110039 77 8
M2 Hopkins 39 Momerey, CA Intrusive lgnecus 265 150 11304178 14
WP 10-8 Southern Brazil Intrusive lgnecus 263 206 134040 64 13
WP 125 Southern Brazi Imrusive lgnecus 226 155 114034 56 10
WP 1-5 Southern Brazil Intrusive lgnecus 258 166 131039 59 11
WP 2-§ Southern Brazil Imtrusive Ignecus 228 156 116 035 57 12
WP 3s Southern Brazil Intrusive Ignecus 248 172 125038 60 11
WP 5-§ Southern Brazil Imrusive Ignecus 251 171 126 038 61 13
WP 6-5 Southern Brazil Intrusive lgnecus 281 201 14204468 9
om Waguoit Bay, MA Intrusive lgnecus 03 1 0.01 0.01 01 1
oT2 Waguoit Bay, MA Intrusive lgnecus 76 40 02701119 106
oT3 Waguoit Bay, MA Intrusive Ignecus 101 40 04101527 S5
oT4 Waguot Bay, MA Intrusive lgnecus 178 76 066022 42 21
oTa Waguoit Bav MA Intrucive lonecus 256 109 095031 62 a4
oTe Waguoit Bay, MA Intrusive lgnecus 16 8 004 002 03 4
GSS Bapesk  Grem South Bay, NY Intrusive lgnecus 307 113 10403573 173
GS8 Fresh Grext South Bay, NY Intrusive Ignecus 06 4 0.01 002 02 25
GS8 Mid Great South Bay, NY Intrusive lgnecus 200 102 069023 44 24
GS8 Mid2 Grest South Bay, NY Intrusive lgnecus 295 140 099032 65 40
GS8 Safine Grest South Bay, NY Intrusive lgnecus 317 147 10803470 17
AX_102 Kasitsna, AX Intrusive lgnecus 262 110 092032 60 15
AK 115 Kasitsna, AX Imrusive Ignecus 289 162 10403567 10
A 131 Kasitsma, AX Imtrusive Ignecus 302 156 10603570 9
A1S Kasitsna, AX Intrusive Ignecus 279 165 10703670 8
AX 38 Kasitsna, AX Intrusive Ignecus 63 57 01700610 2
AX 48 Kasitsna, AX Intrusive ignecus 145 74 04701628 9
AX 49 Kasitsna, AX Intrusive lgnecus 304 118 085030 55 20
A 7S Kasitsnma, AX Intrusive Ignecus 287 84 03901424 8



Aus1

Aus 10

Aus 11

Aus 12
Aus13

Aus 14

Aus 15

Aus 16
Aus17
Aus18

Aus 2

Aus3

Aus4

Aus 5

Aus 6

Aus7

Aus 8

Aus9

MB_31
MB_34
MB_38
MB_56
MB_78
S.A.ocn
SAFresh
SASL-EM-#3
SASL-EM-#6
SFBAI 17 5/10
SFB_2
SFB_22
SFB_27
SFB_39
SFB_72
SFB_85
SFB175/10
SFB361009
SFBAI171009

East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
East Australia
Santa Cruz, CA
Santa Cruz, CA
SantaCruz, CA
Santa Cruz, CA
Santa Cruz, CA
South Africa
South Africa
South Africa
South Africa
SanFrancisco, CA
SanFrancisco, CA
SanFrancisco, CA
SanFrancisco, CA
SanFrancisco, CA
SanFrancisco, CA
SanFrancisco, CA
SanFrancisco, CA
SanFrancisco, CA
SanFrancisco, CA

Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary
Sedimentary

22
254
44
43
324
19.7
115
20
36.3
35.0
18
04
03
17.0
6.0
04
03
16.5
30.7
9.8
336
225
10.2
37.0
0.2
8.0
7.0
17.6
258
226
25.5
244
26.1
9.4
17.6
175
17.6

26
122
26
17
181
114
52
12
192
179
25

74
33
10

86
178
81
163
129
80
170
14

41

100
142
135
134
125
124
45

110
138
132

0.09
0.96
0.20
0.13
1.23
0.77
0.48
0.05
1.28
127
0.08
0.01
0.01
0.62
0.21
0.04
0.01
0.66
1.30
0.40
1.25
0.79
0.36
1.24
0.03
0.29
0.20
0.75
1.06
0.94
0.94
0.95
0.97
0.24
0.73
0.97
0.93

0.16
0.33
0.09
0.08
0.42
0.26
0.18
0.04
0.43
0.42
0.10
0.09
0.07
0.25
0.24
0.06
0.06
0.24
0.43
0.14
0.41
0.27
0.12
0.41
0.01
0.14
0.08
0.23
0.36
0.33
033
0.33
0.34
0.12
0.25
0.35
0.34

14
6.1
13
1.0
79
47
30
04
88
85
11
0.5
04
41
27
0.5
03
40
87
23
83
5.0
21
86
0.2
21
14
38
6.9
6.4
6.4
6.5
6.3
17
46
6.4
6.2

55
25

23
24
23
30

26
47
47
775
32
189

31



Table3. Compilation of isotope data generated in this study
&7Li + 2 SD6**?*Mg+ 2 SD&**“2Ca+ 2 SD *'Sr/*°Sr§%8/255r §13%/134Ba+ 2 SD

SamplelD o "o o T ol o o % % %
HBM4 075 009 0.70931 0.411
HBSP3 20702 -099 005 087 007 070929 0.421
";'v‘:;f’kwa' -110 003 049 005 070637 0.317
HONW 26401 -061 004 043 004 070443 0319
KaBpiez1 31704 -088 001 070928 0421 040  0.04
KaBpiez2 087 006 070929 0.434
KaBpiez3 086 006 070932 0.432
KaBspring1 086 009 055 007 070727 0.345
KaBWell 31403 050 003 070554 0390 016  0.03
KONA_104 -077 003 099 008 0.08
KONA_300 30903 -088 004 092 006 070922 0353 0.2
KONA_85 30301 -087 006 101 0.11
KONA_92 -085 000 088 -0.03
KONA_93 -083 001 087 0.03
M1 30802 -106 005 062 004 070901 0359 -0.18  0.08
M13 -089 001 082 009 070917 0.368
M21 -1.08 002 091 005 070931 0.398
M22 3/24 098 006 089 009 070931 0.401
M22 3/25 092 008 076 004 070930 0.399
M24 3/24 083 0.10
M26 3/24 090 018 084 006 070931 0.416
M4 087 008 070933 0.442
M5 089 009 084 010 070931 0.402
M6 074 007 070904 0.335
M9 30002 -094 007 082 009 070931 0397 042  0.03
Th_12 20102 -1.00 004 0.11
Th_27 083 009
Th_42 072 029
Th_47 083 009
Th_53 28901 -085 0.09 070915 0.385 0.19
Th_60 -1.02 007 0.13
Th_62
LJL227 084 002 078 005
LJL228 27.60.1 063 008 070909 0403 036  0.03
LJL229 27901 -081 012 083 012 070908 0426 033  0.03
LJL230 071 004
LJL250 077 004 0.70818 0.306
LJL251 083 004 0.70822 0.313
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V Artisian Well 20.7 0.2 -1.43 0.09 0.50 0.01 0.70843 0.267 0.04 0.03
VP02 0.73 0.07 0.70930 0.398

VPOS -0.79 0.09 0.80 0.10 0.70930 0.405

VP07 -0.87 0.09 0.78 0.04 0.70930 0.413

VP3 -0.88 0.09 0.70 0.04 0.70929 0.407

VP4 27.40.2 -0.87 0.09 0.68 0.09 0.70929 0.399 0.10 0.03
VP-6 -0.80 0.09 0.75 0.02 0.70929 0.400

VP8 0.68 0.08 0.70929 0.399

Rott1 -0.85 0.10 0.49 0.05 0.70928 0.236

Rott2 0.91 0.08 0.70933 0.385

Rott3 -1.51 0.17 0.53 0.08 0.70927 0.215

Rontd 28.103 -1.91 0.03 0.53 0.06 0.70926 0.262 0.24 0.00
RottS 30.30.1 -0.85 0.02 0.70 0.0S 0.70932 0.313 0.09 0.04
CAL 212 18.2 -0.97 0.09 0.37 0.03 0.70917 0.318 -0.13 0.03
CAL213 -0.92 0.12 0.52 0.06 0.70915 0.334 0.09 0.03
CAL 215 34.1 -0.86 0.09 0.75 0.05 0.70914 0.352

GW 213 23.10.0 -1.99 0.04 0.43 0.06 0.70869 0.236 0.46 0.03
FIC_7

FIC_17 0.24 0.04
MEX_11 0.43

MEX_63 30.10.1 -0.78 0.05 0.93 0.11 0.30

MEX_66 0.93 0.07 0.30

SGD Eilat 28.50.2 0.94 0.07 0.49 0.03
MB Academy 1 0.93 0.08

MB Academy S5 -0.79 0.09 0.95 0.09

MB Hopkins 10 -0.86 0.09 0.88 0.05 0.70934 0.462

MB Hopkins 11 19.90.3 -0.60 0.09 071 0.16 0.70932 0.395 0.23 0.03
MB Hopkins 15 17.1 0.1 -0.91 0.69 0.08 0.70935 0.447

MB Hopkins 16 31.50.1 -0.89 0.09

MB Hopkins 18 -0.83 0.09 0.39 0.03
MB Hopkins 19 -0.77 0.09 0.92 0.04

MB Hopkins 39 0.82 0.09

WP 10-5 29.50.1 0.93 0.06

WP 12-5 30.30.3 0.91 0.04

WP 1-§ 30.70.3 0.88 0.06 0.70936 0.440

WP 2-5 31.10.2 0.97 0.09 0.70936 0.477

WP 3-S 30.10.2 0.86 0.09 0.25 0.05
WP 5-5 30.60.4 -1.01 0.03 0.78 0.05 0.04 0.05
WP 6-5 30.20.2 -0.86 0.09 0.87 0.1 0.07 0.06
DT 23.6 0.1 -0.95 0.09 0.57 0.08 0.04 0.04
DT2 49403 -0.90 0.09 0.82 0.10 0.70934 0.411 -0.28 0.03
DT3 43.20.2 -0.87 0.05 0.83 0.03 0.70935 0.430

DT4 39.70.2 -1.13 0.09 0.90 0.01

DT8 32504 -0.80 0.09 0.87 0.09

DT9 28.20.1 -0.79 0.02 0.88 0.18
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GSBBa peak 34.40.1 -0.85 0.09 093 0.04 0.70931 0.376 0.07 0.03
GSBFresh  33.300 -1.23 003 049 0.04 0.01 0.07
GSB Mid 30.40.4 -0.83 0.09 0.85 0.10 0.70933 0.413

GSBMid2  30.30.0 -0.83 007 0.87 0.08 0.70933 0.415

GSBSaline 29.80.3 -0.78 0.06 0.82 0.06 0.70930 0.387

AK_102 20.30.4 -0.82 0.09 0.28
AK_115 0.82 009 1.05 0.39
AK_131 -0.82 0.09 0.99 0.40

AK_15 0.81 009 1.01 0.37

AK_38 30.50.1 -0.85 0.09

AK_48 20701 091 0.16 0.95 0.30

AK_49 0.22

AK_75 -0.86 0.09 094 0.70923 0.358 0.25

Aus 1 16.0 089 009 052 0.02 0.70927 0.270

Aus 10 30.90.2 -0.87 0.09 0.80 0.08

Aus 11 16.6 0.67 0.06 0.70933 0.367

Aus 12 16.6 088 009 039 0.10 0.70929 0.288

Aus 13 095 009 0.86 0.04 0.70932 0.388

Aus 14 0.85 0.07

Aus 15 30.80.3 -1.15 0.09 0.76 0.10 0.70932 0.390

Aus 16 094 0.09 0.70929 0.298

Aus 17 098 009 098 0.00

Aus 18 099 009 089 0.0

Aus 2 098 009 052 0.06 0.70929 0.340

Aus 3 18.40.1 -1.40 0.09 0.46 0.09 0.70931 0.343 -0.01 0.04
Aus 4 -1.19  0.09 0.41 0.01 0.70929 0.293

Aus 5 30.10.2 -0.48 0.09 0.79 0.11 0.70931 0.391

Aus 6 -1.16 009 0.49 0.06 0.70927 0.275

Aus 7 21202 -0.87 0.09 0.53 0.02 0.70930 0.310

Aus 8 19.30.2 -1.13 0.09 0.75 0.05

Aus 9 0.83 0.09 0.70931 0.369

MB_31 30.70.3 093 0.03 0.26

MB_34 081 009 0.87 0.06 0.28

MB_38 31.40.2 0.85 0.09 0.70932 0.388 0.36

MB_56 094 0.08 0.25

MB_78 093 009 0.89 0.09 0.70938 0.423 0.29

S.A. ocn 30.60.2 093 0.07 0.70932 0.423

SA Fresh 17.50.0 -0.81 0.09 095 0.08 025 0.03
SASL-EM-#82 35502 -0.79 0.09 075 0.19 0.70936 0.461 0.15  0.03
SA SL-EM-#6 30.50.2 -0.86 006 0.85 0.06 0.70932 0.398
SFBAI175/1030.30.4 -0.84 009 0.85 0.07

SFB_2 30.70.6 -0.92 0.09 0.72 0.70929 0.345 0.09

SFB_22 081 0.09 0.85 0.10 0.70928 0.365 0.25

SFB_27 0.83 009 0.95 0.14
SFB_39 -1.00 009 0.88 0.07 0.70914 0.18
SFB_72 31.00.4 0.83 0.70914 0.391 0.08

SFB_85 30.00.2 -1.00 0.02 0.84 0.11 0.70921 0.348

SFB17 5/10 0.50 0.09 0.70922 0.323

SFB361009 0.82 002 091 0.05

SFBAI171009 0.86 0.05
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Table 4. GLiM endmember
classification

va
vb Extrusive Igneous

Vi

pa
pb
pi Intrusive Ilgneous
ig
mt

ev

Carbonate
sc

sm

ss
su Sedimentary

wb
py

Nolitho
nd

“No Lithology"

Grouping of geologic end-members
from Luijendijk et al. (2020) for this
study.
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Figure 3. Elemental concentrations in
samples. a-e, Cation concentrations with
respect to salinity, organized by lithologic
‘aquifer type,” plotted alongside relevant
endmember values: seawater and global
average riverine endmembers (references
available in Table 1). Linear regressions across
all the data are plotted for each element to
provide context of what conservative (Li, Mg,
Ca, and Sr) vs. non-conservative (Ba) mixing
across the salinity gradients would appear as.
Sample sizes (n) are provided here: (a) [Li]: (n
=136), (b) [Mg]: (n = 139), (¢) [Ca] (n = 140),
(d) [Sr] (n = 225), (e) [Ba] (n = 56).
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Figure 4. Isotopic composition of samples. a-e, Isotopic compositions with respect to the
inverse of cation concentrations, organized by lithologic ‘aquifer type,” plotted alongside
relevant endmember values: seawater and global average riverine endmembers (references
available in Table 1), as well as the average global groundwater composition calculated in this
study. Error bars represent the greater of 2SD for each sample’s analysis or the long-term
uncertainty (2SD) of relevant standard reference materials discussed in the SI. Sample size (n)
values are provided here: (a) 8’Li (n = 67), (b) §°°Mg (n = 105), (c) §**2Cag1s, (n = 114), (d)
73188t (n = 168), (€) 5¥%°Sr (n = 79). f, 5'3*Ba (n = 56).
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Table 5. Geologic "aquifer type' endmember compositions and model outputs of global groundwater chemistry

Parameter [L]  &Li [Mg] &®Mg [Ca] &%*Ca [Sr] 875y /863 688/86gr  [Ba]  §'38/134Ba
Aquifer Type (M) (%) (mM) (%) (mM) (%) (uM) (%) (um) (%)
Extrusive Igneous 0.04 286 0.1 -0.85 1.1 0.51 3 0.70695 0.357 0.8 0.10
Carbonate 242 24.0 3.3 -1.78 4.3 0.49 15 0.70862 0.255 1.5 0.11
Intrusive Igneous 1.81 284 2.1 -1.09 0.8 0.53 2 0.71253 0.411 1.0 0.01
Sedimentary 1.52 19.1 0.7 -1.08 1.5 0.62 2 0.70931 0.354 1.6 0.15

No Lithology 1.45 250 1.6 -1.20 2.0 0.54 5 0.70935 0.344 1.3 0.10

No Lithology' represents the 'Complex'/'No Litho' classification units used in the Beck et al., 2013 and Luijendijk et al., 2020,
respectively. It is represented by a concentration-weighted average of all four lithologic average 'aquifer type' endmembers.
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Table6. Chemica Composition and Fluxes

Model Becketal, 2013  Zhouetal, 2019 Luijendijk etal., 2020  Riverine Ref.
2,400 439 286 39,000 (Peucker-

Volumetric Flux (km3 yr7) Ehrenbrink,
2018)

[Li] (uM) 1.8 1.7 1.7 0.26

Li (gigamoles yr) 42 0.85 0.49 10 (Misra and

% of riverine flux 42% 9% 5% - Froelich, 2012)

67Li (%) 227 223 220 23

[Mg] (mM) 1.7 19 20 0.14

Mg (teramoles yr7) 490 0.91 0.56 5.6 (Tipper et al,

% of riverine flux 88% 16% 10% - 2006)

525Mg (%) -1.47 -1.48 -1.50 -1.09

[Ca] (mM) 220 240 2.60 0.36

Ca (teramoles yr) 5.33 117 0.73 137 (Fantle and

% of riverine flux 39% 9% 5% - Tipper, 2014)

644/42Ca (%o) 0.52 0.53 0.54 0.39

[Sr] (uM) 10.1 1.4 126 3.21

Sr (gigamoles yr) 24.3 5.6 3.6 47 .

% of riverine flux 52% 12% 8% - g;::azt:)b%r;hoﬁ et

87Sr/86Sr 0.70876 0.70874 0.70873 0.71106

528/868r (%) 0.290 0.289 0.287 0.315

[Ba] (uM) 1.6 1.5 1.5 0.2

Ba (gigamoles yr) 3.72 0.74 0.42 8.2 (Cao etal,

% of riverine flux 45% 9% 5% - 2016)

5738/134B3 (%) 0.12 0.12 0.12 0.20

Model outputs for the chemical composition of global average groundwater discharge, given the same geologic aquifer endmember values.
Uncertainties represent ranges reported for eachmodel where available. Riverine values from the denoted literature are reported for context and
relevant references for eachriverine flux characterization are provided in the final column. *§4442Ca values can be converted to conventional
§4440Ca values by multiplying by 2.05 (Heuser er al., 2002).
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Low-Latitude tExposed Ca and Mg-rich Precipitation %5:15:212::,3? arge
Continent-Arc + 1 silicates . TSiIicate Weathering ‘pCOz : lTemperature B T
Collision t Topography . Sea Level 1Groundwater Discharge
(warm, humid)
Coastal carbonates have Global Groundwater,,,
“lower” §'3%Ba than - 5'%Ba=0.1%

seawater due to + O'Li=23%
continentally derived Ba  * “Less radiogenic” ®Sr/®6Sr
« 52Mg, 6*Ca, and &%%Sr are
“lighter” than in (a)

Figure 5 | Illustration of a STE during a shift to glacial conditions. a, interglacial stage
steady-state conditions with the subterranean estuary magnified on the right. (middle),
conceptual outline of the feedback outlined by Macdonald et al. (2019), where a low-latitude
island arc collision instigates the onset of global cooling. b, glacial conditions with less
precipitation and falling sea level with the subterranean estuary magnified on the right and a
description of the chemical changes that might occur to the isotopic composition of global
groundwater-derived solute fluxes. The tan triangle represents coastal carbonate deposits, whose
5!*®Ba composition may be “lighter” than seawater values if previously exposed to terrestrial
(groundwater and river water) runoff.
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Chapter 3

Isotopic Co-Variation of Dissolved Weathering Products in the
Fraser River, Canada

Abstract

Non-traditional stable isotope systematics of rivers and seawater are being scrutinized for
their potential as tracers of silicate weathering, a process that helps regulate atmospheric CO2 on
geologic time scales. These systems include 8Li, 8**Mg, 6*'K, 5*442Ca, and 5*®%Sr. The extent to
which these stable isotope compositions are determined by river basin lithology rather than the
isotopes’ propensity to biotic or abiotic fractionation during processes associated with
weathering, such as secondary clay mineral formation, is not well known. Here, I examine the
dissolved concentrations and isotopic compositions of Li, Mg, K, Ca, and Sr in the Fraser River
(B.C., Canada) to test, by means of an isotope mixing model, whether the effects of source
signatures can be isolated from in-stream fractionation processes. The Fraser River watershed is
characterized by a pronounced contrasts in bedrock geology and climate that cause the
composition of the dissolved load to shift seasonally between more dominant contributions from
the geologically younger, volcanically active Coast Range and the geologically older sedimentary
units in the Rocky Mountains, as shown by previous studies of ¥’Sr/3Sr (Cameron et al., 1995;
Voss et al., 2014) and 53*S (Burke et al., 2018). This setting can be viewed as a microcosm of what
has happened globally in the past when surficial processes shifted from a regime dominated by
young, volcanic bedrock along active margins or large igneous provinces to one dominated by
cratonic bedrock. The shift in the chemistry of Fraser River water from a more Coast Range to a
stronger Rocky Mountain influence is associated with decreases in 8’Li and $?°Mg, as well as an
increases in ¥’Sr/%Sr, 634S and §*'K. Of the stable isotope systems analysed in this study, 6’Li

correlates most significantly with silicate weathering-derived cation fluxes. Notably, this
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correlation is stronger than that for ¥Sr/*Sr, which confirms that 8Li is a useful proxy for
silicate weathering fluxes. However, most temporal changes in non-traditional stable isotope
records of seawater cannot be primarily driven by changes in continental input if isotope co-
variations observed in the dissolved load of the Fraser River are representative of continental

runoff.

Introduction

The primary mechanisms through which atmospheric CO is sequestered on geologic timescales is
the weathering of silicate minerals rich in Ca and Mg, in conjunction with the balance between the
global production and respiration of organic matter (Urey, 1952; Berner et al., 1983; Berner, 1994).
Changes in the flux of global weathering products to the ocean are reflected as changes in the
concentration and isotopic composition of elements in seawater that integrate global processes.
Elements with residence times longer than the ocean mixing time (e.g. Li, Mg, K, Ca, Sr, Os) record
global processes and leave records of isotope variations in marine archives (e.g. Broecker and Peng,
1982). The radiogenic isotope systems ¥’Sr/%0Sr (e.g. Veizer, 1989; Berner, 1994; Mcarthur et al.,
2001) and '*70s/'*0s (e.g. Pegram et al., 1992; Peucker-Ehrenbrink and Ravizza, 2000) have been
utilized to infer changes in silicate weathering over geologic timescales. The utility of these radiogenic
systems stems from the large contrast between the isotopic composition of old continental crust with
large parent/daughter element ratios and young mantle sources with small time-integrated
parent/daughter ratios. Trends toward more radiogenic Sr/*%Sr and '%70s/!#0s values in marine
archives have, therefore, been interpreted to indicate increased release of radiogenic Sr and Os from
the continents, which has been assumed to reflect increased silicate weathering (e.g. Raymo et al.,
1988; Berner, 1994; Ravizza et al., 2000). However, the response of the marine ¥Sr/*Sr isotope
system is strongly buffered by carbonate weathering (Veizer, 1989), whereas the marine '370s/!#0s
record is strongly influenced by the cycling of sedimentary organic matter (Ravizza and Esser, 1993;

Bickle et al., 2005; Dubin and Peucker-Ehrenbrink, 2015). The inherent limitations of both systems to
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track changes in silicate weathering-derived fluxes motivates the search for new proxy records that

more directly reflect changes in the global flux of silicate weathering products to the ocean.

A promising avenue of research, made possible by advances in high-precision mass spectrometry,
is the use of non-traditional stable isotopes of weathering products, such as 8’Li, §*°Mg, §*'K, §*/42Ca,
and 5%%¥%Sr. In contrast to the radiogenic systems, whose utility is based on provenance differences, the
utility of these stable isotope systems is based on the combination of provenance and low-temperature
fractionation processes that include changes in chemical weathering regimes (Gussone et al., 2003;
Halicz et al., 2008; Wimpenny ef al., 2010; Li et al., 2019). Marine records of these isotopes are being
reconstructed and interpreted with the aim of understanding changes in weathering fluxes over
geologic timescales (De La Rocha and DePaolo, 2000; Farkas et al., 2007; Misra and Froelich, 2012;
Vollstaedt et al., 2014; Higgins and Schrag, 2015). Lithium and K hold particular promise as they are
primarily associated with silicate minerals. In contrast, Mg, Ca, and Sr are also sensitive to carbonate
weathering. While Li isotopes have long been used as a proxy for weathering conditions in river basins
(Huh et al., 1998; Pistiner and Henderson, 2003; Kisakurek et al., 2005; Vigier et al., 2009; Millot,
Vigier and Gaillardet, 2010; Tipper et al., 2012; Dellinger et al., 2014; Pogge von Strandmann, Frings
and Murphy, 2017), our knowledge of processes, such as mineral surface reactions, clay formation,
and biological utilization, that lead to fractionation in the other isotope systems is still too limited to

confidently interpret their marine isotope records.

With many compounding biotic and abiotic fractionation processes at play, I investigate this suite
of isotope systems and their response to gradients in bedrock geology, hydrology, climate and
ecozones in the well-characterized drainage basin of the Fraser River to improve our ability to interpret
isotope signals in continental runoff. Rivers integrate fractionation processes at the drainage basin
scale and are the dominant transport vector for weathering products to the ocean. Insights gleaned from
variations in 8’Li, 8%¢**Mg, §**2Ca, §*'K, and 8%¥/3°Sr of river water are, therefore, directly applicable
to the interpretation of marine isotope records. The Fraser River basin in British Columbia, Canada,

experiences large seasonal shifts in the sources of its dissolved load that are driven by a pronounced
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spring freshet (Cameron and Hattori, 1997; Voss et al., 2014). The freshet is characterized by a shift to
radiogenic ¥’Sr/%Sr, large 534S values and light stable water isotope compositions, which reflect input
from old marine sedimentary sequences in the Rocky Mountains. During base flow conditions from
late fall to early spring, input from the volcanically active young Coast Range delivers less radiogenic
Sr, S of magmatic pedigree (low §3*S), and stable water isotopes characteristic of low-altitude
precipitation from the Pacific Ocean. By observing how non-traditional stable isotope systems co-vary
with well-understood radiogenic (¥’Sr/%°Sr) and traditional stable (5 D, §'%0, §3*S) isotope signatures, I
hope to gain insights into the utility of non-traditional isotope systems for understanding surficial
processes that contribute to temporal changes in the isotopic composition of these elements in
seawater. The geotectonic contrast between the active Coast Range and the sedimentary units along the
North American craton that formed the Rocky Mountains could be significant for interpreting marine
isotope records in the context of supercontinent cycles, during which continental runoff shifts from

being dominated by young active to older passive margins.

Methods

Study Area and Sample Description

The Fraser River drains (Fig. 1) a mid-size watershed (220,000 km?) in western Canada with stark
contrast in bedrock geology that range from young igneous bedrock of the Coast Range on the western
side of the basin to Paleozoic/Precambrian metamorphosed sedimentary/carbonate substrate of the
Rocky Mountains in the east. This contrasting regional geology, combined with hydrologic
seasonality, imparts large shifts in the chemistry of its dissolved load (Cameron and Hattori, 1996;
Voss et al., 2014). The Fraser River hydrology is characterized by three distinct regimes: base flow
conditions (December — March) when river discharge is low and precipitation accumulates as snow in
the Coast Range and Rocky Mountains, a spring freshet (April — July) during which the river is fed by

a mixture of snowmelt and rainfall, and sporadic discharge events in the fall (August — November) that
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are driven by storms off the Pacific Ocean (Cameron et al., 1995; Voss et al., 2014). During base flow
and fall storm conditions the chemistry of the dissolved load of the Fraser River has a less radiogenic
87Sr/%6Sr and lower 8**S composition relative to the spring freshet — indicative of a greater influence of
the young, volcanically active Coast Range on the dissolved load (Figs. 2 and 3; Cameron et al., 1995;
Voss et al., 2014; Burke et al., 2018). During the spring freshet, when the snowpack melts and the
discharge of the Fraser River is high, the 8’St/*Sr of the dissolved load becomes much more
radiogenic and the 3**S composition increases, indicating that the dissolved load is more strongly
influenced by the older, predominantly marine sedimentary units of the Intermontane Belt, Omineca

Fold Belt, and Rocky Mountains (Figs. 2 and 3; Cameron et al., 1995; Voss et al., 2014).

These chemical variations are observed at the time-series monitoring station at Fort Langley in the
lower Fraser River floodplain (Fig. 3) where sampling has occurred nearly bi-weekly since 2009.
Additionally, eight of the Fraser tributaries were sampled under different flow conditions from 2009 -
2011. These tributaries include four that represent the more radiogenic (¥’Sr/*Sr > 0.71) Rocky
Mountain and interior fold belt endmembers (McBride, McGregor, Quesnel, and Thompson) and four
of the less-radiogenic (¥7Sr/%¢Sr < 0.71) Coast Range endmember (Nechako, Blackwater, Chilcotin, and
Harrison). The distinct seasonality in the chemistry of the dissolved load of the Fraser River main
stem, in conjunction with the sampling of the geologically less-diverse tributaries that drain distinct
geologic lithologies, presents a unique opportunity to investigate isotopic co-variability between §7Li,
52024Mg, 5%42Ca, 5K, 5%¥/%0Sr, as well as ¥7Sr/%°Sr and °*S sourced from two distinct geologic

provenances.

Materials

Twenty four filtered (0.45um) surface water samples from the Fraser River main stem at Fort
Langley, three from the Fraser main stem at Fitzwilliam in the Rocky Mountain headwaters, and three
from the Chilcotin tributary, which drains the Coast Range to the East, were analyzed for their §Li,

52024Mg, 54K, 5**2Ca, ¥7Sr/*°Sr, and &%¥®°Sr compositions (Fig. 1; Table 1; Table 2). §*'K data for the
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Fraser main stem was obtained from Wang et al. (in review) and 84S time series data for the Fraser
main stem and select tributaries were reported by Burke ef al. (2018) and Cameron et al. (1995),
respectively (Table 1). Elemental concentration and 37Sr/%6Sr data for the Fraser River main stem have
been published by Voss et al. (2014). Discharge data for the Fraser and its gauged tributaries were

obtained from the Environment Canada Water Office (http://www.wateroffice.ec.gc.ca).

Analytical Methods

Laboratory Analyses

Lithium concentrations were analyzed at the Czech Geological Survey (CGS) with an Agilent
5110 ICP-optical emission spectrometer (OES). Chemical and analytical methods for the preparation
and analysis of §’Li, §*0**Mg, §*/*2Ca, *’Sr/*°Sr, and §*¥*°Sr by multi-collector ICPMS or TIMS are

identical to those described in Chapter 2.

Modeling Methods

In an attempt to separate endmember isotope signatures from in-stream fractionation processes, 1
expand a hydrochemical mixing model optimized for 8’St/*Sr (Voss et al., 2014) to include
concentrations and stable isotope compositions. By comparing measured and modeled isotope
compositions and concentrations I test whether physical mixing of endmembers needs to be
complemented by additional fractionation processes during river transport in order to fully explain

observed element concentrations and isotope compositions.

Model Description

Voss et al. (2014) mix volumetric contributions from eight tributaries (McBride on the upper
Fraser River as well as the McGregor, Blackwater [aka: Westroad], Quesnel, Nechako, Chilcotin,

Thompson, and Harrison rivers) by time-lagging volumetric discharges (Q) of each tributary according
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to the distance from the tributary inflow to the Fort Langley station, according to average water flow
velocities. Time-delays range from six days for the McBride gauging station to no delay for the
Harrison River. Strontium concentrations ([Sr]) and 8’Sr/*Sr compositions of each tributary were equal
to the average of three data points representative of different flow stages of tributaries between 2009 —
2011. Tributary Sr fluxes (Fs,.) on any given day are the product of the tributary discharge on that day
(Q) and a static [Sr] for that tributary. For each model day, all eight tributary values were summed (%),
yielding a predicted Sr concentration value at the Fort Langley station. The 37Sr/%Sr composition of
the dissolved load at Fort Langley was calculated using an isotope mixing equation for elemental
fluxes (F) and isotope ratios (I) for the eight tributaries. Small variations in the atomic mass of Sr were

neglected.

As not all sampled tributaries in the Fraser River basin are gauged and not all gauged tributaries
were sampled for their chemistry, hence some tributary fluxes could not be constrained with data (Fig.
4). Voss et al. (2014) account for the ‘missing’ Sr flux by calculating the difference between the
expected Sr flux (F,) (Fs, = X F, for all eight tributaries) and the observed Fg, at Fort Langley on
each model day. This ‘missing’ Sr flux was attributed to contributions from the ungauged tributaries
and, possibly, groundwater inputs. The 37Sr/*Sr composition of this ‘missing’ Fg, was estimated by
minimizing the sum of residual squares:

n

> (- o)

i=1
where y; denotes the observed isotopic compositions and f(x;) symbolizes the modeled output of the
isotopic composition on any given day (i), for the duration of the model (n) = 800 days. The ¥’Sr/**Sr
composition of the missing Fg, was continuously adjusted until the offset between the observed and
modeled ¥’Sr/%Sr was minimized at 8’Sr/36Srmissing = 0.708. Based on the endmember values for the
Rocky Mountain tributaries (¥’Sr/%¢Sr = 0.720) and Coast Range tributaries (¥’Sr/3°Sr = 0.7046), the
fraction of the ‘missing flux’ with Coast Range characteristics was estimated at 78%, with the

remaining 22% having Rocky Mountains characteristics. The ‘missing flux’ of Sr was then included in
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the model as a virtual ‘tributary’. Finally, a three-day running mean was computed to smooth the
model output. Modeled ¥7Sr/*°Sr values were in close agreement with observations at the Fort Langley

Fraser station, though trends in Sr concentrations ([Sr]) were not well captured (Fig 3).

Voss et al. (2014) quantify a mean residual (&) value for the observed (y;) and modeled (f (x;))
[Sr] and 37Sr/%Sr values on each day (i) of the original model for which observational data existed (d)

via the following equations:

€ = (}’i - f(Xi))

This mean residual value (€) for each of the solutes and their isotopes was then normalized to the

average of observed values (V) to create a ‘normalized mean residual’ (&,,).
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This normalization permits comparing model fits of the different solutes and their isotopes irrespective
of the magnitude of the range in isotope values. The [Sr] model had an e,, of 0.35, indicating higher

observed [Sr] at Fort Langley on every occasion. In contrast, the #’Sr/%Sr model had an &, of -0.0014,

indicative of slightly less radiogenic observed values compared to the model output.

Model Refinements

I adopt the above model with a few modifications in order to describe the concentrations and
isotope compositions of the non-traditional stable isotope systems I measured in the Fraser River solely
by physical mixing of endmembers. The modifications include incorporation of historical
hydrochemical data, discharge-dependent solute concentrations in the tributaries, and a re-calculation

of the chemical composition of the ‘missing flux’ component. By incorporating historical

48



concentration data for the tributaries (Cameron et al., 1995), the number of data points for each solute
concentration in the tributaries increased from three to five, thereby improving constraints on the range
of concentrations observed. In addition, rather than assuming a static solute concentration for each
tributary, I account for dilution effects in each tributary as a function of discharge. The flux of each
element in a tributary (Feripytary) O any given model day is calculated as:

= Bo+B1log(Qeri
Ftributary - Qtributary * 10 1log( mbutary)

where Qtripytary Symbolizes the discharge of a tributary on that day (m? s7), B; represents the Type II
linear relationship between Log (Q) vs. Log (X) at Fort Langley (X = solute concentration; Fig. 2), and
o stands for the intercept of the Log (Q) vs. Log (X) relationship for that specific tributary. I use
slopes that are based on the Fort Langley time series data and intercepts specific to each tributary
because the Fort Langley dataset for Q and X is data-rich (n = 26 for Li, n = 60 for other elements),
whereas the tributary datasets are data-poor (n = 5), yet highly variable in in absolute concentrations,

and thus intercept values.

Concentration data for all constituents (Mg, Ca, K, SO4), except Li, are available for all eight
tributaries (Cameron et al., 1995; Voss et al., 2014). Only two data points were available for Li in each
tributary from Cameron et al. (1995). To expand the data set, | analyzed Li concentrations in the upper
Fraser River gauging station at Fitzwilliam and the Chilcotin tributary. Isotope data for 3Sr/*Sr and
5°*S are also available for all seven tributaries; all other isotopic data (87Li, §°¢**Mg, §*'K, §**4*Ca,
5%%/8%Sr) were generated in this study for the Fitzwilliam station and Chilcotin tributary. In the mixing
model, the hydrochemistries of the McBride, McGregor, Quesnel, and Thompson rivers were all
approximated to have the same isotopic composition as the Fitzwilliam gauging station on the upper
Fraser River, which represents the headwater tributaries in the Rocky Mountains and the interior fold
belts. The isotopic compositions of Nechako, Blackwater, Chilcotin, and Harrison rivers that drain the
Coast Range were approximated with the Chilcotin composition. This binary ‘binning’ scheme for the

tributaries is based on the *’Sr/%°Sr data with a cut-off value of 0.710.
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I constrain the chemistry of the ‘missing flux’ with a similar residual sum of squares approach as
the original model. However, the daily Sr fluxes calculated for the ‘missing flux’ changes due to the
new discharge-weighted concentration relationships described above. Furthermore, while the 3Sr/%6Sr
composition of the Coast Range remains unchanged (0.7046), the Rocky Mountains endmember is
now more radiogenic (0.7317) than in the original model (0.7200), because I included the highly
radiogenic value (~0.74) for the upper Fraser River at Fitzwilliam. Consequently, the ‘missing flux’
component calculated using the residual sum of squares approach for 8’Sr/%Sr is comprised of 81%
Coast Range and 19% Rocky Mountain contributions (compared to 78% and 22% in the original
model). To examine if the mixing proportions of the model are consistent for the another quasi-
conservative isotope system, the residual sum of squares appraoch was independently determined for
the 8°*S dataset, which has endmember isotope values for the Rocky Mountain and Coast Range
endmembers of 10.7%o and -0.85%o, respectively. This yields a mixture of 85% Coast Range and 15%
Rocky Mountain contributions for the ‘missing flux’. I use the average of these two independently
calculated mixing proportions (87% and 13%) to estimate the isotopic composition of the ‘missing

flux’ component for §’Li, §?°?*Mg, 6*'K, §*/#2Ca, and &*¥*°Sr (Table 1).

Silicate Weathering-Derived Cation Fluxes

Fluxes of Mg and Ca derived from silicate weathering impact the carbon cycle on geologic time
scales, whereas fluxes of Mg and Ca from the dissolution of carbonates do not, at least not on long
timescales (Beaulieu ef al., 2012). An isotope proxy that correlates specifically with silicate
weathering-derived cation fluxes in river discharge may therefore prove useful for long-term
paleoclimate reconstructions. To asses which, if any, of these six isotope systems is a promising proxy
for silicate weathering fluxes, I calculated daily silicate weathering-derived cation fluxes (umol s)

using the forward modeling approach of Li et al. (2019).

The model necessitates four assumptions. First, the concentration of chlorine [Cl] in every sample

is derived from a combination of precipitation and evaporite inputs. Second, both precipitation and
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evaporite inputs have static molar concentration ratios (k) of [Cl] to other cations (Li, Na, Mg, K, Ca,
and Sr) that are identical to seawater. Third, the remaining [Li*], [Na'], and [K*] in the samples, after
accounting for precipitation and evaporite input, are entirely derived from silicate (i.e. not carbonate)
weathering. Fourth, the ratios (c) of [Na'] to [Mg?*], [Ca?'], and [Sr?>'] in silicate weathering are static.
Then, silicate weathering-derived cation concentrations [X]¢ can be written as:

[X]pe = [X]o — k [CL7]
For [Li*], [Na'], and [K*]: [X]s = [XTpe

For [Mg?*], [Ca®'], and [Sr**]: [X]s = c[Na*]s

where the subscript pe denotes precipitation and evaporation-corrected concentration values. The
molar concentration ratios (k) of [CI'] to Na, Ca, Mg, K, Sr, and Li used in the calculation of [X],,. are
0.87,0.02, 0.11, 0.02, 0.00028, and 0.000028, respectively, representative of the average seawater
values used in Gaillardet et al. (1999). The molar concentration ratios (¢) of [Na*] to Ca, Mg, and Sr,
used in the calculation of [X]g are 0.54, 0.2, and 0.002, representative of the average silicate values
used in Gaillardet et al. (1999). Then, silicate weathering-derived cation fluxes (Fg, in umol s!) are the
product of the concentration [X]s and the discharge (Q) for the day of sample collection (Table 2).

Fg= [X]s*Q

Results

Cation Concentrations

The relative molar abundance of dissolved cations in the Fraser River measured in this study are
Ca (79%), Mg (17%), K (3.5%), Sr (0.4%), and Li (0.004%) (Table 1). As SO4 concentrations are
approximately equal to 2/3 of the Ca concentration, SO4 is the major anion (see also Cameron and
Hattori, 1997; Voss et al., 2014). Over the course of two seasons, Sr and Ca concentrations decreased

by a factor of ~1.5, Mg by a factor of ~2, SO4 and K by ~2.5, and Li by ~3 with increasing discharge
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during the spring freshet, indicative of significant (R? > 0.4, with the exception of Li with an R? = 0.2)
negative correlations between the Log of discharge (m? s™") (Log[Q]) and the Log of cation

concentrations (Log[X]) (Fig. 2).

Isotope Tracers

Isotope ratios of four systems (Li, Mg, S, and Sr) were significantly correlated with discharge in
the Fraser main stem. 37Sr/%6Sr and §3*S are positively correlated with the Log(Q) (R? > 0.2), while §’Li
and §*°Mg show negative correlations (R? > 0.2) (Fig. 2). §*'K, §**2Ca, and 6*¥%°Sr do not correlate
with discharge; in fact, §*#?Ca values do not vary outside of analytical uncertainty (Fig. 3). There are
two options to determine the §’Li, §*°Mg, and §*'K endmember values for the study site. The first is
based on the endmember values of the dissolved load at the Chilcotin River and the upper Fraser River
at Fitzwilliam, which is what I do in this study. However, because these ratios are significantly (R? >
0.45) correlated with 8’Sr/%°Sr, I could also use the #’Sr/**Sr endmember values, for which more data is
available from the Fort Langley time series, to constrain the endmember values by extrapolation of
their correlations. Both approaches yield similar endmember values within the uncertainties of the
slopes of the Type II linear correlations (Fig. 5), supporting the robustness of my approach. For
instances when the isotopic composition of the endmembers could not be observationally constrained
(3*°Mg of Fitzwilliam and 5*'K of both endmembers), the extrapolated value is used. Amongst the
isotope data from the main stem, the most significant correlations emerged between §Li, 5**Mg, and

54K (R2> 0.1) (Fig. 6).

Model Comparison to Data

The normalized mean residuals (&,,) for [Sr] and ¥’Sr/*Sr decreased compared to the original
model, suggesting better agreement between the revised model and the data. Specifically, the residuals

for [Sr] decreased from +0.35 to -0.34, indicating that observed Sr concentrations are significantly
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lower than predicted by the new model, by about the same amount that the original model
underestimated them. While my expanded model (solid lines in Fig. 3) captures the general trends in
the concentration data (triangles in Fig. 3), significant offsets between modeled and observed

concentrations point to the need for future model adjustments.

The fact that residuals for 37Sr/%Sr decreased by an order of magnitude from 0.0014 in the original
model to 0.0001 in the expanded model indicates that my new model more accurately captures the
87Sr/%Sr variability observed at Fort Langley. General trends in 8'Li, 8°°Mg, and &°*S, such as lower
8’Li and 3*°Mg, as well as higher 5**S values during the spring freshet, are also reproduced by this
expanded model. As the §*¥*2Ca and 6%¥/*°Sr values of the two endmembers (Fitzwilliam station and
Chilcotin tributary) are identical within analytical uncertainty, the model cannot capture temporal
variations. Due to the lack of *'K data for the tributaries and for dominant lithologies in the basin, I
had to use the §*'K values that the Type II linear regression with ¥’Sr/%°Sr yielded (Fig. 5).
Interestingly, the 5*'K chemistries of these two endmembers converged on the bulk silicate Earth value
in the calculation of the ‘missing’ composition (Fig. 5; Table 2) (Morgan et al., 2018; Santiago Ramos

etal.,2018).

Silicate Weathering-Derived Cation Flux Calculations

Average silicate weathering-derived cation fluxes (Fs) for the Fraser River main stem at Fort
Langley are ~2 umol s! for Li, ~50 umol s! for Sr, ~2.5 mmol s™! for Mg and K, and ~5.0 mmol s™' for
Ca (Table 3), equivalent to annual dissolved fluxes of approximately 0.1, 2, 75, 75, and 150 gigamoles
of Li, Sr, Mg, K, and Ca, respectively. Lithium is the only isotope system that correlates with Fg (8'Li,
R?=0.2 - 0.4; Fig. 10), and the relationship between 8’Li and F; is negative. Interestingly, 8’Li and Fj
display contrasting correlations in the two endmember tributary basins: negative in the Chilcotin
tributary (Coast Range) and positive in the Fraser headwaters (Fitzwilliam in the Rocky Mountains)
(Fig. 7). Though intriguing, I consider this finding preliminary because of the small sample size (n =

3).
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Discussion

Model Efficacy

The output of the revised model overlaps with observational data and mimics trends in Li and SO4
concentrations as well as 8’Li, §*°Mg, 37Sr/%Sr, and 8°*S compositions. This indicates that rapid shifts
in hydrochemistry can be captured by simply summing contributions from hydrologic endmembers in
this system. An obvious shortcoming of the model, however, is that it systematically overestimates
dissolved Mg, Ca, and Sr concentrations, while underestimating K concentrations. This is likely caused
by using Log (Q) vs. Log (X) slopes that are derived from Fort Langley main stem data, rather than
individual tributaries for which I had few data (n=5). Additional data on tributary chemistry,
particularly for solute concentrations at extreme flow conditions, could significantly improve the
definition of Log (Q) vs. Log (X) slopes and, thus, improve modeled dissolved concentrations in the
main stem. Additional §*'K data for endmember tributaries might help bring the model output into
better agreement with observed 8*'K variations in the Fraser River. My expanded model also cannot
capture the observed, subtle temporal changes in the §*4*Ca and 5*¥%°Sr composition of the dissolved
load because endmember values are identical within analytical uncertainty. This observation is
surprising, as I expected 8%¥/3Sr of Rocky Mountain tributaries to carry the signature of isotopically
light marine carbonates (Krabbenhéft ef al., 2010) compared to the isotopically heavier “bulk silicate

earth”-like composition of the Coast Range (Table 2).

Silicate Weathering: 8’Li, 62*Mg, and 6*'K

Of all the isotopes analyzed, §’Li has the most significant, yet site-specific, correlation with
silicate weathering-derived cation fluxes (F) (Fig. 7). While 8’Li is negatively correlated with silicate
weathering-derived cation fluxes in the Fraser River main stem and in the Chilcotin tributary, it is

positively correlated with Fg at the Fitzwilliam station in the Fraser headwaters. The former can be
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explained by the interaction of Li with secondary clay minerals formed during the alteration of silicate
minerals. In the laboratory experiments conducted by Millot and Girard (2007), as well as Wimpenny
et al. (2010), SLi is preferentially, yet with variable preference, incorporated into secondary silicates,
rendering the residual Li in the leachates isotopically heavy. Clay minerals analyzed in those studies
included smectite, kaolinite, illite, chlorite, and chrysotile. While both experimental studies found that
SLi was preferentially adsorbed by clay minerals, the effect this had on the dissolved load varied,
owing to varying fractionation factors for the different clay minerals (Millot and Girard, 2007).
Similarly, field studies of 8’Li in rivers have reported that data cannot be explained by a single
fractionation factor related to clay mineral formation (e.g. Kisakurek et al., 2005; Millot et al., 2010;
Yoon, 2010; Pogge von Strandmann et al., 2017) (Fig. 8). As weathering reactions approach
congruency and more cations are released into the dissolved phase, the fluid becomes increasingly
enriched in °Li, resulting in negative correlations between silicate weathering fluxes and the 3'Li
composition of dissolved loads. Such correlations have been documented in numerous studies of rivers
(e.g. Kisakurek et al., 2005; Vigier et al., 2009; Millot et al., 2010; Hindshaw et al., 2019), including
the neighboring Mackenzie River, tributaries draining the Rocky Mountains, the Canadian Shield, and

the Western Cordillera (Millot et al., 2010).

It is also possible that an unconstrained endmember contributes to the dissolved load of the upper
Fraser at Fitzwilliam during periods of higher discharge, which is characterized by increasing
dissolved Li fluxes and heavier 8’Li composition (Fig. 2; Fig. 7). Interestingly, increasing dissolved Li
fluxes with heavier 8’Li signatures were observed during high discharge conditions in the McMurdo
Dry Valley in Antarctica by Witherow et al. (2010). The authors of that study concluded that
isotopically heavier Li was released from terminal glacial lakes only during periods of high discharge,
when such lakes were reconnected to perennial streams. The headwaters of the Fraser River near
Fitzwilliam are dotted with numerous terminal lakes, such as Icefall Lake (52°40'02"N, 118°21'36"W),

Jade Lake (52°39'45"N, 118°23'40"W) and many unnamed smaller lakes. Unfortunately, I did not
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analyze any samples from lakes in the Fraser headwater region and inputs from such lakes were not

explicitly included as a separate endmember in the isotope mixing model.

The observed negative correlation (R? > 0.3) between §?°Mg and 8*'K in the Fraser River main
stem at Fort Langley (Fig. 6) is reminiscent of experimental studies that report preferential adsorption
of isotopically heavier Mg (Wimpenny, et al., 2010; Santiago Ramos et al., 2016) and lighter K (Li et
al., 2019) onto clay minerals. Finding confirmation of these experimental results in a natural setting is
reassuring. As neither isotope system shows correlations with Fg, I conclude that neither appears

suitable to reliably trace silicate weathering fluxes.

Carbonate Weathering: $°Mg, 6*/42Ca, and %%3%¢Sr

The Rocky Mountains contain accreted terranes rich in marine carbonate and clastic sediment
deposits (Fig. 1). Of the isotopes examined in this study, §**Mg, §****Ca, and §%¥/*°Sr are the ones most
relevant to carbonate weathering (e.g. Fantle and Tipper, 2014; Vollstaedt ef al., 2014; Higgins and
Schrag, 2015). These previous studies demonstrate that modern biogenic carbonates preferentially
incorporate the lighter isotopes of Mg, Ca, and Sr. I therefore expected, but did not consistently find,
runoff intercepted at Fitzwilliam in the Rocky Mountain headwater region to be isotopically lighter

than the Chilcotin tributary in the Coast Range.

Consistent with expectations, the inferred §**Mg composition of the Fraser River at Fitzwilliam (-
1.68%o) is lower than that of the Chilcotin (-0.56%o). The more negative value was inferred from one
preliminary unpublished data point for the Fraser at Fitzwilliam, but was corroborated by the close
agreement between modeled and observed Mg data in the main stem, where the preliminary value of
-1.68%o was used to represent the Fitzwilliam (Rocky Mountain) endmember. Further corroboration is
provided by the relationship between Ca/Na and §?°Mg (Fig. 9), which indicates that the Fraser River
can be modeled as a mixture of more silicate-like Coast Range values (heavier 5**Mg, lower Ca/Na)

with a more strongly carbonate-dominated Rocky Mountain endmember (lighter 5°°Mg, higher Ca/Na).
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In contrast, the §**4*Ca and 5%*Sr values observed at Fitzwilliam are within analytical
uncertainty identical to those of the Chilcotin (Table 1; Table2). This observation can be rationalized
by the effect of carbonate metamorphism during orogeny. Discussed by Blattler and Higgins (2017),
§**#2Ca values of Precambrian carbonates (0.39%o) are identical within analytical uncertainty
(£0.08%o, long-term 2SD of IAPSO seawater standard) to those of Bulk Silicate Earth (0.46 + 0.14%o).
This is to be expected because, over long (>100 Myr) timescales, riverine “sources” of Ca have to be in
balance with global carbonate “sinks” (see Urey, 1952). It is, therefore, no surprise that all 5*/42Ca

values measured in this study cover a similar range (0.29 — 0.48%o).

I hypothesize that a similar argument can be made for §3¥%¢Sr. At the outset of my study, I had
expected the headwaters (Fitzwilliam), which are more strongly influenced by carbonate weathering, to
carry the light stable Sr isotope signature of marine biogenic carbonates. In contrast, I expected the
stable Sr isotope composition of runoff from the Coast Range (Chilcotin) to be similar to Bulk Silicate
Earth. However, both regions are characterized by nearly identical §%¥%Sr values (0.29 — 0.36%o),
which are similar to those of Bulk Silicate Earth (0.25 — 0.31%o; Krabbenhoft et al., 2010; Moynier et
al., 2010). Stevenson et al. (2018) found that §%/3°Sr values in eastern Canadian streams only ranged
between 0.26 — 0.39%o, despite large differences in bedrock geology. I interpret this finding as
independent support of my hypothesis that 5*4?Ca and §%¥/%Sr in continental runoff are controlled by

similar processes.

Conclusions

Observed trends towards more radiogenic dissolved Sr during the spring freshet are accompanied
by trends to lower §’Li and §?°Mg, and — possibly — slightly higher §**>Ca isotope values. With the
possible exception of Mg, these correlations are very different from reconstructions of marine isotope
values over the past ~30 Myr, a period of densest data coverage. Over this period, seawater has
acquired an isotopic composition more radiogenic in Sr (McArthur et al., 2010), heavier in Li isotope

ratios (Misra and Froelich, 2012; Sun ef al., 2018)Misra and Froelich, 2012; Sun ef al., 2018), and
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slightly lighter in Ca isotope ratios ((De La Rocha and DePaolo, 2000). Depending on the
reconstructions, the stable Mg isotope composition of seawater has either remained relatively constant
over the past 30 Myr (Higgins and Schrag, 2015; Gothmann et al., 2017) or has shifted to lower §°Mg
over the past 20 Myr (Pogge Von Strandmann et al., 2014), making it difficult to draw conclusions
regarding its relation to the Fraser River record. Despite the ambiguity in the reconstructions and
interpretation of the marine Mg isotope record, temporal changes in the composition of stable isotope
systems I investigated cannot be primarily driven by variations in dissolved riverine inputs associated
with silicate weathering, if the chemical composition of the Fraser River is representative of dissolved
riverine input in general. Instead, temporal changes in stable isotope compositions of seawater must
primarily be determined by intra-oceanic processes, such as biogenic carbonate precipitation
(Krabbenhoft ef al., 2010), hydrothermal exchange reactions (Voigt et al., 2020), diagenetic processes
including reverse weathering (Dunlea et al., 2017), as well as changes in temperature (Marriott et al.,
2004), reaction rate and saturation state (Lemarchand ef al., 2010; Bohm ef al., 2012; Alkhatib and
Eisenhauer, 2017). It remains to be seen whether the co-variations in isotope composition seen in the
Fraser River time series characterize continental runoff in general. Only additional studies of multiple
isotope systems of runoff from different geotectonic settings will help clarify whether and how the
stable isotope composition of global continental runoff undergoes shifts from being dominated by

young active to older passive margins on the timescale of supercontinent cycles.
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Figure 1 | Watershed map of the Fraser River, adapted from Voss et al. (2014). The two
(nearly) monolithic endmember tributary basins are labeled with color-coded circles. Average
bedrock ages (in Myr) of the various lithologies are shown as numbers in the pie diagrams. The
time series monitoring station is shows as a yellow diamond.
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Figure 2 | (left) The log of major and trace solute concentrations in the dissolved load in the Fraser River time
series at Fort Langley, plotted against the log of discharge, where the dashed lines represent Type I linear
regressions through the data. (right) Isotopic composition of the dissolved load in the Fraser River time series
at Fort Langley, plotted against the log of discharge, where the dashed lines represent Type I linear regressions
through the data.
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where the solid lines represent model outputs, triangles represent observations, and the dashed line represents
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Ca, Sr, K, SOy, and volumetric discharge at Mission — the final monitoring station of Fraser River, whose discharge
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composition of the dissolved load in the Fraser River time series at Fort Langley, where the solid lines represent
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Figure 4 | Map of tributary drainage basins in the Fraser River watershed. Blue represents
monitored basins that are characterized with respect to discharge. Those with no coloration are
unmonitored and not sampled. Figure adapted from Voss et al. (2014).
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Table 2. Endmember Characterizations

Parameter Coast Range Rocky Mountains '‘Missing'
[Li] (uM) 0.1+0.1 0.2+0.1 0.1

87Li (%) 232 13+ 1 20

Mg] (M) 186 [+273, -186] 193 + 107 187
525Mg (%) -0.56 +0.27 *1.68 -0.75
[Ca] (mM) 0.3+0.2 0.4+0.3 321
8%42Ca (%) 0.40+0.13 0.40+0.08 0.40

[Sr] (uM) 0.7£0.5 0.85+0.7 1
87Sr/8Sr 0.7046 +0.0007 0.732+0.027 0.70975
588/85Gr (%) 0.35+0.01 0.32£0.01 0.343
K] (uM) 31+36 7+7 27
84K (%) *.0.56 *.0.29 -0.55
[SO4] (uM) 39+38 118 £ 141 53

534S (%) **.0.9 +3.9 **10.7+ 4.5 0.86

Characterizations of the Coast Range and Rocky Mountain endmembers, with uncertainties
representative of 2SD in the tributary values that were averaged to produce these endmember
values. The composition of the 'missing' is based on 83% Coast Range and 17% Rocky Mountains
contributions.

* §2Mg and §*'K values calculated from Type II linear regressions (Fig. 4) with $7St/*Sr, since no
observational data were available

**Values from Cameron et al. (1995)
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Table 3. Silicate weathering-derived cation fluxes

Date Discharge Li Mg Ca Sr K

mm/dd/yyyy m3s”’ pymol s mmol s mmols’ pmols’ mmols?
01/20/2011 1258 0.8 0.72 1.57 17 1.01
02/24/2011 1022 0.5 0.97 213 23 0.87
02/23/2010 1015 0.7 0.94 2.07 23 1.02
04/19/2011 1601 0.9 1.61 3.54 39 1.54
04/13/2010 1474 0.9 1.29 2.83 31 1.33
12/16/2010 1423 1.1 1.04 2.29 25 1.30
05/10/2011 3929 2.4 2.59 5.70 62 -
05/20/2011 7819 4.7 5.18 11.38 124 6.21
12/09/2010 1310 0.6 1.17 2.57 28 1.16
06/03/2011 9904 7.2 5.24 11.52 126 7.14
05/07/2010 2958 1.8 1.76 3.87 42 2.30
10/25/2011 2255 0.5 1.67 3.67 40 1.65
08/26/2011 4521 1.2 3.19 7.01 77 3.62
11/15/2010 1865 1.0 1.38 3.04 33 1.42
06/18/2010 6583 3.8 2.93 6.43 70 3.77
05/28/2010 5089 3.1 2.60 5.71 62 3.40
09/27/2010 2402 1.7 1.71 3.75 41 1.98
09/08/2011 2855 0.8 1.76 3.88 42 2.08
07/15/2011 9750 2.2 3.94 8.67 95 5.94
06/04/2010 5769 4.7 2.51 5.52 60 3.68
11/01/2010 1949 0.5 1.28 2.80 31 1.46
07/20/2010 4700 3.1 1.93 4.23 46 2.86
09/13/2010 2068 1.5 1.23 2.70 30 1.48
06/28/2011 10020 6.4 4.85 10.65 116 6.45

Silicate weathering-derived cation fluxes calculated using a forward modeling approach.
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Figure 8 | The Fraser River main stem and Chilcotin tributary samples in a global context. Fraser
River basin data is plotted relative to samples from the French West Indies (Fries et al., 2019), Yenisei
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Chapter 4

Barium Cycling in the Gulf of Aqgaba:

An Exceptionally Undersaturated Marine Basin for Barite

Abstract

Stable Ba isotopes (6'**Ba) are a novel proxy in oceanography thought to improve our
understanding of deep-ocean circulation, water mass provenance, and the oceanic Ba cycle. The
8138Ba signatures of Ba inputs to the ocean and the formation of barite (BaSQu4) in seawater, a
major Ba sink, control the 5'33Ba of seawater and, hence, it is crucial to understand the processes
that affect these source and sink signatures. In this study, I investigated the influence of export
productivity, barite saturation state (Qparite), and terrigenous inputs (e.g. aerosols) on the
§13%/134Ba composition of suspended particulates. I use sinking particulate matter and seawater
samples collected seasonally in the world’s most undersaturated marine basin with respect to
barite — the Gulf of Aqaba. The 5'**Ba of particles exported to depth was invariant in this sample
set (+0.09 £ 0.06 %o, 2 SD; n=26), despite changes in P and Al fluxes, which are used to represent
changes in productivity and dust fluxes. The offset between suspended particulates and seawater
(A" Baparticle-seawater) in the Gulf of Aqaba is -0.5 + 0.1 %o, consistent with observations from other
sites and studies, corresponding to a wide range of barite saturation states, where Qbparite ranges
from 0.02 — 1. I interpret these results to indicate that A'**Baparicie-sw is insensitive to barite
saturation state and is solely driven by the 3'3*Ba composition of the surficial water mass from
whence the barite formed. Aerosol 5!**Ba analysis yielded a '3*Ba composition of 0.01 = 0.03 %,
while recent and preindustrial bottom sediments have a uniform 5'*Ba signature of 0.34 + 0.03
%o. This relatively heavy 6'**Ba composition of the sediments, compared to both aerosols and the

sinking particulate load, indicates that some post deposition diagenetic process that involves
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isotopic fractionation or a yet unconstrained source of isotopically heavy Ba is affecting the

sedimentary 5'*Ba signature.

Introduction

Ba isotopes have been proposed as a valuable oceanographic proxy for water mass
provenance and deep-ocean circulation (Bates et al. 2017; Geyman et al. 2019; Horner et al. 2017).
This application is based on the observed distribution of §'**Ba in seawater, which is affected by the
precipitation of barite (BaSO,) in seawater and the isotopic fractionation involved in the process (e.g.
Bates et al. 2017; Horner, Kinsley, and Nielsen 2015; Hsieh and Henderson 2017). Specifically, it has
been suggested that the longer a water mass remains in the upper ocean (~200 — 700 m) before it is
downwelled, the longer it has for isotopically lighter Ba to be removed by barite formation/export,
rendering the dissolved 3'**Ba composition of the water mass proportionately heavier. The §'**Ba
composition of the surficial water mass, which is controlled by the duration of time at the surface and
the intensity of barite formation, is purported to control the §'3®Ba composition of sediments (Bates et
al. 2017; Horner et al. 2017). However, the effect of different factors that influence barite accumulation
in sediments — namely, export productivity, barite saturation state ((2gaso4), and inputs of terrigenous
material (e.g. aerosols) on the bulk 5'3*Ba of marine sediments or on 5'**Ba of barite in sediments are
currently unknown.

To date, the natural Ba isotopic variability of the ocean has been measured in the Atlantic
(Bates et al. 2017; Horner, Kinsley, and Nielsen 2015; Hsieh and Henderson 2017), Pacific (Geyman
et al. 2019; Hsieh and Henderson 2017), China Sea (Cao et al. 2020), and Southern Ocean (Hsieh and
Henderson 2017). All marine studies have documented that Ba has a nutrient-like profile with barite
precipitation in upper ocean (~200-700 m) micro-environments driving its isotope fractionation within
the oceanic water column. The prevailing hypothesis is that, as heterotrophic microbes remineralize
sinking organic matter, the lighter isotopes of Ba (Von Allmen, et al., 2010; Horner, et al., 2015) are

preferentially incorporated into the mineral BaSO4. This process renders meso-pelagic waters
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relatively depleted in Ba concentrations and isotopically “heavier” than the water masses above and
below (Bates et al. 2017; Horner, Kinsley, and Nielsen 2015; Hsiech and Henderson 2017). Water
masses that form at these depths and circulate throughout the ocean likely preserve their pre-formed Ba
isotopic composition (Bates et al. 2017). It is assumed that barite dissolution during sinking minimally
affects the dissolved 8'3¥Ba composition of seawater, although Ba concentrations increase with water
mass age along the oceanic conveyor belt (Bates et al. 2017; Horner, Kinsley, and Nielsen 2015; Hsieh
and Henderson 2017). Thus, the dissolved Ba isotopic values in seawater and, potentially, in marine
sediments are predominantly controlled by ocean circulation patterns, which are an integration of the
Ba isotopic composition of surface waters and the intensity of barite formation in the region where the
water mass originated (Bates et al. 2017; Bridgestock et al. 2018).

Barite accumulation rates in marine sediment records depend primarily on export production,
which depends on climatic changes that effect nutrient supply and is the basis for its application as a
paleo-proxy for export productivity (Eagle et al. 2003; Paytan, A & Kastner 1996). However, barite
accumulation rates in marine sediments are also sensitive to preservation in marine sediments, which is
a function of the Qpasos in overlying seawater/porewaters (Eagle et al. 2003), and inputs of insoluble
terrigenous material (Anderson and Winckler 2005). The introduction of insoluble material is
problematic for estimation of barite accumulation rates for two reasons; first, since the sequential
leaching process used to quantify barite accumulation assumes that the mass of a residual fraction is
barite, the presence of insoluble terrigenous detritus can artificially increase the remnant mass in the
‘barite fraction’ of the sediment, unless accounted for by electron microscopic observations or by
measuring the Ba in the residual fraction (Eagle et al. 2003; Ma et al. 2015). Furthermore, inconsistent
terrigenous inputs can affect the sediment accumulation rates and, consequently, the age model upon
which barite accumulation rates are based (Anderson and Winckler 2005). The effect that these
variables — specifically, export productivity, Qpasos of seawater, and terrigenous inputs — may have on
Ba isotopes in marine sediments, however, is unconstrained. Thus, to test the Ba isotope system in a
marine environment that experiences a range of these environmental conditions, this study was

conducted in the Gulf of Agaba (GOA).

79



Geographic and geologic setting

Terrigenous inputs of Ba to the ocean can be categorized into dissolved and solid forms. The
GOA is surrounded by arid deserts and lacks riverine discharge; hence, dissolved sources of Ba are
confined to limited groundwater discharge (Shellenbarger et al., 2006) and occasional (< 5 per year)
flash flood events, which do not noticeably impact the water column chemistry (Katz et al. 2015).
Solid terrigenous sources include atmospheric dust deposition and flash flood-transported sediments.
The origin of dust inputs to the GOA vary seasonally, but are generally derived from desert regions
surrounding the gulf, such as the Sahara, Negev, and Arabian deserts (Chen et al. 2007; 2008).
Relative to annual dust fluxes (~28 g m™ yr'!), which are some of the highest in the world, flash flood
events transport an order of magnitude more solid mass to the GOA (~830 g m* yr'!), but the material
arrives in discrete events and is quickly deposited, not lingering in the water column (Katz et al. 2015;
Torfstein and Kienast 2018). In this study, I assume that mineral dust and flash flood-transported
sediments have a common chemical composition, since the flash floods essentially transport surficial
sediments of aeolian origin from the surrounding region to the GOA (Katz et al. 2015).
Oceanographic setting

The GOA is the northernmost extension of the Red Sea (Fig. 1), which is the most
undersaturated marine basin in the world with respect to barite (Qparite < 0.3) (Monnin et al. 1999). This
undersaturation is driven by warm sea surface temperatures (20 — 29°C; Fig. 2) and a lack of fluvial Ba
inputs. The only marine source of dissolved Ba to the GOA is the narrow Straits of Tiran, through
which surface water from the Red Sea waters enter the GOA and deeper waters leave the basin. The
GOA is ~180 km long and ~800 m deep, with an average water residence time of ~7 years (Silverman
and Gildor 2008). Its oceanographic seasonality can be parsed into two distinct seasons: highly
stratified, summer months (April — September) and well-mixed, winter months (October — March)
(Fig. 2) (Silverman and Gildor 2008). During the summer, hot sea surface temperatures lead to intense
stratification, which minimizes mixing and causes photic zone waters to become oligotrophic (NO3™ <
200 nM and PO43 < 60 nM), thereby minimizing Chl-a concentrations (Chl-a ~0.1 pg/L) (Labiosa et

al. 2003; Lindell and Post 1995). As temperatures cool, however, deep mixing (~300 — 400 m) is
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facilitated, bringing nutrients to the surface and Chl-a increases by approximately an order of
magnitude (Chl-a > 1 pg/L) (Labiosa et al. 2003; Lindell and Post 1995). Primary productivity rates
between these two seasons can vary by a factor greater than five, between 200 — 1120 mg C m2 d!
(Levanon-Spanier, Padan, and Reiss 1979).

Nutrient inputs to the GOA have increased over the recent past (~70 y) as humans continue to
populate the region surrounding the GOA (Lazar et al. 2008). These changes have led to increased
regional primary production rates due to wastewater and fish farm-derived N inputs (Lazar et al. 2008),
which is further supported by observed organic C increases in sediment archives from the GOA
(Steiner et al. 2017). However, conventional Ba-based paleo-productivity proxies (e.g. sedimentary Ba
or BaSO4 accumulation rates or Ba/Al ratios) were not found to correlate with trends in organic C
burial (Steiner et al. 2017). This was due, in part, to the abundance of detrital acolian inputs, which
complicate estimates of the biogenic Ba fraction (Anderson and Winckler 2005; Steiner et al. 2017).

The low barite saturation state, range in primary productivity rates, and complications in the
use of traditional Ba-based productivity proxies make the GOA an ideal natural laboratory for
evaluating the utility or potential limitations of Ba isotopes as a proxy for Ba sources and cycling in the
ocean. In this study, I examine the Ba isotopic composition of GOA seawater (dissolved and
particulate), in conjunction with aerosol, groundwater, and sediment samples, to determine what

controls the §'3¥Ba composition of GOA sediments.

Materials and Methods

This study builds upon the Israel National Monitoring Program for the Gulf of Eilat (Shaked
and Genin 2018) and the Red Sea Dust, Marine Particulates and Seawater Time Series (REDMAST)
sampling campaign (Torfstein et al. in revision), which consists of coeval seawater and sediment trap
profiles at ‘Station A’ (29° 28.95' N, 34° 56.22' E), as well as aerosol collection at the Interuniversity
Institute (IUI) for Marine Sciences in Eilat (Fig. 1). Sampling is conducted on an approximately

weekly basis for all three parameters, which makes this basin especially well-monitored. Seawater
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profiles for dissolved constituents are sampled according to the ‘GEOTRACES Cookbook’ protocols —
an internationally agreed-upon protocol for sampling seawater for trace element analyses (Cutter et al.
2010). Seawater samples were collected acid cleaned Teflon coated GO-Flo bottles (General Oceanics)
and transported to the IUI clean lab facility within 1 — 2 hours. At the lab, samples were filtered
through an acid cleaned Acropak 500 0.8/0.2 um Supor sterile cartridge, acidified using trace metal
clean 6N HCl to a pH of <2, and stored refrigerated in polypropylene vials.

Sediment trap profiles were collected using the collection and processing methods detailed in
Chernihovsky et al. (2018). In brief, the sediment traps were deployed between January 2014 and
February 2016 at Station A (Fig. 1). The traps (KC Denmark A/S) were deployed at five depths: 120,
220, 340, 450 and 570 m. To minimize sample degradation during deployment, the traps were filled
with a poisoned (HgCl,), saturated brine. Post-retrieval, suspended particles were settled and effluent
was partially decanted before sieving through a 1 mm sieve to remove large organisms. The residue
(<1 mm) was rinsed three times with Milli-Q (ultrapure) water to remove salts, freeze-dried, and
weighed. A split of the sample was wet sieved through a series of stainless-steel sieves (500, 125 and
63 um mesh) and freeze-dried again. The size fraction utilized in this study was the <63 pum, since
barite (the primary phase of particulate Ba in the water column) is generally less than 3 um in size
(Griffith and Paytan 2012; Horner et al. 2015).

Subsampling for this study was designed to include samples that span the largest N isotope
range — an identifier of primary production shifts in the Gulf (Wankel et al. 2010). This subsampling
strategy is expected to maximize the range of biologically driven seasonality in Ba cycling. In addition
to marine samples, two aerosol and one coastal groundwater sample were collected as a means of
characterizing terrigenous inputs to the system. The aerosol samples were from August of 2015 and
January of 2016, collected as a part of studies conducted by Hartman et al. (2020) and Chien et al.
(2019), respectively. The 2015 aerosol sample was collected using a total suspended particulate
sampler attached to a five-meter-long pole on the roof of the IUI. The 2016 aerosol sample was
collected during a dust storm from an air filter at the IUI. The groundwater sample was collected in

August of 2017 from a coastal well on the IUI campus, approximately 3 m from the high tide line and
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approximately 1.5 m deep, as a part of this study. The salinity of the groundwater sample was,
however, indistinguishable from local seawater and its 5'**Ba ratio was reported in Mayfield et al.
(2020).

Finally, a sediment core was retrieved at Station A (Fig. 1), using a MC-400 four-barrel multi-
corer (Ocean Instruments, San Diego, CA) from a depth of ~720 m. Two core samples were analyzed,
from depths of 2 — 5 cm and from 31 cm. A well-dated sediment core from the same location (Steiner
et al., 2017) constrains the age of these samples to have been deposited during the years ~1970-2000
and the mid-18" century, respectively. Thus, these samples represent the anthropogenic and pre-
industrial sedimentary endmembers, respectively.

Chemical Preparation

All sample preparation was conducted at the TUI clean lab (1000 class with 100 class
workstations) using double-distilled acids. The seawater particulate and aerosol samples were prepared
identically to one another, where ~5 mg of material was dissolved in bulk with 1 mL of aqua regia at
120°C overnight, dried down, then further dissolved in 2 mL of a HF + HNO; mixture at 120°C
overnight, and dried down again. Dried down samples were reconstituted with 1 mL of 1M HNO3 and
transported, alongside the groundwater and seawater samples, to Woods Hole Oceanographic
Institution, where they were analyzed for Ba concentration and '**Ba composition. Suspended
particulate samples were also analyzed for their P and Al concentrations, which I use as qualitative
proxies for organic matter and terrigenous dust inputs, respectively.

The sediment core samples were processed via a sequential leaching procedure designed to
quantitatively separate barite from the sediment, described in Paytan and Kastner (1996). This
sequential leaching procedure was performed on ~15 g of sediment for each sample and includes
reactions with acetic acid, sodium hypochlorite, hydroxylamine, and an HF-HNOj3 mixture. Each of
these leaching steps was intended to dissolve specific sedimentary fractions, namely the carbonate,
organic matter, Fe-Mn oxyhydroxide, and silicate fractions, respectively. The final residue was
expected to be comprised of barite and other refractory minerals. However, due to high inputs of

insoluble terrigenous material (e.g. acolian dust and flood deposits) in the GOA, relative to open ocean
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sediments, the non-barite component constituted a large fraction of the samples. Scanning electron
microscopy showed that the sediment samples had an abundance of minerals that were not digested
(Fig. 3). To remove at least some of this detrital terrigenous material, the post-leaching sediment
fraction was wet sieved to collect the < 20um size fraction. The < 20um size fraction was assumed to
have contain all the barite, whose crystals are generally <3 pm. This < 20um ‘barite containing
fraction’ of sediment was analyzed in this study and is assumed to represent the primarily the barite
signature as this is the mineral where much of the Ba resides.
Barium Analyses

Post preparation at IUI, all samples were transferred to the NIRVANA Labs at Woods Hole
Oceanographic Institution (WHOI). Reagents used in the chemical and analytical procedures were
distilled to Optima-grade standards. All samples were analyzed for their Ba, Al, and P concentrations
on a Thermo Scientific iCAP Qc quadrupole inductively coupled plasma mass spectrometer (ICPMS).
Samples were then prepared for Ba isotope analysis using the method described by Mayfield et al.
(2020). In brief, all samples were spiked with a '3>Ba—'*°Ba double spike solution, aqueous samples
were co-precipitated with Ba-free 1 M Na,COs solution, Ba was separated from sample matrices using
gravimetric column chemistry, and the purified samples were analyzed in low resolution mode at the
WHOI Plasma Facility using a Thermo Finnigan Neptune MC-ICP-MS. A spiked standard—NIST
SRM 3104a—was measured every fifth samples and sample isotopic data are reported relative to the
nearest four analyses of NIST SRM 3104a using the & notation:

513%Ba (%o) = [(1**Ba/"**Ba)sampte / (**Ba/**Ba)srm-31040a — 1]

Analytical precision is reported as the greater of either long-term 2 SD reproducibility (= 0.03

%o; Horner et al., 2015) or the measured 2 SE obtained from replicate analyses (i.e., where n was

between 2-8).
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Results

Seawater Ba Profiles

Dissolved seawater Ba concentrations [Ba] span a narrow range between 44 — 56 nM, with
5!3%Ba values between +0.46 and +0.63 %o (Fig. 4; Table 1). The [Ba] and 5'3®Ba trends observed in
the GOA seawater overlap with results from other oligotrophic, open ocean basins (Fig. 5). Samples
representing the two seasons analyzed in this study were similar, with an average 5'**Ba composition
of +0.56 £ 0.08 %o (2SD) (Fig. 4).
Particulate Profiles

Particulate fluxes of Ba, P, and Al varied considerably between months in the time series,
ranging from 0.2, 1.6, and 16 mg d"' m? to 1.5, 12.5, and 256 mg d*! m?, respectively (Fig. 6; Fig. 7;
Table 2). The highest fluxes of Al and P were observed between November of 2015 and March of
2016, coincident with the highest flux of particulate Ba. The Ba isotopic composition of the
particulates in the sediment trap, however, did not differ significantly across the time series (Fig. 6).
The average §'**Ba composition of the particulate matter was +0.09 £ 0.06 %o (2SD) (Fig. 6; Table 2).
This isotopic composition displayed no discernable relationship to the Ba flux. Furthermore, the
isotopic compositions of all sinking particulate samples analyzed in this study were consistently lighter
than the isotopic signature of the dissolved Ba in seawater by ~0.5 %o (Fig. 8).
Terrigenous Inputs

In this study, I define terrigenous inputs of Ba as those associated with groundwater discharge
and aeolian inputs. The groundwater sample analyzed had a salinity similar to the local seawater (39).
Its 5'33Ba composition (+0.49 %o) was also within the range measured for seawater samples, but at the
low end of the seawater range (Fig. 8; Table 1). The groundwater Ba concentration, however, was
higher than seawater (113 nM, relative to ~45 nM). The August 2015 aerosol samples had been
previously characterized in Chien et al. (2019), who reported that bulk Ba concentrations in the aerosol
were ~140 ppm, 16-26% of which was soluble (Chien et al., 2019). This 140 ppm Ba value is within

the range of 0 — 200 ppm Ba that most dust samples collected over a four year time series exhibited
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(Torfstein et al. 2017). The isotopic compositions of both dust samples, despite their difference in
collection date, were within analytical uncertainty of each other and had an average composition was
+0.01 %o (Table 2).
Marine Sediments

The §'3®Ba compositions of two marine sediment samples, deposited at Station A during the
late 20" and mid-18"™ centuries, were within analytical uncertainty of each other. Their average
isotopic composition was +0.34 = 0.04 %o (2SD) (Table 2; Fig. 8). This isotopic composition was

distinctly heavier than all suspended particulates and aerosol samples analyzed in this study (Fig. 8).

Discussion

Water Mass Effects

Relative to deeper, open ocean basins with numerous water masses of vastly different ages
layering atop one another, the water column of the GOA is more uniform. This uniformity can be
attributed to two key variables: its physical circulation, with a singular inflow source and deep seasonal
mixing (Biton and Gildor 2011; Silverman and Gildor 2008), as well as its relatively low productivity
rates due to oligotrophy (Chernihovsky, et al. 2018; Foster, Paytan, and Zehr 2009; Labiosa et al.
2003). This homogeneous chemical composition with respect to Ba simplifies the calculation of a
single 8'**Baseawater value (+0.56 %o), which is necessary for the calculation of an isotopic offset
between seawater and suspended particulates (A'3¥Ba).
Chemistry of the Ba Export Flux

The particulate P and Al fluxes reported in this study are intended to qualitatively represent
fluxes of organic matter and terrigenous particulate matter, respectively. Particulate P fluxes were high
during late winter — early spring months (January, February, and March), which corresponds to
elevated Chl-a concentrations in Station A surface waters and expected higher productivity from
increased nutrient availability, driven by enhanced vertical mixing (Fig. 3) (Labiosa et al., 2003;

Lindell and Post, 1995). Particulate Al fluxes were high during the same early months of 2016,
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overlapping with high dust inputs during that time period, reported in Torfstein and Kienast (2018).
While high Ba fluxes coincided with both Al and P high fluxes (Fig. 7a, b), the '**Ba isotopic
composition of the exported particulate load was invariant over time and did not correspond to the total
particulate Ba flux (Fig. 7c). The 8'3¥Ba composition of the export load remained consistent throughout
the time series, with an average 8'3¥Ba composition of +0.09 %o £ 0.06 %o (2SD).

To calculate an isotopic offset of the particulate load from dissolved seawater in the GOA, the
average seawater value was subtracted from the average particulate value, which yielded a A'3¥Ba
(3"**Baparticutate - 8"**Bascawater) 0f -0.47 %o = 0.08 %o. This value is comparable to previously reported
A®Ba offsets in Bates et al. (2017), Horner et al. (2017), and Middleton et al. (In Prep) (Fig. 8),
suggesting that like at other sites, Ba in the particulate load is dominated by barite. The three previous
estimates of A'3¥Ba are derived from observations in the Atlantic (Qbarice = 0.5), Lake Superior (Qbarite =
0.02), and laboratory experiments (Quarite = 1), which span a wide range of settings and barite saturation
states. The A'3¥Ba calculated in this study, -0.47 %o, represents the least-saturated marine endmember
on this spectrum. The similarity amongst these locations suggest that the isotopic composition of
particulate Ba is dominated by barite formation with a constant fractionation factor that is not strongly
depended on environmental parameters, such as salinity, temperature, ecosystem structure or saturation
levels. This information is important for the potential application of barite §'3¥Ba for reconstructing
ocean processes, since the recorded values in barite could be converted to seawater 3'3¥Ba values by
adding the fixed offset.

Barium in Marine Sediments

Given the consistency of the §'**Ba composition in the exported particulate load across the
time series, it was expected that the sediments underlying the location of the sediment trap would have
the same isotopic composition as the particulates. However, this was not observed; the sediments were
isotopically heavier than any of the suspended particulates and aerosol samples analyzed in this study
and, therefore, could not be explained solely by a mixture of these two sources. I interpret this to
indicate that there is a loss of isotopically lighter Ba from the sediments to the porewater reservoir,

likely due to the dissolution of barite after deposition. Porewaters from the core were not analyzed as a
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part of this study; however, in a previous study by Steiner et al. (2017), porewaters from a GOA
sediment core were analyzed and the upper 2 cm was found to be undersaturated with respect to barite.
The porewaters of this undersaturated zone (Qbvarite < 1) had Ba concentrations between 200 — 250 nM,
while the porewaters below 2 cm had ~250 — 500 nM Ba, which is at or above saturation (Qparite > 1)
(Steiner et al. 2017). It is possible that the increase in barite saturation with depth in the porewaters is
driven by the partial or complete dissolution of sedimentary barite and other Ba carrying phases, such
as iron and manganese oxides in undersaturated conditions, as previously reported by Paytan &
Kastner (1996). In the absence of any Ba isotope data from the porewaters, I consider the coastal
groundwater sample to be a first approximation for the chemical composition of marine porewaters,
while fully recognizing that porewater 6'3¥Ba values are the only values that could directly test this
hypothesis. The basis for this first-order approximation of groundwater =~ porewater chemistry is based
on the identical salinity to local seawater, combined with the high Ba concentration of the groundwater
sample (113 nM), which falls between the seawater (48 nM) and porewater values from Steiner et al.
(2017) (Fig. 8). The 8'**Ba composition of coastal groundwater in this study (+0.49 %o) was
isotopically heavier than the sediments, but lighter than the average seawater value (+0.56 %o) (Fig. 7).
If this approximation is accurate, then this supports the hypothesis that there is some release of Ba
from partial dissolution of barite and other Ba carrying phases in the sediments, which contributes Ba
with isotope values lower than seawater into solution. Previous studies have shown that barite can
partially dissolve in the sediments when overlying seawater is undersaturated with respect to barite
(e.g. Paytan and Kastner 1996; Riedinger, ef al., 2006) and, given that the Red Sea is exceptionally
undersaturated with respect to barite (Monnin et al. 1999), this is a likely explanation for the observed
offset between the marine sedimentary pool and the exported particulate load. The isotopic offset
observed for the marine sediments and groundwater composition, A'**Bagegiment-groundwater, was = -0.2 %o,
which is smaller than the fractionation between seawater and the Ba in sinking particulate matter,
suggesting that the porewaters constitute a mixture of Ba from the overlying seawater (due to irrigation
and bioturbation) and some fraction of the sedimentary Ba pool, whether from barite or from another

source, like Fe-Mn oxides. Given that the sinking particulate §'**Ba depth profiles did not increase

88



with depth, it is likely that the dissolution process I speculate is occurring in the sediment does not
occur while the particles are sinking. Therefore, this partial dissolution process would be occurring
over timescales longer than the time it takes for particles to sink from the surface to the sediments in
the GOA. These results suggest that the exported particulate load is isotopically controlled by the
composition of sub-surface waters where barite forms, and that this signature is delivered with barite to
the sediment. However, due to selective preservation of barite as a result of exposure to undersaturated
seawater at the sediment-water interface, measuring sedimentary Ba isotopes may not represent the
sinking particulate barite signature. In paleoceanographic applications, care must be taken to ensure
that barite is the major Ba-carrying phase in analyzed sediments and, when attempting to interpret
changes in 8'**Ba records, the potential for isotopically fractionating partial dissolution should be
assessed before interpreting changes in the sediments equivocal to changes in dissolved Ba in

seawater.

Conclusions

I report the first seawater 8'*¥Ba values for the GOA, the least saturated marine basin in the
world with respect to barite (Monnin et al. 1999), which are vertically uniform at +0.56 %o + 0.08 %o.
This value is significantly offset from the particulate flux, which displays a uniform value of +0.09 %o
+ 0.06 %o. Limited variability was observed between the two dissolved seawater profiles, despite
considerable differences in hydrography, with one profile collected during water column stratification
(October) and the other during deep mixing (January) times. This suggests that barite formation in this
basin is not large enough to impact the water column Ba isotope values and, hence, that the Ba isotopes
in the export load have a constant offset from seawater year-round (A'*®Ba = -0.47 %o). The 5'3%Ba
composition of the sediments, however, is not similar to that of the sinking particulate load, which I
suggest is likely due to partial or complete dissolution of barite and possibly other Ba carrying phases,
which distorts the 3'**Ba composition of the sediments. This result cautions that future studies of

8'¥Ba in marine archives ought to consider the Qparite 0f porewaters and overlying seawater when
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interpreting changes in a record and that further research be conducted to directly constrain the

potential for isotopic fractionation during partial dissolution of barite in sediments.
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Figure 1 | Map of
oceanographic setting. a-b,
Google Earth images for relevant
geographic context.

(A) the Red Sea situated between
eastern Africa and the Arabian
peninsula, (B) the Gulf of
Aqaba, situated at the northern
tip of the Red Sea, (C) ‘Station
A,’ time series sampling location
for seawater and particulate time
series, (D) Interuniversity
Institute of Marine Science
campus location, where
groundwater and aerosol samples
were collected (Eilat, Israel).
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Figure 2 | Temperature and chlorophyll concentration depth profiles at Station A, 2015 -
2016. Data were sourced from Israel’s National Monitoring Program (Shaked & Genin, 2018)
and are color-coded to most closely match profiles to sampling dates relevant to this study.
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Figure 3 | Scanning electron microscope images of ‘barite fraction’ of
sediment. (a) an overview of the residual fraction post-leaching at a 500
um scale (pre-sieving), (b) a magnified view of the remaining sample at a
20 um scale, and (c) a highly refractory mineral, which I suggest was
likely barite, at the Sum scale.
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Figure 4 | Dissolved barium concentration and isotopic data in
dissolved seawater of the GOA. The two profiles represent fall of 2015
and spring of 2016 (A) dissolved [Ba] in seawater, expressed in nM. Error
bars represent the standard deviation of all blanks analyzed as a part of this

sample set (n = 5), but are smaller than the symbol size. (B) 5 'Ba
composition of the dissolved Ba load of seawater, where error bars

represent the long-term analytical uncertainty of seawater standards (0.03
%o0).
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Figure 5 | Dissolved barium concentration and isotopic data from Gulf

of Aqaba seawater, in a global context. 1/[Ba] vs. 8138Ba, relative to
other ocean basins. The results of this study in the Gulf of Aqaba are
denoted in green and purple, which represent the two seasonal profiles.
California Margin data are from Geyman et al. (2019). North Atlantic data
are from Bates et al. (2017), Hemsing et al. (2018), and Hsieh and
Henderson (2017). North Pacific data are from Hsieh and Henderson
(2017) and Geyman et al. (2019). South Atlantic data are from Bates ef al.
(2017), Bridgestock et al. (2018), Hemsing et al. (2018), Hsieh and
Henderson (2017), and Horner et al. (2015). Southern Ocean data are from
Hemsing et al. (2018) and Hsieh and Henderson (2017).
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Figure 6 | Barium flux and isotopic composition of the particulate load
from 1/6/2015 — 4/5/2016. (A) Ba flux calculated for each sediment trap of
the time series, where the date represents the collection date of the ~monthly

deployment. (B) 8138Ba composition of the sediment trap samples. Color
scheme in the legend applies to both flux and isotopic data.
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Table 1. [Ba] and 8'3®Ba composition of dissolved seawater and groundwater samples

Date Depth 5'%8Ba +2SD +2 SD
Parameter mmy/dd/yyy (nF:) (%U)N'ST (%) [Ba] (nM) (nM)
Seawater 3/30/2016 35 0.58 0.04 46 1.2
Seawater 3/30/2016 120 0.63 0.04 47 1.2
Seawater 3/30/2016 200 0.58 0.04 46 1.2
Seawater 3/30/2016 250 0.54 0.04 44 1.2
Seawater 3/30/2016 300 0.56 0.04 47 1.2
Seawater 3/30/2016 400 0.60 0.04 48 1.2
Seawater 3/30/2016 500 0.55 0.04 49 1.2
Seawater 3/30/2016 550 0.55 0.05 49 1.2
Seawater 3/30/2016 600 0.63 0.04 46 1.2
Seawater 10/26/2015 O 0.54 0.03 47 1.2
Seawater 10/26/2015 20 0.56 0.03 46 1.2
Seawater 10/26/2015 40 0.56 0.03 46 1.2
Seawater 10/26/2015 120 0.50 0.03 54 1.4
Seawater 10/26/2015 250 0.54 0.03 50 1.3
Seawater 10/26/2015 350 0.55 0.03 50 1.2
Seawater 10/26/2015 500 0.53 0.03 49 1.3
Seawater 10/26/2015 600 0.48 0.03 48 1.3
Seawater 10/26/2015 700 0.51 0.03 52 1.3
Groundwater 8/24/2017 2 0.49 0.04 113 2.4

Chemical composition of Ba ([Ba] and §'*®Ba) in all aqueous samples from this study in
the Gulf of Agaba.
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Table 2. [Ba] and 6'*8Ba composition of suspended particulate, aerosol, and sediment samples

Ba

Date  Depth &%Ba 12  flux +2 WX, Alflux
Parameter mm/dd/yyy (nF1)) (%) (?/D) (ugd  SD (1mrr?‘2(; SD (1mrr?‘2(; +28D
@ 1 m-z)

Particulate 1/6/2015 123 0.15 0.03 - - - - - -
1/6/2015 345 0.04 0.03 - - - - - -
1/6/2015 458 0.06 0.00 - - - -
9/7/2015 127 0.11 0.03 236 14 4.7 0.3 22 1.3
9/7/2015 229 0.07 0.03 184 25 1.8 0.2 19 2.6
9/7/2015 352 0.11 0.03 189 10 1.6 0.1 22 1.1
9/7/2015 468 0.06 0.03 347 23 2.9 0.2 35 2.3
11/2/2015 121 0.14 0.03 1471 49 11.0 0.4 36 1.2
11/2/2015 227 0.10 0.03 430 45 49 0.5 48 5.0
11/2/2015 348 0.10 0.03 289 7 2.7 0.1 38 0.9
11/2/2015 468 0.10 0.03 318 28 3.7 0.3 61 54
2/1/2016 132 0.10 0.03 519 59 6.2 0.7 51 59
2/1/2016 242 0.06 0.03 638 13 6.8 0.1 77 1.5
2/1/2016 362 0.06 0.03 823 32 10.4 0.4 130 5.0
2/1/2016 468 0.09 0.03 978 131 11.0 1.5 207 27.7
2/1/2016 590 0.07 0.03 1242 51 12.5 0.5 256 10.4
2/29/2016 120 0.09 0.03 286 24 2.9 0.2 35 3.0
2/29/2016 222 0.09 0.03 277 20 2.5 0.2 34 2.4
2/29/2016 341 0.01 0.04 402 17 3.8 0.2 38 1.6
2/29/2016 456 0.10 0.03 488 33 5.3 0.4 100 6.7
2/29/2016 576 0.07 0.03 907 56 9.2 0.6 249 15.3
4/5/2016 120 0.16 0.03 245 22 2.8 0.3 16 1.5
4/5/2016 226 0.08 0.03 177 4 2.4 0.1 20 0.5
4/5/2016 346 0.09 0.03 290 1 2.6 0.0 25 0.0
4/5/2016 460 0.08 0.03 205 8 2.5 0.1 27 1.0
4/5/2016 582 0.12 0.03 210 13 2.7 0.2 45 2.8

Aerosol 1/15/2015 - 0.02 0.03 - - - - - -
8/6/2016 - 0.00 0.03 - - - - - -

0.02
Sediment -

0.05 0.32 0.03 - - - - - -
0.3 0.35 0.03 - - - - - -
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Chapter 5

Conclusion

The major (Mg, K, and Ca) and trace (Li, Sr, and Ba) elements of seawater examined in this
thesis are well-mixed in the modern ocean, with residence times longer than meridional overturning of
the ocean. Variations in their isotopic composition in marine archives have implications for
reconstructions of paleo-hydrology, silicate weathering, carbonate formation/dissolution, oceanic
circulation, and (perhaps) more. The utility of their non-traditional stable isotope systems, however, is
predicated on a quantitative understanding of the magnitude and isotopic composition of their inputs

to/outputs from the ocean.

In CHAPTER 2, I conducted the most complete characterization of the groundwater flux,
which had been missing from most marine isotope budgets to-date, and found that groundwater-
derived fluxes of Li, Mg, Ca, Sr, and Ba account for, at the minimum, 5 % of the riverine input. In
addition to ‘balancing the geochemical books’, my results identify that the hydrologic controls on
groundwater-derived fluxes are fundamentally decoupled from those of rivers—the former depending
on relative sea-level and the latter on precipitation. I also found a remarkable sensitivity of Ba isotopes
to terrestrial water inputs, hinting at potential proxy uses that should be valuable to modelers and

paleoclimatologists alike.

In CHAPTER 3, I found that §*'K and Mg inversely co-varied in the Fraser River main
stem’s dissolved load, which I argue is driven by silicate weathering, predominantly in the young,
volcanic Coast Range. 1 also found a positive correlation between §’Li and §2°Mg, which is contrary to
the relationship one would expect if these systems were responding solely to silicate weathering. 1
attribute this relationship to differences in the types (and, therefore, bonding surfaces/fractionation
factors) of suspended clays in the river’s particulate load over the course of the time series, driven by

seasonal shifts in weathering provenance (Coast Range vs. Rocky Mountains). I also found a positive
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relationship between 5***Ca and 5*¥#°Sr, which supports the body of work demonstrating that these
isotope systems can be useful proxies for carbonate formation/dissolution. The combined results of this
chapter provides a first-order approximation of how these isotope systems may co-vary globally if
surficial processes were to shift from a regime dominated by young, volcanic bedrock (e.g. trap
volcanism) to a regime dominated by erosion and weathering of collisional orogens dominated by

ancient metasedimentary sequences (e.g. Himalayas).

In CHAPTER 4, I report the first seawater 5'**Ba values for the Gulf of Aqaba, which I
constrained as +0.56 %o £ 0.08 %o. I found that this isotopic composition of seawater was distinct from
the particulate flux, which was constrained as +0.09 %o + 0.06 %o. I also found that neither seasonality
or dust deposition (§'3¥Ba: +0.01 %o % 0.03 %o), had a significant effect of the Ba isotopic composition
of the exported particulate load. These results suggest that Ba isotopes in the marine export load are
insensitive to regional changes in the Gulf of Aqaba and are constrained by an isotopic offset, A'3*Ba,
of = -0.47 %o, which is consistent with three other previous estimates of A!**Ba. However, I also found
that this 5'**Ba composition of the export particulate load may experience diagenetic effects, such as
partial dissolution, that isotopically fractionate the sediment, since sediments were heavier than the
dissolved load, +0.34 %o + 0.06 %o. I argue that this is due to the undersaturation of barite in the

overlying seawater and surficial porewaters.

Together, these chapters indicate that the non-traditional stable isotopes of Li, Mg, K, Ca, Sr,
and Ba have a myriad of potential proxy applications in palacoceanography and provide constraints on
the inputs/output fluxes necessary to improve the accuracy of their marine isotope budgets. Looking to
the future, I would most want to see global groundwater-derived solute fluxes expanded to more
elements and isotope systems and with additional volumetric models/estimates. Additionally, I would
like to see the Ba isotopic composition of coastal marine carbonates examined for potential

relationships with terrestrial water inputs, with the aim of testing its sensitivity in the modern. For the
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benefit of the Fraser River geochemical mixing model and our understanding of how these novel
weathering proxies vary under a range of environmental conditions, with tributaries monitored more

extensively to better constrain the concentration-discharge relationships in the tributaries.

Residents of the TUI coral nursery
Photo by Kimberley Bitterwolf

skeksk

‘A‘ohe nui ka hana ke alu ‘ia
No task is too big when done together by all

— Olelo No’eau, Hawaiian proverb
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