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Abstract

A spatial and temporal study of the carbon cycle; the role of
carbonates in buffering Earth's climate

William James Knapp

Canonically, changes in Earth's atmosphéZio, concentrations have been attributed to an
imbalance between volcanic degassing rates and silicate weathering. To force environmental
changes in this way, such as t8€©, decline observed during the Cenozoic Period (66
Myr - present), requires either a decrease in volcanic degassing, or an increase in silicate
weathering and a change in the total amount of carbon in the combined ocean-atmosphere
(OA) system, which is hard to square against proxy observations of invariant silicate weath-
ering and volcanic degassing rates. Recent rethinking about carbon cycling suggests that
rather than increasing sources or sinks of carbon, environmental change can be forced by
redistributing carbon between the ocean and atmosphere, which satis es the condition of
maintaining a similar amount of carbon in the OA system. A proposed mechanism to achieve
this redistribution is via increasing rates of carbonate weathering, which provides a renewed
onus on investigating the impact carbonate rocks, and dissolution thereof, may have on
buffering changes in Earth's climate.

The long term process of chemical weathering is of particular interest currently, as some
suggest silicate mineral dissolution reactions provide a scalable escape route from anthro-
pogenic greenhouse-gas emissions, and subsequent disruptive environmental perturbations.
This seems to be at odds with decades of work prior, showing the timescales upon which
silicate weathering operates are far too sluggish to be useful in the next 50-100 years. Indeed,
the energy required to catalyse silicate weathering (i.e., mining, grinding) and transport
minerals to eld-sites has not been convincingly shown to outweigh poted@alremoval,
yet. Furthermore, in watersheds it is dif cult to prove additionality as a consequence of
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enhancing silicate mineral dissolution. In large, open systems it is hard to trace additional
carbon removal from the atmosphere as a consequence of enhanced silicate dissolution, data
are often very noisy and the fractal nature of river networks means signals are diluted very
quickly. Seemingly, appreciation of the timescales upon which chemical weathering operates
have become skewed.

This thesis investigates the transport of carbon between the terrestrial and ocean realm,
on both short and geological timescales. Carbonate rocks weather rapidly in comparison to
silicates, and carbonate terrains can be very ef cient at delivering alkalinity to the oceans.
However, the ef ciency of the carbonate weathering alkalinity pump is hampered by the
solubility of CaCQ, which commonly precipitates at Earth's surface and in doing so out-
gasse£ . These inputs of alkalinity to the global oceans are measurable, and dynamic
enough to be observed on short timescales and are investigated. Given this, the chemistry
of contemporary carbonate terrains is investigated using stable Mg isotopes to understand
how their carbon transfer capacity can be improved. A global riverine carbonate chemistry
model is presented to quantify the present day maximum global carbonate weathering ux of
alkalinity to the oceans. A method for quantifying carbon removal rates using radiocarbon
data from sites where the chemical weathering process has been expedited is also presented.
The fate of alkalinity in the global oceans requires a much longer frame of reference, given the
residence time of carbon and base cations in the ocean. Therefore, a Cenozoic palaeo-record
of stable Mg isotopes in seawater is presented, and potential drivers of carbon redistribution
between the OA-system are assessed.
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Chapter 1

Introduction

1.1 Overview

Visible, complex life on Earth has existed since the Cambrian explosiba2 million years

ago (Ma), and evidence of even older, simpler forms of life extend back 4,100 Ma (Bell et al.,
2015). Observations of ancient life are fascinating, and equally interesting is the notion of
persistent life on Earth since the Cambrian, and perhaps further back in time. Indeed, despite
5 major extinction events during the Phanerozoic Eon the diversity of families in the fossil
record appear resilient to transient perturbations in Earth's climate (Raup and Sepkoski Jr,
1982). The persistence of life on Earth is owed, in part, to chemical weathering, a process
that modulates the exchange of carbon between the rock and ocean-atmosphere-biosphere
reservoirs (Urey, 1952).

Currently, anthropogenic emissions derived from the combustion of fossil fuels have
increased the concentration of atmosph€&€n@, by 50 % since the industrial revolution
150 years ago. The rate of increase of atmospl&@dgis unprecedented in comparison to
climatic perturbations in the geological past (Rae et al., 2021). It is imperative that under-
standing of the processes underpinning the function of Earth's carbon cycle are deepened,
such that carbon dioxide removal (CDR) methodologies can be carefully and effectively
implemented. The IPCC suggests 6@ yr  must be removed to limit global warming
to 1.5C by 2050 (Zhongming et al., 2022). Methods of CDR will be varied, between closed-
system solutions such as direct air capture, and more nature-based open-system solutions
such as enhanced rock weathering.
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This thesis is principally concerned with carbon, speci cally the dissolution of carbonate
rocks and transport of alkalinity in rivers to the oceans. At a broad scale, understanding of
carbonate dissolution is somewhat overshadowed by a wealth of research on the dissolution
of silicate minerals in active orogens (e.g., Berner et al., 1983; Bickle et al., 2015; Caves Ru-
genstein et al., 2019; English et al., 2000; Galy et al., 1999; Raymo and Ruddiman, 1992;
Raymo et al., 1988). However, carbonate dissolution represents a large ux of carbon to
the global oceans, double that of silicate dissolution (Gaillardet et al., 1999; Gaillardet and
Galy, 2008), because carbonates react orders of magnitude faster than silicates (c.f. Brantley
et al., 2008; Chou et al., 1989), and outcrop ubiquitously globally (Hartmann and Moosdorf,
2012). Therefore, carbonates represent a highly reactive buffer to changes in atmospheric
CO, (Raymond et al., 2008), and some studies suggest carbonates played a pivotal role in
the Cenozoic climate transition from "hothouse' to “icehouse’ (Caves Rugenstein et al., 2019;
Derry, 2022; Roberts and Tripati, 2009). Here, a holistic look at carbonate weathering and
authigenic carbonate precipitation is explored on a variety of spatial and temporal scales.

1.2 Climate regulation by chemical weathering

Canonically, Earth's climate is regulated by reaction between carbonicldgtlds), derived

from the atmosphere, and silicate rocks and minerals (Urey, 1952). This silicate weathering
reaction (Eqn. 1.1) liberates cations and anions from mineral lattices into solution, which
then precipitate as carbonate phases in the oceans. This simple reaction (Egn. 1.1) removes
gaseous Oy, a greenhouse gas, from the ocean-atmosphere system and stores it as stable
minerals in Earth's crust on long timescales (>100,000 years, Berner et al., 1983; Urey, 1952;
Walker et al., 1981).

CaSiG+ CO,$ CaCQ+ SiO, (1.1)

Carbonate weathering is a separate facet of chemical weathering. The complete carbonate
weathering reaction involves the dissolution of carbonate rock with carbonic acid, and the
precipitation of these products to reform the carbonate phase initially dissolved (Egn. 1.2).
Therefore, at steady state Eqn. 1.2 has no net impact on atmos@i@rin long timescales
(Berner et al., 1999). However, if the rate of dissolution of carbonate minerals is greater
than the rate of carbonate precipitation, i.e., a non-steady state solution, then carbonate
weathering can act as a very ef cient buffer of atmosph@@y changes. In this non-steady
state scenario, the production and deliverance of alkalinity to Earth's oceans outweighs the
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rate of removal via carbonate precipitation, meaning carbonate weathering can redistribute
carbon between the atmosphere and ocean (Derry, 2022) and change atmosphgric pCO

CaCQ+ CO+ H,0$ 2HCO; + Ca&* (1.2)

The size of carbon reservoirs on Earth provides an important perspective on how delicately
balanced Earth's climate is. The entire content of Earth's sur cial reservoir of carbon,
comprising the atmosphere-ocean-biosphere, & 10 mol of C, dwarfed in comparison
to the rock reservoir, which contains 5000 10 mol of C (Berner and Caldeira, 1997;
Berner et al., 1983; Sunquist and Broecker, 1986). This large difference results in a “reservoir
effect’, meaning small changes in uxes into or out of the rock reservoir can induce large
changes in C content in the sur cial reservoir (Berner and Caldeira, 1997; Sundquist and
Visser, 2005).

1.3 Considering time in the carbon cycle

The carbon cycle is often split into two distinct groups, short-term and long-term carbon
cycling (Berner et al., 1999; Sundquist, 1985). The short term carbon cycle is usually in
reference to the biosphere, rapid exchanges of carbon between soil, vegetation and the
atmosphere, which vary seasonally as the biosphere grows and decays. On the other hand,
long term carbon cycling refers to relatively slow mineral dissolution-precipitation reactions
and volcaniaCO;, outgassing (Sundquist, 1985). As understanding of carbon cycling has
progressed over the last few decades, the once clear distinctions between short and long term
carbon cycling have become increasingly blurred. The role of organic carbon cycling in the
long term carbon cycle has become more obvious (Berner, 1982; Derry and France-Lanord,
1996; France-Lanord and Derry, 1997), with the controls on organic carbon oxidation becom-
ing better de ned (Hilton et al., 2008, 2011; Leithold et al., 2006). The study of strong acid
weathering in carbonate terrains has also shown chemical weathering can act as a rapid source
of CO, to the atmosphere (Spence and Telmer, 2005), further complicating understanding.

Clearly, the timescale upon which an observer is enquiring about Earth's carbon cycle is
rather important. Not least in the current climatic perturbation imposed on Earth by humanity.
It is becoming increasingly pressing to appreciate the carbon cycle on short timescales, that
of a human's life for instance. This is incompatible with the long-term carbon cycle, which
operates so slowly it is seemingly irrelevant to humans, but is the obvious way to remove



4 Introduction

anthropogeni€0O, from the atmosphere. Indeed, stopp@@. emissions tomorrow and
letting carbonate and silicate weathering remove anthropo@didrom the atmosphere
would take 70,000 years, perhaps even longer (Tyrrell et al., 2007).

Solving climate change using carbon dioxide removal technology requires us to nd
innovative ways to condense the time frame upon which natural carbon sequestration occurs.
Some approaches take advantage of the short term carbon cycle, e.g., some companies
propose growing huge amounts of biomass (often algae) and burying it in deserts to expedite
organic carbon burial, others simply plant trees. With regards chemical weathering, there
has been a huge amount of interest in enhanced rock weathering (Beerling et al., 2020;
Hartmann et al., 2013; Kantzas et al., 2022; Kohler et al., 2010; Schuiling and Krijgsman,
2006). Enhanced rock weathering involves increasing the rate of chemical weathering
reactions, such thatO, is removed from the atmosphere by chemical weathering on a
human-timescale, as opposed to a million-year timescale (Schuiling and Krijgsman, 2006).
Large scale enhanced rock weathering eld trials are only just beginning in earnest, the
rst full scale study (Larkin et al., 2022) showed very little dissolution of basalt applied to
soils. The ef cacy of enhanced rock weathering &@ removal strategy is still not fully
understood, given how nascent the technology is.

1.4 Enhanced rock weathering as &0, removal technol-
ogy

Chemical weathering is a relatively sluggish mechanism for climate regulation, operating
on million year timescales. Enhancing natural chemical weathering processes has been
suggested to be able to mitigate the worst effects of modern climate change (Andrews and
Taylor, 2019; Kantzas et al., 2022; Moosdorf et al., 2014; Renforth et al., 2015; Schuiling and
Krijgsman, 2006; Schuiling and Tickell, 2010; Taylor et al., 2016). This arti cial enhance-
ment of mineral and rock dissolution reactions has been termed enhanced rock weathering
(ERW, Schuiling and Krijgsman, 2006). The aim of ERW is to arti cially increase the
riverine ux of alkalinity, derived from rock dissolution (Egn. 1.1 and Egn. 1.2), from the
continents to the oceans, in doing so sequestering atmosphesic CO

The rate of mineral dissolution per unit tim%'%() is described by Eqgn. 1.3 (Lasaga, 2014)
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|
dm

= s AerT (? AL W (1.3)
where SA is reactive mineral surface are&)n is the Arrhenius pre-exponential factor

(or frequency factor, mol fs 1), E is the activation energy (J md), T is temperature (K)

and R the gas constant. Dimensionless taiisa function of the activity of théfl aqueous
species participating in th&jreaction mechanism (where j is acid, neutral or bagéis

the degree of mineral saturation andapd q represent empirically derived dimensionless
numbers, for which there exists a large degree of uncertainty (Lasaga, 2014, 2018). This
nalterm [1 WPi]% suggests dissolution close to mineral saturation is very slow. According

to Egn. 1.3 there are multiple ways to increase reaction rates, and all require energy be put
into the system. The most obvious method is to increase reactive mineral surface area (SA)
by powdering ERW feedstocks (Andrews and Taylor, 2019; Beerling et al., 2020; Larkin
et al., 2022; Taylor et al., 2016) but this creates an energy penalty, which damp&G;the
removal ef cacy of ERW.

Despite the energy penalty imposed by comminution, grinding rocks to micron scale
particles is the preferred mechanism for enhancing rock weathering processes. This kind
of energy penalty is just one of many challenges facing ERW as an em&gngemoval
technology. Other challenges include the monitoring, reporting and veri cation of carbon
removed during ERW in large and dynamic natural systems (Amann and Hartmann, 2022;
Larkin et al., 2022), scaling the technology from lab-scale to eld scale (Pogge von Strand-
mann et al., 2022; Renforth et al., 2015; White and Brantley, 2003) whilst maintaining lab
derived dissolution rates used in large-scale models (e.g., Beerling et al., 2020; Kantzas et al.,
2022), and leaching of potential poisonous metals from ma c phases (Renforth et al., 2015).

1.5 A brief overview of carbonate chemistry in rivers

Carbon dioxide in solution has been studied extensively in seawater (Dickson and Millero,
1987; Millero and Roy, 1997; Zeebe and Wolf-Gladrow, 2001), as air-sea gas exchange
plays an important role in the cycling of carbon on short timescales (e.g., Takahashi et al.,
1997), and the supersaturation and precipitatioBafQ; in seawater is a critical facet of
global carbon cycling (Urey, 1952). Freshwater carbonate chemistry is less studied, but
arguably better understood. Unlike seawater, freshwater river systems are not complicated by
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the nuances of ionic interactions in electrolyte-dense solutions that are dif cult to predict
(Millero and Roy, 1997).

Fig. 1.1 a) Histogram of pH data in global rivers from the GLORICH database (Hartmann

et al., 2019). Data were Itered for normalised inorganic charge balance (NICB) and the

mean value of each station was taken, mean of all data = 7.78, n = 729. b) Bjerrum plot of
COy, in a freshwater solution at 26, whered CO, = 1 mMol L 1. Dashed black line shows

the second equivalence point (PKn the carbonate system (pH = 8.3).

Carbon in solution comprises three inorganic components, i) uncharged carbon dioxide,
which is eitherCOy(aq) or H,CGs, ii) bicarbonate ion ICOs™) and iii) carbonate ion
(CO327). The neutral specie€0,agy H2CO3) are not chemically separable and are often
denoted as jusEO,. The total amount o€0O, in solution is de ned as the molar sum of
these species in solution, and is known as dissolved inorganic carbon (DIC);

DIC= CO;+ HCO; + CO3? ; (1.4)

whereas alkalinity, in it's simplest form, "keeps track of the charges" (Zeebe and Wolf-
Gladrow, 2001). Alkalinity is devilishly dif cult to understand at a lower level - as multiple
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species can contribute to this minor component of charge balance (Dickson, 1992). With
respect to waters draining carbonate terrains (e.g., Eqn. 1.2), alkalinity can be de ned as

Alkalinity = HCO3 + 2COs? ; (1.5)

where carbonate ion is counted twice to account for the double negative charge. The
majority of rivers in the global rivers data base, GIoRiCH, have a pH value less than 8.3
(Fig. 1.2a), meaning the dominant carbon species in solution isgACElg. 1.2 Hartmann
et al., 2019). Therefore, the concentration of dissolved inorganic carbon (DIC) and alkalinity
(the charge equivalence of carbon species in solution) are effectively unity.

The saturation and precipitation GRCQ; in solution is determined by the molar con-
centrations oC&* and alkalinity (adHCO3 ™) in solution. Because fresh waters are often
low-ionic strength it can be assumed that molalityactivity of species in solution (Drever
et al., 1988). The saturation of calcite in waté) s then

we [C#ICo? ]

o (1.6)

Fig. 1.2 Cumulative frequency plot of ions in solution from GLoRICH database (Hartmann
etal., 2019).
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where Ksp = [Ca* ]safCOs? ]sat, Which is the concentration of these species at equilib-
rium for a given temperature. AWvalue >1 signi es supersaturation, wherddvalues <1
signi es undersaturation. Thermodynamically, a solution With1 is predicted to precipitate
CaCG@;, though this is not always the case. Often kinetic constraints impede the formation
of calcite or aragonite, which often takes the form of inhibiting elements in solution (e.qg.,
Mg?*, SO;?~ and organic matterAstilleros et al., 2010; Dobberschiitz et al., 2018; Mann,
1988). Despite precipitation inhibitors, secondary precipitation of carbonate phases appears
to have a dominant control on fresh water chemistry in the GLORICH database. More conser-
vative metals in solution, such & andMg?* appear to approach a sigmoidal cumulative
frequency distribution (Fig. 1.2), which suggests they are normally distributed. This shows
the concentration of these species is dependent on the abundance of these elements in local
lithologies within catchments, which are generally randomly distributed at a continental
scale (Fig. 1.2)C&* andHCO;~ are the dominant ions involved in carbonate precipitation,
and deviate from sigmoidal behaviour. The gradient of these ts steepen as concentration
increases, which may indicate the solubility of carbonate minerals places an upper limit on
the concentration of these ions in solution (Fig. 1.2). The dynamics of carbonate precipitation
in karst terrains are discussed in Chapters 2 and 3.

1.6 Stable Mg isotopes as a tracer of carbon cycling

Mg?* and the carbon cycle are intimately linkedg?* is the fourth most abundant cation in
seawater (Broecker et al., 1982), and eighth most abundant in the continental crust (Rudnick
et al., 2003; Taylor and McLennan, 1995), therefore a major component of both silicate and
carbonate rocks. Consequently, many of the processes which impact the carbon cycle also
impact theMg?* cycle. For instance, the weathering of carbonate and silicate rocks liberates
Mg?* ions into the hydrosphere along with alkalinity, where they may be reincorporated
into secondary phases (e.g., authigenic carbonates and clays on land, Hindshaw et al., 2020;
Immenhauser et al., 2010; Tipper et al., 2006a; Wimpenny et al., 2011), or transported via
rivers to the oceans. In the ocelsig®* is returned to the rock reservoir alongside alkalinity
during the formation of biogeni€aCGQ;, and departs from alkalinity during clay formation,
whereMg?* is scavenged and alkalinity turned to dissolved inorganic carbon (DIC) and out-
gassed. Therefore, the capability to trace different sourchtgdt can reveal the intricacies

of carbon cycling.
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Multiple sources oMg?* contribute to any given system, be that a river or the ocean.
Measuring concentrations Mg?* alone does not provide enough information to elucidate
the intricacies of thég?* cycle. To discern the processes responsible foMb&' cycle
stable Mg isotopes must be usédg?* has three stable isotop&éMg, 2°Mg, and?®Mg,
with relative abundances of 78.98, 10.00% and 11.0.1% respectively. The stable Mg
isotope composition of a material is expressedi&¥g, which represents the ratio of
26Mg/?*Mg, expressed in permille notation

( g )
d%Mg= 1000 W 1 (1.7)
2Wgstandard

Multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) has im-
proved markedly over the last 20 years, meaning routine measurement uncertainties have
decreased from 60 ppm (Galy et al., 2001) to < 20 ppm (Tipper, 2022). The terrestrial
reservoirs oMg?* display a %o variation ind?®Mg (Fig. 1.3), making resolving differences
between different sources bfg?* and processes that fractionat®Mg a viable route to

understanding Mg cycling, hence carbon cycling.

The d26Mg composition of major terrestrial reservoirs is shown in Fig. 1.3. Notably,
the d?Mg composition of silicates differs greatly from that of carbonates. Silicate rocks
and soils have a mediatt®Mg value of -0.25 and 0.1%. respectively (Fig. 1.3), whereas
carbonates have a more depleted median composition, %.1Big. 1.3). Carbonates
display a wide range id?®Mg, between -1.5%. and -5.5%o. This is due to the different
biota comprising limestones, with aragonitic material having a medféilig composition
of -2.0%o, and calcite -4.0%o (Tipper, 2022). Global rivers represent a mixture of
carbonate and silicate derivéy?* with ad?Mg composition of -1.0%%o, slightly offset
from seawater, -0.8%o (Fig. 1.3), as previously observed by Tipper et al. (2006b). The
reason for this offset is still not obvious (Gothmann et al., 2017; Higgins and Schrag, 2015;
Pogge von Strandmann et al., 2014), and is discussed further in Chapter 5.
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Fig. 1.3 Summary ofl?®Mg values for major terrestrial reservoirs
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1.7 Isotopic nomenclature

In this thesis isotopes are relied on heavily as tracers of natural processes. Intrinsic to the
understanding of such processes is gaining an understanding of isotopic nomenclature, which
can be quite confusing. To trace the preferential incorporation of an isotope from one phase
(e.g., a uid) into another phase (e.g., a solid precipitate) requires the calculation, via density
functional theory, or estimation, via laboratory experiment/ observation, of a fractionation
factor. A fractionation factor de nes the relative partitioning of heavier and lighter isotopes
between the two phases and can be de ned as an equilibrium fractionation factor, or a kinetic
fractionation factor.

The isotopic fractionation factor is expressed agaralue. In the case of a magnesite-
water system for stable Mg isotopes, this manifests as
24Mg

ZmMg MgC O3
aMgCO; H,0 = W; (1.8)

Mg H,0
and the fractionation factor is related to the equilibrium constant by

2=

a = KN; (1.9)

Here, N is the number of atoms exchanged, and K the equilibrium constant.
e is a common method of displaying alpha values and is simply

e=1 a: (1.10)

This generates a small number, which is multiplied by fob readibility, and expressed in
permil notation (%o). Fractionation factors in Chapter two are expressedatation.

Another expression is capital delta notationDgr,. This is simply the difference in
d value between phases a and b, strictly this is not a fractionation factor and the two are
often confused (delta values are explained in the Sectino 1.6). In Chapter 5, the difference
in d?Mg composition between modern seawater and modern brachiopod calcite is used in
modelling as the fractionation factor between these two mediums. This is a common use
case for this notation, but more work should be done to understand the traleie in these
instances.
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1.8 Thesis outline

In Chapter 2 the dominant controls on water chemistry in karst terrains are explored using
stable Mg isotopesdf®Mg). Spring and river water samples, as well as bedrock samples,
were collected from three classic Jurassic limestone terrains; the Jura Mountains, the Saint-
Baume Massif (France) and the Inferior Oolite of the Cotswolds (UK). Globally, it appears
that the Mg/Ca ratio of spring waters leaving karst systems are an order of magnitude greater
than the bedrock being dissolved. A combination of stable Mg isotopes, Mg/Ca and numeri-
cal modelling is used to understand the processes causing elevated Mg/Ca ratios in spring
waters. The implication of this for transport of carbon in carbonate terrains is also discussed.

In Chapter 3 the suitability of enhancing carbonate weathering for carbon dioxide seques-
tration is evaluated. This chapter uses a global solubility model to understand the maximum
amount of alkalinity (a$1CO3™) derived from carbonate weathering Earth's largest rivers
can transport under a range GACQ; saturation scenarios. This chapter is based on a
publication inFrontiers in Climate

In Chapter 4 a series of geochemical methods for quantify@@, removal from en-
hanced rock weathering sites are evaluated in detail. These analyses are performed on
samples collected from the defunct Consett steel works in Co. Durham, UK. At the Consett
site 20 Mt of steel slags have been passively weathered since the steel works closed 40
years ago. This weathering has led to widespread carbonate precipitation and highly alkaline
waters in the streams draining the site. A series of stable isotdp€ (d120), radiogenic
Sr @7srPbsr), and radiocarbon (percent modern carbon, pMC) analyses are performed on
stream waters an@aCQ; precipitates to estimate the rates of carbon removal at this site.
This study addresses the dif culties involved in quantifyi@@, removal rates from ERW
in natural settings, with multiple sources of carbon. This chapter is based on a manuscript
accepted for publication iBnvironmental Science and Technology

In Chapter 5 the global carbon cycle during the Cenozoic is evaluated using stable Mg
isotopes. A 65 million year (Myr) record of Mg isotopes in Cenozoic seawater is produced
by measuring the stable Mg isotope composition of fossilised brachiopods (kindly provided
by Washington et al., 2020). The Mg isotope fractionation factor between brachiopod calcite
and seawater is determined by measuring the stable Mg isotope composition of a suite of
modern brachiopods, including 13 different species. A simple box model of Mg cycling in
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the ocean is then used to interpret the Mg/Ca and stable Mg isotope composition of seawater
over the Cenozoic, in the context of changing sinks of oceanic Mg and the potential impact
of these changes on carbon cycling.

Chapter 6 summarises the thesis, and considers the signi cance of the ndings in the
context of our current understanding of carbon cycling.






Chapter 2

Dominant controls on solution chemistry
In carbonate terrains

2.1 Introduction

Carbonate rock weathering is a lesser studied facet of the carbon cycle, because the long-term
climatic effect of weathering and burying carbonate sediments has no net impact on the total
amount of carbon in the combined ocean-atmosphere or rock reservoirs (e.g. Eqn. 2.1, Berner
et al., 1999; Calmels et al., 2014; Dandurand et al., 1982).

CaCQ+ CO,+ H0$ C&* + 2HCO; (2.1)

However, carbonate rocks are particularly interesting because they react with acids very
rapidly, orders of magnitude faster than silicate minerals can (c.f. Brantley et al., 2008;
Chou et al., 1989), meaning that carbonate weathering can respond to environmental change
quickly. Indeed, long term data seem to suggest incred§¥os~ export from carbonate
catchments as a result of anthropogenic in uences (Raymond et al., 2008). Furthermore,
carbonate weathering constitutes a large ux of carbon from the terrestrial realm to the
oceans. On million year timescales carbonate weathering delivdmible the amount of
alkalinity, via Eqn. 2.1, than silicate weathering does (c.f. 0.14 and 0.29 PgC@aillardet
et al., 1999). Therefore, carbonates represent a highly reactive buffer of changes in atmo-
sphericpCQ,. This ux of alkalinity, derived from carbonate weathering, deserves more
attention. Silicate weathering is a favoured mechanism for regulating climate because the
weathering of silicates results in removal@D, from the ocean-atmosphere system into the
rock reservoir, whereas carbonate weathering redistributes carbon between the ocean and
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atmosphere. Effectively, carbonate weathering maintains the total amount of carbon in the
ocean-atmosphere system constant, but can change atmog@@siDerry, 2022). This
notion is particularly interesting, as modelling studies (Derry, 2022; Roberts and Tripati,
2009; Zeebe and Tyrrell, 2019) have started to converge on a carbon budGéxfdecline

during the Cenozoic; total carbon inventory in the ocean atmosphere reservoir changes little,
despite large decreases in p&aver this time period ( 1000 ppm, Rae et al., 2021).

Given the potential in uence carbonate weathering may have on climate, the processes
in uencing the chemical composition of waters draining carbonate lithologies is important
to constrain. Carbon transport in carbonate terrains is hampered by the solubG#Cak
(Knapp and Tipper, 2022). Because of this thermodynamic constraint, the carbon transport
potential of carbonate rivers is limited.

One method to ensure the successful transport of alkalinity, derived from carbonate
weathering, to the oceans is to red@aCQ; saturation in solution. This may be achieved
by charge balancing alkalinity with a cation that is@#*, e.g.,Mg?*. The solubility of
MgCOQOs phases is greater th&aCQ;, andMgCOs phases are kinetically inhibited from
precipitating because of the high dehydration energyigf* (Lin et al., 2023; Saldi et al.,
2009). Therefore, the Mg/Ca ratio of waters in carbonate terrains plays an important role
in delivering carbon, derived from carbonate weathering, to the oceans where it may buffer
increases in atmospheric GQArcher et al., 1997).

Carbonate rocks often have very low Mg/Ca ratios (i.e., 0.01), but the rivers that drain
carbonate rocks can have Mg/Ca ratios an order of magnitude greater than the dissolving
bedrock (Calmels et al., 2014). Similarly, the stable Mg isotope composfidtg(**Mg
ratio expressed ad?®Mg) of spring water has been shown to differ signi cantly from
the dissolving carbonate bedrock (Immenhauser et al., 2010; Tipper et al., 2006a), which
suggests Mg isotopes may be tracing the processes that in uence Mg/Ca ratios. The reason
for this elevation in Mg/Ca and?®Mg is not clear, and could have a signi cant impact
on the transport of carbonate weathering products to the oceans. Here, we study three
distinct carbonate terrains; the Jura Mountains, the Saint-Baume massif (Huveaune) and the
Inferior Oolite aquifer (Cotswolds) to understand the controls on Mg/Ca ratios &g
composition of spring and stream waters, in comparison to the dissolving bedrock.
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2.2 Study Sites

Fig. 2.1 Map of study areas, coloured for relative relief.

2.2.1 The Jura Mountains

The Jura Mountains comprise an uplifted carbonate platform deposited in the Tethys Ocean
during the Jurassic and Cretaceous, and uplifted during the Alpine collision (Calmels et al.,
2014). The stratigraphic column is uniform and comprises predominantly limestones, with
two main aquitards forming the major spring lines. The rst aquitard comprises a layer of
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clay at the base of the Jurassic limestones, deposited during the Lias period. The second
aquitard was deposited during the mid-Jurassic, known as the Oxfordian Clay (Calmels et al.,
2014). The Jura Mountains have a large (1000 m) elevation gradient, which results in large
variations in soil and vegetation cover. These changes in soil and vegetation have been linked
to the changing weathering intensity across the Jura basin (Calmels et al., 2014).

2.2.2 The Saint-Baume Massif, L'Huveaune

The Saint-Baume massif experienced rifting during the Middle Triassic to Late Jurassic
time. During this time the basin developed a thick succession of carbonate sediments (>200
meters), comprising ammonite bearing limestones, and oolitic limestones sampled in this
study (Bestani et al., 2015). Carbonate sedimentation continued during the Lower Cretaceous,
comprising limestones interbedded with marls, and clay rich sediments which form aquitards.
Compression during the Cretaceous period resulted in uplift and strong erosion of many
of these sediments, creating an unconformity. The uncomformable surface is overlain by
breccias, which record the deformation and uplift of the Saint-Baume massif to its present
day position (Bestani et al., 2015).

2.2.3 The Inferior Oolite, Cotswolds

The Inferior Oolite is a Middle Jurassic limestone deposit, presenting as a lenticular sheet
spanning from Dorset to Yorkshire (Barron et al., 1997). The Inferior Oolite overlays the Lias
Clays as is the case in the Jura, which are relatively impermeable, and form an aquitard with
the Inferior Oolite. The Inferior Oolite is separated from the Great Oolite by the Fuller's Earth
Formation, another impermeable lithology which produces productive spring lines (Paul,
2014). The limestones are shelly to sandy ooidal limestones, occasionally interbedded with
ner muddy sediments of marine origin, which is indicative of minor sea level transgressions
and regressions during deposition (Barron et al., 1997). Sampled springs feed small streams,
which drain into the larger Nailsworth and Frome rivers.
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2.3 Materials and Methods

2.3.1 Sample collection and analysis

Sample collection, cation and anion analyses for Jura samples are discussed in detail by
Calmels et al. (2014), and will be discussed brie y here. Jura samples were collected in 2001
and 2002 over a range of hydrological conditions (i.e. median ow to high ow Calmels et al.,
2014), stored in acid washed containers and ltered through ath2Zelluslose membrane
using a Te on ltration unit. Cations and anions were measured by an ion chromatograph
(IC) Dionex 120. Alkalinity was determined both in the eld, using the Gran method, and on

a Dionex ICE-AS1 column in a laboratory within 5 days of sampling. Comparison between
eld and lab derived alkalinity is excellent (% to +6%). This study uses alkalinity values
derived in the lab, following Calmels et al. (2014). Rock samples were leached in 10 % acetic
acid for one hour, supernatants were separated by centrifugation and dried in preparation for
ion-exchange chromatography.

Water sampling in Huveaune and Cotswolds was conducted in 2018 and 2021 respectively.
Water sampling procedure was identical between each eld campaign. Water samples were
collected in acid-washed containers and ltered immediately after sampling througha0.2
cellulose acetate membrane using a polycarbonate and UPVC lItration unit, into acid washed
HDPE bottles. Three aliquots were collected, for cations, isotopes and anions. Cation and
isotope samples were both acidi ed to pH 2 using distill€dO3. Anion samples were not
acidi ed. A 50 mL un-acidi ed, Itered aliquot of each water sample was titrated in the eld,
using the gran method.

87SrféSr andd?5Mg for Huveaune and Cotswolds samples were measured on a Neptune
Plus MC-ICP-MS at the University of Cambridge.

For 8/SrP8Sr, Sr was separated from the sample matrix using Biorad Micro Bio-Spin
columns with Eichrom Sr spec resin (Deniel and Pin, 2001). The Sr fraction was then dried
to a salt and dissolved in® HNOs. Samples were introduced to the plasma via APEX IR
sample introduction system and an ESIrAOPFA nebuliser at a concentration of 50 ppb
Sr. Samples were run in triplicate and interferences were corrected for by on-peak zeros by
subtracting the blank measurements bracketing the sample measurement. Any additional
Rb in the samples was corrected for using an exponential correction. Every 5 samples were
bracketed by the NBS 987 standard, which gafésaf®Sr of 0.710270 80 ppm (&, n =
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122). IAPSO seawater was processed through column chemistry yiel8iSy/fSr ratio of
0.709195 24 ppm (3, n = 5), within uncertainty of the accepted value 0.7091Bppm
Mokadem et al. (2015).

For d?®Mg, samples were puri ed using a micro-porous gel type resin AG50W-X12
(BioRad™) following Tipper et al. (2008b). Puri ed samples were then dried down and
redissolved in a% HNOs; matrix and introduced to the plasma via an APEX desolvating
nebuliser introduction system. A sample-standard bracketing technique was used in this
study, the bracketing standard used was Dead Sea Magnesium - 3 (DSM-3, Young and
Galy, 2004). Samples and standards were run at the same Mg concentration - 200 ppb.
Sample concentrations were matched to the bracketing standard by voltage matching. Mg
masses 24, 25 and 26 were measured on Faraday cups L2, C and H2 respectively. Jura data
were processed through columns alongside a low-Mg/Ca synthetic standard (CCSR2). The
accepted long-term average value for this standard is % {8 = 50), the value produced
during analysis of Jura rocks (Table. 2.2) was within uncertainty of this value (%,72
=0.06%0, n = 7). Huveaune and Cotswold samples were also processed through columns
alongside a low Mg/Ca standard (CCS-JA). The accepted long term value for this standard is
-3.33%o (n = 15), the value produced during analysis of samples was %.4®s = 0.07
%0, N = 4). A pure Mg standard of known composition (Cambridgel) was also analysed
during each session. The value for Jura samples was %.6% = 0.07, n = 3), and for
the Huveaune and Cotswolds samples -2662s = 0.09%o, n = 3), both values are within
uncertainty of the accepted standard value (-268s = 0.14, n = 35, after Galy et al.,
2003).

2.4 Results

2.4.1 Water chemistry

Aqueous chemistry of spring and river waters from the Jura mountains (France, site code
= JU), Huveaune river (France, site code = LH) and Cotswolds aquifer (United Kingdom,
site code = WP) are presented (Table. 4.1). Elemental and carbonate chemistry data for the
Jura samples is discussed in detail by Calmels et al. (2014). All sites display water chemistry
indicative of monolithic carbonate terrains (Fig. 2.2a). Cation and anion charge equivalence is
dominated byC&* andHCO3~, 90% and 92% respectively (n = 47C&* 2s = 8%, HCO3™~

2s =12%). pH values range from close to neutral (7.20) to 8.40, mean pH for all sites is
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7.90 (n =48, 8 =0.66). Alkalinity (as bicarbonate ioRCOs ™) is high, typical of carbon-
ate terrains globally (Gaillardet et al., 2019, 1999), varying between &4pL and 7099
mEQ/L (Fig. 2.2a), with a mean of 5192 /L between all sites (n = 48s2= 2445mMol/L).

Saturation indices with respect to calcite (Slc) and p@O, were calculated using
PHREEQC (using the same thermodynamic database, WATEQA4F, as Calmels et al., 2014),
a geochemical modelling software (Parkhurst et al., 2013). Both stream and spring water
samples are supersaturated with respect to calcite (Slc >0, Fig. 2.2b). Spring water Slc
varies from 0.04 to 1.05, stream water Slc is generally higher and varies from 0.63 to 1.24
(Fig. 2.2b). Spontaneous carbonate precipitation is expected at Slc values >0.3 (Ford and
Williams, 2007), which aligns with observations of authigeBeCQ; precipitation in stream
waters forming travertine terraces at most sites. Hh@, varies from close to equilib-
rium with atmospheric pressure (13%° atm) to far from equilibrium pressures (1¥°°
atm, Fig. 2.2b). HighegiCGO; values are observed in springs, as uid evolves in con ned
aquifer systems, in comparison to streams which actively exchange g&@gpusth the
atmosphere (Fig. 2.2b). A two-order of magnitude differencpG®; is observed at all
three sites (Fig. 2.2), which has previously been attributed to changing soil productivity
with elevation and temperature in the Jura samples (Calmels et al., 201@) values for
Cotswold springs show a similar variance to Jura data, but have a small elevation gradient
(70 meters) in comparison to the Jural,000 meters, Table. 4.1). This suggests a separate
control on pCQ in the Cotswold samples.

Mg/Ca ratios show a large range across all sites. Mean Mg/Ca ratios are 0.06, 0.09,
and 0.06 for the Jura, Huveaune and Cotswold waters respectively (Fig. 2.2c); all samples
are elevated above typical Mg/Ca values for limestone lithologies (0.01, Fig. 2.2c). Jura
springs have the highest Mg/Ca at 0.165, and span the largest range (0.02 - 0.165, Fig. 2.2c).
Huveaune springs also show a large range in spring Mg/Ca (0.03 - 0.14), and stream waters
become increasingly evolved downstream. Huveaune stream waters have the highest Mg/Ca
ratios (Fig. 2.2c), owing to a datum from the most downstream locality (Table. 4.1, LH18-
016). Removing this datum results in the mean Mg/Ca at Huveaune decreasing to from 0.09
to 0.07. Cotswold data are rather less variant (0.04 - 0.07, Fig. 2.2c). In the majority of cases,
stream water Mg/Ca are greater than spring water Mg/Ca (Fig. 2.2c).

The mear?’SrP8Sr composition of Jura, Huveaune and Cotswolds water samples are
0.707556 (n = 14,2 =324 ppm), 0.707877 (n = 14s2= 93 ppm) and 0.708177 (n =15 2
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=272 ppm). The mea$’SrP®Sr composition for all sites is distinct, owing to the differing
lithological provenance, hence time of deposition during the Jurassic and Cretaceous periods.
The87SrP8Sr values presented for Jura and Huveaune samples (Table. 4.1, Fig. 2.2d) are
typical of Jurassic and Cretaceous seawatSr€Sr between 0.7069 and 0.7080, Fig. 2.2d
McArthur et al., 2001). Cotswold samples are slightly more radiogenic than the bounds
of Jurassic and Cretaceous seawater (Fig. 2.2d McArthur et al., 2001), which suggests
an additional source of Sr, that isn't from carbonate roak¥Mg compositions behave
similarly to 8’SrPéSr, demonstrating unambiguously that provenance is contributing to
d?®Mg compositions (Fig. 2.2d). Meaa*®Mg for the Jura, Huveaune and Cotswolds is
-2.50%0 (N =18, %3 =0.33), -2.2%%0 (n = 14,3 =0.25) and -2.20%0 (n = 14, Z = 0.20).
The®’SrP8Sr andd?Mg composition of sample LH18-016 is markedly different to other
Huveaune samples (Fig. 2.2d), this is also re ected in Mg/Ca (Fig. 2.2c). This sample is
taken 6 km from the source of Huveaune, all other samples were collected within 400 m of
the source. Itis possible LH18-016 represents an integration of multiple chemical processes,
some of which may be anthropogenic. Consequently, interpretations relating to this sample
should be treated with caution.
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Fig. 2.2 Spring and stream water chemistry from study sites (Jura, Huveaune, Cotswolds) a)
Alkalinity (as HCO3 ™) plotted againsiCa?*]. Dashed lines represent different weathering
regimes, which include silicate dissolution, carbonate dissolution and strong acid weathering
of carbonates (e.g. by sulfuric acid), which would act as a sour€sffrom the rock
reservoir to the atmosphere (Spence and Telmer, 2005). b) Slcys$d@f>,) for all samples,

with dahsed lines corresponding to calcite saturation and atmosp@g All samples are
supersaturated with respect to both calcite @. c) Mg/Ca ratio as a function ¢gMg?*],

with a dashed line showing typical Mg/Ca ratio of limestones. d) Radiogenft/ SifeSr)

and stable Mg isotopel®Mg) composition of spring and stream waters. Data generally
cluster to differen®’Srf8Sr values, owing to the different provenances of carbonates studied.
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2.4.2 Bedrock chemistry

Jura Bedrock data were kindly provided by E.T. Tipper (unpublished), and are displayed in
Table. 2.2. The meathi®®Mg composition for samples shown (Table. 2.2) is -2872 s =
0.21%o), mean Mg/Ca is 0.011 (€ = 0.008). Meard?°Mg values are very similar to the
median value of a literature compilation @®Mg in carbonate rocks (-4.1%., Fig. 2.3),

which suggests the lithologies investigated are representative of limestones. There is a
signi cant spread in literature data shown (Fig. 2.3), the reason for this is not yet clear, but
may be due to Mg sourced from dolomite dissolution.

Rock ID Mg/Ca d?®Mg d“®Mg-2s d?°Mg d?°Mg-2s n

%0 %00 %0 %0
K171 0.014 -4.38 0.03 -2.30 0.04 3
K172 0.012 -4.36 0.04 -2.29 0.03 3
K173 0.010 -4.55 0.09 -2.48 0.06 1
K174 0.014 -4.23 0.03 -2.21 0.00 3
K175 0.011 -4.38 0.04 -2.28 0.02 3
LHR1 0.003 -4.30 0.27 -2.23 0.14 3

Table 2.2 Bedrock chemistry for Jura and Huveaune samples. Jura samples are labelled by
'K', Huveaune by LHR.

2.5 Discussion

2.5.1 Discrepant riverd?®Mg and Mg/Ca

Bulk rock and water chemistry differ substantially from one another. Mg/Ca ratios in waters
are routinely higher than bedrock Mg/Ca (Fig. 2.2c), a¥fMg in waters are enriched

in 26Mg in comparison to the dissolving limestone (-4g Fig. 2.3). The elevation of
Mg/Ca in mono-lithic carbonate terrains is enigmatic, and consequential for understanding
global carbon cycling. Presently, controls on carbonate weathering are thought to be runoff
(Suchet and Probst, 1995), and the saturation of rivers with respect to calcite (Knapp and
Tipper, 2022). The latter mechanism represents the reverse of Eqn. 2.1, which relies on a
steady supply of Ca and alkalinity from carbonate rock dissolution. The nuance addressed
in this study is that the increase in Mg/Ca (driven by increasing Mg) in waters draining
limestone terrains results in more HgObeing charge balanced by Mg. This is signi cant
asMgCOQOs phases scarcely precipitate under Earth surface conditions, relaad. As

such, the process(es) controlling the increase in spring water Mg/Cacadj in the sites
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studied here represent a control on the ef ciency of carbon transport, derived from carbonate
weathering, from the continents to the oceans.

The limestone lithologies investigated in this study have no appreciable dolomite present
at the outcrop or hand specimen scale. Dolomite that is present is likely sporadic and localised,
making dolomite as a source of Mg dif cult to reconcile between the three geographically
isolated sites, which all present similar Mg/Ca affMg compositions (Fig. 2.2b, c). More
likely, the waters draining the sites studied here dissolve low-Mg carbonate phases, deposited
in calcite seas during the Jurassic and Cretaceous (Dickson, 2004).

The discrepancy in Mg/Ca artf®Mg between the bulk limestone rock being dissolved
and spring and stream waters (Fig. 2.2a) requires a process that either removes Ca or sup-
plies additional Mg, or both, whilst either fractionating Mg isotopes, or providing a mixing
endmember that is isotopically enriched relative to limestones (Fig. 2.3).

A rst order control on stream water chemistry is likely the precipitation of authigenic
carbonate minerals, e.g., calcitegCQ). Trace Mg is incorporated into the lattice of calcite
as an interstitial impurity (Mucci and Morse, 1983) and is linked to solution chemistry via
a partition coef cient (Kd), which can vary as a function of reaction rate (Alkhatib et al.,
2022). If calcite precipitates in an open system, wh&@ may outgas from the solution,
then Ca will be lost in a much greater proportion than Mg, leading to the Mg/Ca of the
parent solution increasing. Secondary calcite precipitation in rivers is known to fractionate
stable Mg isotopes and increase Mg/Ca ratios (e.g., Immenhauser et al., 2010; Pogge von
Strandmann et al., 2019; Tipper et al., 2008a). Indeed]Aklg composition of secondary
CaCQ precipitates (e.g. stalactites) is consistently offset from continental water (Fig. 2.3,
Immenhauser et al., 2010). Itis likely the stream waters (an open system) studied here follow
this sequence of events (e.g. Fig. 2.2c¢), but spring waters likely do not, as they are closed
systems (Fig. 2.2b).

If calcite precipitation occurs in a system closed to the atmosphere, e.g. in an aquifer,
thenCO;, will not be able to outgas. Consequently, precipitation in a closed environment will
increase uidpCQ,, decrease pH and calcite saturation, resulting in dissolution of calcite.
The supersaturation and precipitation of calcite can create a dissolution-precipitation cycle
in closed systems, whereby the Ca concentration is effectively constant (Calmels, 2007).
Cyclical dissolution-precipitation cycles have been invoked to explain the recrystallisation of
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primary carbonate textures (e.g. high-Mg calcite and aragonitic fabrics) to sparry calcite in
the meteoric (Land, 1967, 1970; Longman, 1980) and oceanic (Gieskes et al., 1975; Richter
and DePaolo, 1987) realm. Effectively, thermodynamically less stable (high-Mg) calcite
minerals are dissolved, and thermodynamically more stable (low-Mg) calcite minerals are
precipitated in their place. The result of dissolving a high-Mg calcite, and precipitating a
relatively lower Mg calcite is to accumulate Mg in the parent solution, increase Mg/Ca, and
fractionated?®Mg as precipitation proceeds.

An additional control on spring water chemistry may be conservative mixing between
dissolution of trace silicate minerals in carbonate terrains, and dissolution of carbonate min-
erals. Given thel2?®Mg composition of silicates is -0.25%o (Fig 2.3), and silicate minerals
are enriched in Mg (e.g., Mg/Ca 1, Rudnick et al., 2003), trace silicate weathering can
provide additional Mg to the parent solution and incred®¥lg via mixing. The alkaline
pH conditions (i.e> 8, Table. 4.1) produced by carbonates in closed-system aquifers could
provide a pathway for silicate dissolution via hydroxide-catalysis (Brantley et al., 2008).
In this instance, a conservative mixture between carbonate and silicate endmembers could
account for the discrepancy between limestone Mg/Cadgflg.

Critically, the d?®Mg and Mg/Ca ratios of spring waters will either be in uenced by
diagenetic alteration in the meteoric realm, or trace silicate weathering. Stable Mg isotopes
and Mg/Ca ratios are used here to discern between these two plausible controls.
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Fig. 2.3 Literature compilation of th#?®Mg composition of Mg reservoirs of interest to this
study, including; silicate rocks, rivers, rivers which drain carbonate lithologies, dolostones,
secondaryCaCQ; precipitates (e.g. stalagmites, travertine and tufa) and limestones. Median

values are reported to 2 S.F.
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