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Résumé

Résumé

Les actions combinées du cycle de I'eau et le cycle des roches résultent en un transport de
sédiments des continents aux océans. Il a ét€¢ proposé que dans I'océan, les sédiments détritiques
réagissent avec l'eau de mer lors de processus encore mal compris, connus sous le terme d'«
altération inverse », consommant des cations, formant des minéraux authigeénes et libérant du COs.
Sur de longues échelles de temps, les sédiments détritiques sont convertis en roches sédimentaire
et « recyclées », sous l'effet de la surrection tectonique, c'est-a-dire ramenées a la surface de la

Terre.

Cette theése étudie ces processus au travers (1) d'expériences en laboratoire (2) d'une étude
de terrain sur des sédiments d’un delta d'age Eocéne, déposés dans des conditions continentale et
marine, et (3) sur la base d'analyses des sédiments de 42 fleuves mondiaux. Notre approche est en
particulier basée sur des systémes isotopiques "non traditionnels" : Si et Li. Les résultats
expérimentaux montrent que les argiles adsorbent le Li marin en occasionnant un important
fractionnement isotopique (A’Liminssolution ~ 20%o). L'étude terrain indique que le 8’Li enregistre
I’interaction entre I’eau de mer et les sédiments détritiques et de ce fait signe I'« altération inverse »
se produisant dans les environnements deltaiques et y couplant les cycles du Li, du Si, et du Fe.
Enfin, les isotopes du Si suggérent que les roches sédimentaires exercent une influence majeure
sur la composition des particules actuellement transportées a la mer, et que ceci pourrait sur le long
terme affaiblir la capacité d'absorption du CO, atmosphérique par I'altération des silicates sur les

continents.

Mots clés : Silicium, Lithium, isotopes, altération chimique, altération inverse, cycle sédimentaire



Abstract

Abstract

At the Earth surface, the interplay between the water cycle and the rock cycle leads to
transport of materials from the continents to the sea. In the ocean, detrital sediments are thought
to react with seawater through a set of hypothesized, but yet-under constrained, processes called
“reverse weathering” which consume cations, form authigenic clays, and liberate CO,. Over long-
time scales, sediments are transformed into sedimentary rocks. Under the action of tectonic uplift

these sedimentary rocks are "recycled" back to the Earth surface.

This thesis investigates these processes through (1) a set of laboratory experiments; (2) the
close examination of detrital sediments deposited in environments varying from alluvial to marine
at an Eocene delta; and (3) the role of sedimentary rocks in erosion and weathering, using the
geochemistry of river sediments from 42 world rivers. These objectives have been achieved using
"non-traditional" isotope systems: Si and Li. First, our experiments show that detrital clays exhibit
a strong capacity to adsorb Li and fractionate seawater Li isotopes (A’Limin/id ~ 20%o). Second,
the field data show that seawater composition (especially ’Li) can be modified by interacting with
detrital sediments over geological time scales, and that deltaic “reverse weathering"-type processes
result in a coupling between the Li, Si, and Fe cycles. Third, Si isotopes suggest that the recycling
of sedimentary rocks has a major influence on the composition of sediments currently transported
to the ocean, and that this possibly results in a long-term weakening of the capacity of continental

silicate weathering to consume atmospheric COx.

Key words: Silicon, Lithium, Isotopes, Chemical weathering, Reverse weathering, Sedimentary

cycle
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Weathering: Making the earth of the Earth

It is surprising how compatible human beings from different cultures can be when talking
about planets. When looking at a flaming planet in the night sky, our ancestors from western
cultures named it after the god of war from Roman mythology, Mars, and our ancestors from

eastern cultures simply called this planet as “_X_4£”, meaning the planet of fire. When talking

about the planet where we live, there is no cultural diversity. In French, a beautiful language which
I am still learning, it is called “la Terre”. The French name is not substantially different from how
it is called in my scientific working language, English, the Earth. In my mother tongue, Chinese,

it is called “#£%£” which literally means “the sphere of earth”. In the etymologies of these

languages, the word “earth” shares a same origin, soil.

If we consider the beginning of our modern life style as being early as the industrial
revolution around 18" century (although many important inventions such as electricity, internet,
etc., occurred later), the current course of human society only occupies an insignificant fraction of
human history, as our ancestors can be dated back as old as 4.4 million years ago (Gibbons, 2009).
For a long period of history, and even today, our lives are very much dependent on soils over
which fruit-bearing trees and crops grow. Without soils, many forms of life would not exist on the

Earth surface and civilizations would never have appeared.

Although soils are everywhere nowadays, they do not just “appear”. As for any other
geological feature, the formation of soils requires certain processes at specific time scales. It is
precisely weathering, in particular silicate weathering, which exerts a major control on soil
formation through rock dissolution and secondary mineral precipitation. Atmospheric CO; is

dissolved in meteoric water and slightly acidifies the fluids, which leads to mineral dissolution.
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Once released, the aqueous constituents can be re-precipitated, and consequentially secondary
minerals are formed. These reactions, involving water, gases, and rocks, can only occur at the very
surface of the Earth’s surface, defined by many scientists as the “Critical Zone”(Brantley et al.,

2007).

Although, we had astronauts landed on the Moon; the movie director of Titanic and Avatar
James Cameron reached the bottom of Mariana trench; great men and women working in the
International Space Station, the vast majority of human beings and our civilization are still
dependent on this thin layer of the Earth surface. Therefore, it is of importance to understand
weathering, which is a key process modifying and shaping the Earth surface. This dissertation is
about expanding our knowledge of weathering by exploring several questions such as the fate of
dissolved constituents when they are transported into the ocean, and by addressing the importance

of the weathering of “already-weathered” rocks.

1.1 Weathering: a pivotal process for the evolution of the Earth surface compartments

Weathering is a natural process occurring on the Earth surface, which breaks up rocks and
transforms them into sediments. Once the rocks are relocated via tectonics from the depth of the
crust to the Earth surface, they are subjected to weathering. Decompression via the removal of
overburden and cooling triggers physical weathering which allows the rocks to break. Meanwhile,
chemical weathering takes place when water in the form of rain, groundwater flow, or stream
interacts with rocks. Both physical weathering and chemical weathering break rocks into debris,
but only chemical weathering is able to substantially alter the nature of rocks. Carbon dioxide gas
(CO») in the atmosphere dissolved in water produces carbonic acid, which in turn lowers the pH.

Protons offered by the carbonic acid enables the dissolution of primary minerals constituting the
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solid rocks and the formation of pedogenic secondary minerals, which can be simplified as (for

example of weathering K-feldspar into kaolinite; Bouchez and Gaillardet, 2014):

CO2+ H20 « HyCOs3

KAISH;08 t etaspar) + HaCO3 + 3 HO — 3 A2Si205(OH)4 raotinicy) + 2HaSiO4 + K+ HCO3

Therefore, weathering produces minerals dissolved in water and precipitated in soils (and
the sediments transported by rivers, corresponding to eroded debris of soils and rocks). From the
point view of the water cycle, weathering determines the composition of river water and the
dissolved fluxes to the ocean. From a point view of the rock cycle, river sediments are then
transported to deposition sites to form sedimentary bodies, which with time, through processes
such as diagenesis or metamorphism, consolidate to form sedimentary rocks. As a consequence,
weathering transforms all types of rocks (igneous, metamorphic, and sedimentary) into
sedimentary rocks. For all these reasons, it is thus also critical to comprehend the impact of
weathering as it connects the various layers of the Earth surface: hydrosphere, lithosphere,
atmosphere and biosphere. Additionally, as our planet is a dynamic system, these spheres have
been evolving through geological times. For instance, the onset of tectonics fundamentally
changed the nature of the lithosphere, the atmosphere has been evolving from anoxic to oxic, and
life appeared. All these changes have induced modifications and regulations on the style of the
weathering at the Earth surface. In turn, weathering processes have affected the evolution of the
Earth compartments.

1.1.1 Weathering and the hydrosphere
At first order, the ocean is the ultimate destination of materials dissolved through the

weathering of continental crust. The flux of riverine dissolved material derived from continental
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weathering is also one of the main inputs determining the aqueous chemistry of the ocean. As
shown by the pioneering studies (Turner and Whitfield, 1979; Whitfield and Turner, 1979;
Whitfield, 1979), it is informative to examine the relationship between oceanic residence time (1)
and the water-rock partition coefficient (K;W) of a given element. The water-rock partition
coefficient for an element y quantifies the distribution of this element between seawater and the

upper continental crust (UCC), and it is defined as:

Sw
KSW — Xy

y XUCC
y

where X5 is the concentration of y in seawater and X;/““ is the concentration of y in UCC. The
plot of T against Kjfw results in a positive relationship (Fig 1.1), suggesting a long-term effect of

weathering on the hydrosphere (Taylor and McLennan, 1985; Rudnick and Gao, 2014).
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Figure 1.1 Plot of ocean residence time (expressed as log 1) against seawater — UCC partition
coefficient (expressed as log K5") for various elements. Data from Taylor and McLennan (1985).

For a given element, the longer the residence time in the ocean, the greater the partition
coefficient is. The elements located in the upper-right corner of Figure 1.1 are considered as
soluble elements. These elements include alkali elements such as lithium (Li), alkaline-earth
elements, and some other elements like boron (B), rhenium, molybdenum, gold and uranium.
Those elements located in the lower-left corner of Figure 1.1 have short residence time in the ocean

and are considered insoluble elements. The insoluble elements include rare earth elements (REE),
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transition metals such as zinc and copper, post-transitional metals such as aluminum and gallium.
Some of these “insoluble-in-seawater” elements may actually not be immobile during continental
weathering. Pointed out by Taylor and McLennan (1985), some elements are subjected to changes
of solubility with oxidation state variation, for example manganese and iron. The remaining
elements in Figure 1.1 are considered as moderately soluble as they have intermediate residence

time. These elements include some transitional metals, barium, cadmium, and silicon (Si).

The soluble elements tend to enter the hydrosphere, hence the ocean, during weathering. For
these elements, the seawater chemical and isotope compositions can be greatly controlled by
weathering parameters: source rocks, rates, and intensity. This is shown in particular for the past
Li isotope composition of the ocean, one of the foci of the current dissertation. The study of Misra
and Froelich (2012) reports the evolution of oceanic Li isotopes composition over the Cenozoic.
Such record is preserved in the calcium carbonate of planktonic foraminifera, as trace amount of
Li is incorporated from ambient seawater during growth (Hathorne and James, 2006; Misra and
Froelich, 2012). The record shows secular variation of seawater in terms of Li isotopes (Fig 1.2).
Briefly, the results from Misra and Froelich (2012) show a rapid decrease of seawater Li isotope
composition (expressed as 8’Li) at the K-T boundary (ca. 66 Ma) where the late Cretaceous
seawater has a 3'Li of ~29 %o, which is close to the value of the modern ocean (31 %o). Within a
short period of time (a few Myr), the seawater Li isotope signature drops by ~5 %o. Thereafter, the
seawater 8'Li gradually increases to the level of today. Such variation of seawater Li isotopes was
interpreted by the authors as largely due to changes in continental silicate weathering. Increased
denudation and lower weathering intensity were suggested to cause the increase in the §’Li of the

riverine dissolved flux, which in turn elevated the seawater §’Li.
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Figure 1.2 Secular variation of seawater Li isotope (8’Li) from the late Cretaceous to present
(Holocene). Data from the Misra and Froelich (2012).

Another soluble element, boron (B), also shows similar characteristics. The seawater B
isotope evolution records were retrieved from foraminifera deposited at different ages (Pearson
and Palmer, 2000) as well as directly measured from evaporites formed through geological times
(Paris et al., 2010). Both B isotope archives show that there was an evolution of increasing
seawater B isotopes for the past 40 Myr, although the reported increase rates are different between

the different studies. The seawater B isotope record, is also suggested to be influenced by
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continental weathering (Lemarchand et al., 2002), and to serve as a proxy for past variations in

continental weathering (Paris et al., 2010).

Overall, the Earth hydrosphere is sensitive to the changes of continental weathering. In
particular, the seawater archives of certain soluble elements such as Li and B are able to reveal the
history of continental weathering.

1.1.2  Weathering and lithosphere

The earth lithosphere consists of three major rock types: igneous, metamorphic, and
sedimentary rocks. Today, sedimentary rocks occupy nearly two thirds of the exposed rocks on
the Earths’ surface (Blatt and Jones, 1975) and are thus a major contributor to the rock cycle. In
particular, clastic sedimentary rocks (originated from the Greek word klastos, meaning “broken”)
are cemented sediments that have therefore undergone weathering reactions in the distant past. As
such, clastic sediments keep some of the oldest secret about the Earth surface dynamics. Little
variation is expected for insoluble elements (lower-left corner of Figure 1.1) during weathering as
they preferentially remain in the solids. Therefore, for these elements, clastic sediments are
representative of the source rock, such that if any major change occurred in the Earth’s lithosphere
such information could potentially be preserved in the insoluble element composition of clastic

sediments.

One of the most important contributions of Geochemistry to Earth Sciences was to reveal
the remarkable crustal change at the Archean—Proterozoic boundary, when the continental crust
was largely produced. This was achieved through a series of studies of late Archean and post-
Archean sedimentary rocks (Taylor and McLennan, 1985, 1995; McLennan, 2001). Comparing
the fine clastic sedimentary rocks from Archean and post-Archean times, a remarkable difference

exists between their REE patterns (Fig 1.3).
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Figure 1.3 REE diagram (normalized to chondrites) showing the negative Eu anomaly
characteristic of post-Archean sedimentary rocks. The data of UCC is from Rudnick and Gao
(2014). The data of PAAS (post-archean Austrilian shale), NASC (North American shale
composite), ES (European shale composite), and Archean UCC are from Taylor and McLennan
(1985) and Taylor and McLennan (1995).

In the post-Archean sedimentary rocks, there is a global depletion of Eu, whereas such depletion
does not exist in Archean sedimentary rocks. This Eu depletion is suggested to be a proxy of

igneous events, as Eu is incorporated in plagioclase during intracrustal melting.

This implies that the crustal composition evolved from a basaltic (i.e. Tonalite—
Trondhjemite—Granodiorite, TTG) to a granitic nature. Therefore, comparing the insoluble
elements in the clastic sedimentary record provide a direct way to investigate the history of crustal

rocks. Nevertheless, such techniques are complexified for post-Archean samples due to the onset

10
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of tectonics and the so-called “sedimentary recycling” (Mackenzie and Garrels, 1971; Veizer and
Jansen, 1979; McLennan and Taylor, 1980; Taylor and McLennan, 1985). The first hint of the
recycling of crustal sediments is the discrepancy between the “model ages™ based on Nd isotopes
and the depositional ages of sedimentary rocks (Fig 1.4). The Nd model age dates the event of
igneous differentiation from the mantle (e.g. McCulloch and Wasserburg, 1978; Allégre and
Rousseau, 1984), and it gives insight into the formation of the source materials of sedimentary
rocks. As shown in Figure 1.4, sedimentary rocks, in particular post-Archean sedimentary rocks,
have younger stratigraphic (or deposition) ages than the Nd model ages. Additionally, the excess
time (TNd Model age— Tstratigraphic age) 1ncreases, in general, with younger deposition. Such pattern is a
result of the preservation and the recycling of sediments on the continental crust. The excess age
is an indication of the efficient "cannibalistic" recycling of sediments (Veizer and Jansen, 1979;
Veizer and Mackenzie, 2013). Sometimes, this excess time is referred as the “crustal residence
age” (Allegre and Rousseau, 1984). However, this terminology may not be fully accurate to
express the actual residence time of the sediment at the Earth surface, which in principle starts at

the rock formation from magma partial melting and ends at the subduction of sedimentary rock.

It is difficult to predict when exactly an existing sedimentary formation will be reaching a
subduction zone and be subjected to recycling to the mantle, and it is impossible to date for
sedimentary formations that have already undergone subduction. However, in general, sediments
reaching the oceanic floor have greater chances to enter subduction zones than which those do not
even reach the ocean. For example, one can also expect a sedimentary basin is suited in a
continental platform has a greater post-sedimentation preservation potential than those sediments
located in a trench (Busby and Ingersoll, 1995). This tectonic control on the preservation of

sedimentary mass is well illustrated in Figure 1.5. At first sight, the preservation of sediments

11
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seems to be exponentially declining with increasing depositional age. However, closer look shows
that such feature does not exist when only the sediments preserved on continents are considered.
This implies that the amount of continental sediments is relatively stable and compared to “short-
lived” sediments deposited in active settings like oceanic floors, continental sediments are able to

remain “alive” for a long time.

Regardless, today it is estimated nearly 90 = 5 % of the sedimentary rocks are cannibalistic
(Veizer and Jansen, 1985; Veizer and Mackenzie, 2013), meaning that the vast majority of
sedimentary rocks are composed of residuals from even older sediments, and that only a small
fraction of juvenile crust is added during each weathering cycle. Therefore, at the geological time

scale, an evolution of the chemical composition of sedimentary rocks is expected.

12
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Figure 1.4 Nd model age vs. depositional age of sedimentary rocks. Post-Archean sedimentary

samples have older Nd model ages than their stratigraphic ages. The excess ages are due to the
recycling and the preservation of sediments. Data from Taylor and McLennan (1985).
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Figure 1.5 The global mass-age distribution of the sedimentary mass at the Earth surface.
Modified and reproduced from Veizer and Mackenzie (2013). The white bars represent
sedimentary mass deposited and preserved on the continents, data from Ronov (1993). Light
grey bars represent sediments on passive margins, data from Gregor (1985). Dark grey bars
represent sediments on oceanic floors, data from Hay et al. (1988)

1.1.3  Weathering, the atmosphere, and the biosphere

One of the most important roles of weathering on the Earth atmosphere is, at geological
time scales, the regulation of atmospheric COx. It has been long speculated that air can be “fixed”
into rocks. Lavoisier (1801) first suggested that the phenomenon of air fixation could be similar to
calcination. Later, after the identification of carbon (C), Lavoisier (1892) pointed out that

atmospheric C can be sequestrated in carbonate rocks (note that Lavoisier was beheaded in 1794,

14
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and some of his worknotes were published much after). These pioneering works fertilize the
embryo of the present-day understanding of climate-atmosphere feedbacks (e.g. Walker et al.,
1981; Berner et al., 1983). Silicate weathering is a key factor in this feedback system (Fig 1.6): As
shown in section 1.1, CO> in the atmosphere is consumed to form carbonic acid dissolved in

meteoric and surface waters, which further provides to protons react with silicate minerals.

The relationship between weathering biosphere is unable to be easily summarized due to the
inherent complexity of biological systems, and the long-term dynamics of the biosphere (e.g.
evolution and mass extinctions). It is, however, necessary to point out the most salient roles of the
biosphere on the operation of weathering at the Earth surface. In the terrestrial biosphere, living
beings are dependent on nutrient and bio-essential elements released into soil waters and/or
surficial waters by weathering reactions except for a very small number of microbes who survive
from direct digestion of rock minerals (e.g. Pokharel et al., 2017). The development of marine
biota also largely relies upon the delivery of dissolved materials to the oceans via rivers except for
those biological communities who habit in deep sea environments and are supported by the

dissolved substances from vent fluids.
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Figure 1.6 Simplified schematic of the silicate-carbonate feedback. In this feed back, carbon
cycle is incorporated into rock cycle. Atmospheric C is consumed by silicate weathering, and this
carbon is later sequestrated into carbonate rocks. Once carbonate rocks are subjected to
metamorphism, C is liberated and re-enters into the atmosphere in the form of COx.

Regarding the effect of biota onto weathering processes, the picture is more complex. On one hand,
some compartments of the biosphere, such as forest, are able stabilize slopes subjected to erosion.
On the other hand, other actors such as humans, can greatly promote erosion (Milliman and
Farnsworth, 2013). In addition, carbon sequestration via photosynthesis is the main channel
through which CO; reaches surficial waters, leading to water-rock interactions of silicate
weathering. Lastly, life leads to the formation of carbonate rocks, which temporally store C before
they are subjected to metamorphism. Carbonate rocks can be easily weathered; however, if debris
of carbonate rocks can survive one weathering cycle and are deposited and re-involved in the

formation of sedimentary rocks, then they can also be considered as cannibalistic.
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1.2 Reverse weathering: the missing link between river sediments and sedimentary
rocks

A full weathering cycle of sediments includes weathering of source material, deposition in
the sedimentary basin, diagenesis and lithification, and eventually uplift and recycling. It is
essential to know the impact of each step on clastic sediments to fully comprehend the cannibalistic

nature of sedimentary rocks. Here, we focus on the process of “reverse weathering”.

Since the birth of modern chemistry, seawater chemistry has always been at the center of
interests. Lavoisier (1772) first published the chemical analysis of seawater. The simple
interpretation of the “salty” seawater composition was that ocean was due to the dissolution of the
Earth’s materials by rain water and the transportation of the resulting solution to the ocean. This
idea gave a hint about the origin of the ocean; however it can not be completely correct when
considering the age of the ocean and the annual influx from rivers. In fact, this is one of the most
famous arguments from creationists claiming that the Earth is young: it would not take long to
reach the level of the present-day seawater composition from the transportation of dissolved

weathered materials by rivers (Morris, 1974).

While some think that God created Heaven and Earth in 6 days and other stuff like Wi-Fi
and vegan ice-creams on the 7™ day, earth scientists, who hold alternative opinions on how the
universe functions, have been working on finding explanations to this mystery of seawater
composition. The key paradox is the geochemical balance between the inputs to and outputs from
the ocean. Initial attempts to understand the the continental processes were made by pioneer
geoscientist (e.g. Ebelmen, 1845; Bischof, 1847; Vernadsky, 1926). The most famous geochemist

Goldschmidt (1933) considered the sea—land interaction as the following reaction:

Igneous rocks + Volatiles — Seawater + Sediments + Air
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Establishing the geochemical balance in the ocean requires reliable constraints on inputs to and
outputs from the ocean. Because of relative easiness of observation, historically the input fluxes
have been receiving more attentions than the removal fluxes. The concept proposed by Mackenzie
and Garrels (1966) aiming to address the issue of chemical sinks was referred to as reverse
weathering. These authors noticed that in the modern ocean Si is depleted and pH is low, both
compared to what is expected from a geochemical mass balance based on river fluxes. Hence an
efficient mechanism should exist to take up cations into authigenic clays and liberating carbon
dioxide consumed via weathering. Sillen (1967) in particularly pointed out that clay formation in
the ocean should be accountable for this purported reaction. Although this idea was proposed
relatively early, little progress was made in the following decades. One of the reason lies in the
discoveries around the studies on hydrothermal activity (e.g. Edmond et al., 1979), which took
some attention away from scientists working on marine geochemical sinks. But most importantly,
the challenge was to obtain in sifu evidence of reverse weathering, as (1) authigenic clay formation
was traditionally considered as a slow process, which takes place at a time scale of 10°—10° yrs
(Odin and Frohlich, 1988) and (2) it is difficult to distinguish authigenic and detrital clays in

marine deposits.

The breakthrough from the work of Michalopoulos and Aller (1995) re-opened the Pandora
box of reverse weathering. In their experiments, not only did they prove that reverse weathering
can be a rapid process in a highly active sedimentary system such as the Amazon delta, but also
they showed that it can be an efficient sink of major cations in the ocean. Based these results,

Mackenzie and Kump (1995) generalized reverse weathering as:

Silica + degraded aluminous clays + iron oxide + organic carbon + soluble cations + bicarbonate

— new clay minerals + water + carbon dioxide
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Since then, the concept of reverse weathering returned to front of the stage. One of the well-studied
aspects of this topic is the potential impact of reverse weathering on Si cycle. As pointed out by
Mackenzie and Garrels (1966), seawater contains less Si than expected from the geochemical mass
balance and the amount of siliceous cherts in sedimentary records is unable to account for such an
imbalance. On the contrary, reverse weathering is a viable candidate for the missing Si sink. To
date, the main Si source to the authigenic clays is considered to be the dissolution of biogenic silica
(Van Cappellen and Qiu, 1997; Michalopoulos and Aller, 2004; Aller, 2014; Rahman et al., 2016),
and reverse weathering is deemed accountable for removing up to 25% of the total Si from the
ocean (Frings et a., 2016). Although a number of studies have been applying the reverse weathering
concept to explain a diversity of geochemical observations (Bastian et al., 2017; Dunlea et al.,
2017) or to achieve element budget (Misra and Froelich, 2012), few in situ studies (Rahman et al.,
2016; Dunlea et al., 2017; Ramos et al., 2018) have been made to constrain the magnitude and the

nature of reverse weathering.

In this dissertation, reverse weathering is investigated for its potential to further alter
sediments deposited during the sedimentary cycle. Our approach relies in particular on the Si and

Li isotopic systems.

1.3 The Si and Li isotope systems

In the human history, some archeological periods were named after by the remarkable
materials that were employed to shape societies, such as the “bronze age” or the “iron age”. What
are the most significant materials representing our current society? Silicon (Si) and Lithium (Li)
are good candidates. Because our modern society has a strong demand for calculation, computing,

and tele-communication, Si is largely used in semi-conductors by high-tech enterprises to produce
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electronic devices. Si-based chips are everywhere in computing industries. Today, the
geographical area sheltering some of the largest high-technology companies, in the San Francisco
bay area, is referred to as Silicon Valley. Meanwhile, another challenge of the current human
society is the balance between the energy demands for everyday life and environmental
sustainability. Due to the chemical property of Li ions, Li is used in batteries, and rechargeable Li-
ion batteries are widely applied from electronic devices to transportation, to the point that the
National Aeronautics and Space Administration (NASA) of the United States launched a mission

to send an electric car powered by rechargeable Li-ion battery to space in February 2018.

Not only testifying for the stage of development of the current society, Si and Li are also
powerful archives of the geochemical history of the Earth. Both Si (**Si, 2°Si, and *°Si) and Li (°Li
and "Li) have more than one stable isotope. In brief, the stable isotope Geochemistry takes
advantage of isotope fractionation which occurs when a chemical reaction system minimizes
energy (equilibrium fractionation) or in an incomplete, or unidirectional process preferentially uses
lighter isotopes (kinetic fractionation) (White, 2013). Measured in different geochemical
reservoirs, distinct isotopic fingerprints reveal the information about the source of the element
and/or the history of process that have affected the elements on its way to the measured reservoirs.

For a given element X, the absolute ratio of two isotopes (with molar masses of m and n) is:

mx

The isotope signature for many elements are often reported relative to a standard reference material,

expressed as:

Rsample
——

§™X = — 1)x1000

Rstandard
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The isotope fractionation factor between two phases (A and B) is defined as:

Ra
oA R= —
A-B Rg

Sometimes the isotope fractionation factor between two phases are also reported as:
€an=0A— Op, where €a~ 10° (das— 1).

Next the Si and Li isotope cycles will be briefly introduced.
1.3.1 Siisotope system

Si is a metalloid element and has 14 protons. It has 3 naturally occurring stable isotopes:
2881, 2Si, and *°Si, and respectively they have natural abundances of 92.23%, 4.67%, and 3.10%.
On the Earth surface, Si is almost exclusively present in the oxidation state +4 (Poitrasson, 2017).
Meanwhile, Si is the second most abundant element in the Earth crust (Taylor, 1964). It is therefore
one of the most important mineral-forming elements. Si contained in minerals can be released into
water through weathering (Fig 1.7). According to Figure 1.1, Si is moderately soluble during
continental weathering. The ultimate destination of the dissolved Si (DS1) derived from weathering
is the ocean. Before reaching the ocean, part of DSi can be either taken up by secondary mineral
formation to produce clays or be consumed by biological activity. In the ocean, the riverine DSi
flux is the main source of marine DSi. Biogenic Si (BSi) in the marine environment holds a large
Si reservoir and the deposition of BSi is a major sink of Si in the ocean. Noteworthy, the combined
magnitude of the “directly measurable” sinks of Si, such as BSi formation, can not balance the Si
inputs to the ocean. Therefore, reverse weathering is widely considered as the “missing Si sink”

(Tréguer et al., 1995; DeMaster, 2002; Holland, 2005; Tréguer and De La Rocha, 2013; Frings et

al., 2016).
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Figure 1.7 Schematic of the present-day global Si cycle. All Si fluxes are in the unit of mol/yr.
Solid lines represent DSi fluxes or transformation and dotted lines represent Si carried by solids.
Figure is reproduced from Frings et al., (2016) under Creative Commons user license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Although sometimes referred to as a “non-traditional” isotope system, the study of Si isotope
system has in fact a long history. Initial efforts for measuring Si isotope signatures (°°Si) in natural
samples were made by Reynolds and Verhoogen (1953) and Allenby (1954) using Gas-Source
Mass-Spectrometry (GS-MS); the knowledge on Si isotope compositions and potential
fractionation was later expanded by large surveys of §°°Si in Earth’s materials (Douthitt, 1982;
Ding and Tang, 1996). With the advent of Multi Collector-Inductively Coupled Plasma-Mass

Spectrometer (MC-ICP-MS) and the improvement of Si purification method (Georg et al., 2006),
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measurement precision reached a level of £0.1 %o, allowing for a plethora of §*°Si studies on

Earth’s materials. The §°°Si signature of common materials on the Earth’s surface is displayed in

Figure 1.8:
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Figure 1.8 Silicon isotopic signature of Earth surface materials. Data from Frings et al. (2016)
and references therein. The vertical grey bar marks the average UCC §*°Si value at —0.25+0.16%o

(Savage et al., 2013).

The most important isotope fractionation related to weathering occurs during the formation of

secondary minerals, which leads to the preferential uptake of the light Si isotopes, resulting in

clays that have lower §*°Si values and a DSi pool with higher §3°Si than source rock (e.g. Ziegler

et al., 2005a, 2005b; Opfergelt et al., 2008, 2009; Bern et al., 2010). As a result of weathering,
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sedimentary rocks exhibit a shift towards lower values compared to UCC (Savage et al., 2013). To
date, few investigations have been made to understand the impact of reverse weathering on 5°°Si,
although it is assumed that such a process would preferentially remove light Si from seawater into
solids (Frings et al., 2016).
1.3.2 Liisotope system

Li is the first metal element in periodic table with only 3 protons. Lithium has two stable
isotopes:®Li (7.6%) and "Li (92.4%) (Penniston-Dorland et al., 2017). Li is an alkali element, and
like other elements in the same group, Li loses 1 electron from its outer orbit to form an electronic
configuration of noble gas element. Therefore, Li is always found in the oxidation state of +1 in
the nature. During weathering, it is readily dissolved in the water (Fig 1.1). Its isotope fractionation
follows the same pattern as that of Si during weathering: lighter Li isotopes are preferentially
retained into solids, leaving the dissolved phase with heavy 8’Li. On the Earth’s surface, its
geochemical cycle is relatively simple as it is not an essential nutrient for biological activities (Fig
1.9). The 8'Li has been used as a proxy to trace the past style and magnitude of Earth surficial
processes, especially from its seawater record (Fig. 1.2) (Hathorne and James, 2006; Misra and
Froelich, 2012; Li and West, 2014; Vigier and Godderis, 2014). The ocean receives Li fluxes from
continental weathering, hydrothermal fluids, and subduction reflux (Fig. 1.9). In the recent years,
the application of §’Li has become widespread in the studies of continental weathering (e.g.
Dellinger et al., 2014, 2017; Pogge Von Strandmann and Henderson, 2015; Henchiri et al., 2016).
Nevertheless, other major fluxes to the ocean, such as the subduction reflux, are much less well
constrained. Finally, at steady state, an annual sink of 29x10° moles is required to balance the

combined inputs to the ocean.
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Subduction reflux: Hydrothermal fluids: 8'Li=8.3%o, 13x10’ moles/yr
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Figure 1.9 Present-day geochemical cycle of Li at Earth surface. Figure is reprinted and modified from Elliott et al. (2004) with
permission from Elsevier. Data of Li fluxes are updated using values from Misra and Froelich (2012). The UCC §’Li value is from
Teng et al. (2004).

25



Chapter 1: Introduction

The §’Li distribution across Earth surface materials (Fig. 1.10) shows that the Li isotope
variation range (~70%o) is large and is significantly greater than that of Si isotopes (~14%o, Fig.
1.8). Such characteristic allows Li for being a robust tracer of the Earth surface processes. Secondly,
despite the large range of §’Li values in nature, its seawater composition has one of the highest

values (~31%o).
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- Ocean island basalts (OIB)
— Lower continental rocks (e.g. eclogites)

Upper continental rocks (e.g. granites)
Continental volcanic rock-
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Figure 1.10 Lithium isotopic signature of Earth surface materials. Reproduced from Tomascak
et al. (2016).

Continental weathering certainly played a crucial role on the seawater evolution at the geological

time scale (Hathorne and James, 2006; Misra and Froelich, 2012); however this process alone is
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unable to explain why seawater is isotopically heavier than the influxes including river, subduction
reflux, and hydrothermal activities. The investigation of the alteration of oceanic crust showed that
such a process is indeed able to take up light Li via clay formation at lower temperatures (e.g.
Chan et al., 1994; James et al., 2003; Chan et al., 2006). This process, however, is not well
constrained and quantified. Additionally, in marine sediments, the vast majority of clays are of
terrigenous origin (Drever, 1971). A role of detrital clays in regulating the seawater Li content and
isotope signature has been suspected (Misra and Froelich, 2012), since some of clays such as
smectite are chemically identical to the clays formed during oceanic basalt alteration. Overall, Li
uptake by detrital clays via reverse weathering has been suggested as a major sink of seawater Li,
whilst in situ investigations are still sparse.
1.3.3 A Si-Li paradox in sedimentary cannibalistic recycling

In general, Si and Li isotopes behave similarly at the Earth surface: both elements are almost
exclusively borne by silicate minerals; during continental weathering, light isotopes are
preferentially retained in solids due to secondary formation, and aqueous phase is enriched with
heavy isotopes; according to mass balance arguments, the anticipated reverse weathering processes
should also preferentially take up light Si and Li from seawater into marine sediments; the only
major difference between these two elements is that Si is utilised by the biota as a nutrient, while

Li is not.

Despite of these similarities, a Si-Li paradox exists when comparing the §°°Si and §’Li
signatures in sedimentary rocks. In Figure 1.11, sedimentary rock 5°°Si and §’Li values are plotted
against the corresponding Al/Si ratio, which can be seen as a grain size proxy (e.g. Bouchez et al.,
2011; Dellinger et al., 2014) or a weathering index (Savage et al., 2013). Lower Al/Si values

indicate coarser grain sizes and lower weathering intensities (quartz-rich sediments), whereas
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higher Al/Si values indicate finer grain sizes and higher weathering intensities (higher clay
contents). Sedimentary 5°°Si decreases with increasing Al/Si, whereas §’Li increases with Al/Si.
Such observation, at first order, is a paradox with respect to the similar behavior of the two
elements during weathering and reverse weathering. The negative trend (as observed for Si) is
actually expected as weathering preferentially takes up lighter Si and Li isotopes in secondary
minerals. To obtain a positive relationship between 8’Li and Al/Si ratio, the only possible
explanation is that in the marine environment, reverse weathering affecting mostly the fine portion
of sediments, takes up seawater Li, which has a high §’Li value. In other words, a strong source
effects would exist on the Li signature of reverse weathering products, whereas it is not for Si. The
reason for the observed trends lies therefore in the high §’Li value of seawater, which deserves to
be explained. In this dissertation, we will provide experimental and field evidence for processes

allowing to build up this specific signature of the ocean.
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Figure 1.11 Sedimentary rock §°°Si and 8’Li signatures against their Al/Si ratios. 3*°Si data is
from Savage et al. (2013), and §’Li data is from Teng et al. (2004). §°°Si is negatively correlated
with Al/Si ratio, which is consistent with the effect of weathering. 8'Li is, however, positively
correlated with Al/Si ratio.

1.4 Objectives of this dissertation

The main aim of this dissertation is to investigate the cannibalistic nature of sedimentary
recycling, and how such a process is impacting the chemical and isotope composition of the Earth
surface materials over geological time scales. To explain our conceptual framework, a schematic

of intra-continental sedimentary recycling is given in Figure 1.12, featuring three main steps:

1. Continental weathering and sediment deposition

2. Post-depositional diagenesis with seawater interaction
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3. Secondary-cycle weathering of re-uplifted (via tectonics) sedimentary rocks

Figure 1.12 Schematic of sedimentary cannibalism. The recycling of sedimentary rocks involves
three mains steps: 1. Sediment production; 2. Post-depositional diagenesis; 3. Secondary
weathering of sedimentary rocks.

To better constrain the characteristics of each step in the cannibalistic cycle, we use a
selection of sample materials of rock and sediment samples from different environments. First of
all, it is necessary to know the nature of source rocks. Secondly, large river suspended particulate
materials (SPM) and river bed sands (RBS) are of preferential interest as those materials carry the
information of continental weathering at the scale of their vast drainage basins (Gaillardet, Dupré
and Allegre, 1999; Dellinger et al., 2014). The vast majority of the present-day Earth surface is
covered by sedimentary rocks (Wilkinson et al., 2009). Therefore, the investigation of SPM not

only reveals information about the weathering of igneous rocks, but also about cannibalistic
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weathering. Lastly, marine sediments and marine sedimentary rocks are key objects to investigate

reverse weathering.

The benefits of using 5°°Si and §’Li as geochemical tracers of sedimentary recycling are two
folds. Firstly, the two isotopic systems show great potential in tracing low-temperature Earth
surface processes due to their geochemical properties as introduced in section 1.3. Secondly, an
initial understanding of §°°Si and 8’Li signatures has been established from past studies. For
instance, Savage et al. (2013) and Teng et al. (2004) respectively conducted extensive studies on
the §°°Si and 8Li systems in igneous and sedimentary rocks, which benefits to the understanding
of the step 1 (Fig 1.12) in the cannibalistic cycle. In particular, the study of §’Li of the Amazon,
Mackenzie, and Ganga-Brahmaputra rivers sediments by Dellinger et al. (2014) showed that the
current river sedimentary load is largely composed by materials sourced from sedimentary rocks.
Although few direct in situ efforts were made to better understand reverse weathering, the mass
balance models for 8’Li (Misra and Froelich, 2012) and &°°Si (Tréguer and De La Rocha, 2013;

Frings et al., 2016) provided preliminary guidance on this subject.

In this dissertation, the less constrained aspects of the sedimentary and weathering cycles
on the Si and Li isotope systems are explored. As such, the first objective for us was to precisely
measure 5°°Si and 8’Li compositions using well-established techniques of analyses by MC-ICP-
MS at the Institut de Physique de Globe a Paris. The pre-treatment of samples for &*°Si
measurement was adopted from a widely applied separation method (Georg et al., 2006).
Conversely, due to the challenge associated with the separation of Li from the sample matrix, a
new pre-treatment method was developed for §’Li analysis. Additionally, to better understand the
grain-size effects on the §°°Si signature of clastic sediments, river sediments collected along depth

profiles were used. The detailed descriptions of the depth-profile sampling, sample pre-treatment,
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separation, and mass-spectrometry techniques used for the precise measurements of 5°°Si and §’Li

are provided in Chapter 2.

After confirming the feasibility of precisely measuring 6°°Si and 8’Li in solid samples, our
objectives were accomplished through 3 studies. These studies aimed at placing better constraints
on reverse weathering (step 2, Fig 1.12) and secondary-cycle weathering (step 3, Fig 1.12)
processes, and they form Chapter 3 to 5 in this dissertation. These 3 studies are organized following
an increase in the relevant time scales from short (experimental work in Chapter 3) to long
(sedimentary cycles from large river studies, Chapter 5). Each of these studies is briefly introduced

next.

In Chapter 3, using an experimental approach we aim at investigating the processes by which
detrital sediments can sequestrate seawater Li and cause isotopic fractionation through reverse
weathering. As such, laboratory experiments were performed allowing primary minerals (basalt
glass) and secondary minerals (kaolinite) for reacting with artificial seawater “doped” with Li
(with known concentration and 8’Li composition). The experiments lasted for ~170 days.
Significant Li removal from seawater accompanied by remarkable 8’Li fractionation in residual
solution were observed in the experiment where kaolinite was added to artificial seawater. Such
finding confirms that detrital secondary minerals have the ability to lead to reverse-weathering-

style reactions in marine environments.

In Chapter 4, a field study of reverse weathering was conducted. Marine and alluvial
sedimentary rocks deposited on a paleo-delta system (Ainsa, Spain) were carefully studied using
a variety of geochemical tools: major and trace elements, thin section mineralogy, neodymium
(Nd) isotopes, 5°°Si, and §’Li. Samples were collected from a field trip (May, 2015) in southern

Pyrenees, Spain where tectonic induced transgression-regression in mid-Eocene caused sediments
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to be deposited in different environments ranging from marine to alluvial. Although both marine
and alluvial sediments share the same source, as indicated by the Nd data, the interaction with
seawater generated different 3°°Si and §’Li signatures: marine sediments are depleted in heavy
isotopes for both isotope systems. Such behavior indicates that reverse weathering can consume
light Li isotopes in deltaic environments (and thus could be a reason for the elevated §’Li in
seawater). We suggest that this process is coupled with the scavenging of iron (Fe) in the same

environment.

In Chapter 5, an extensive survey of §°°Si in the world largest rivers was conducted. Surface
SPM and RBS from 42 rivers, along with SPM river depth-profiles from the Mackenzie and the
Amazon rivers, were analyzed. The results of 8°°Si in SPM and RBS confirm that all river
sediments are enriched with lighter §*°Si isotopes compared to dissolved load. Moreover, together
with the considerations of Si minerology, the results also suggest that significant §*°Si fractionation
across the river sediment grain size range can be attributed to “first-cycle” weathering, in which
feldspars can be transformed to clays by weathering. At long geological times scales, the recycling
of sedimentary rocks separates Si into two main reservoirs: quartz-rich sandstones and clay-rich
shales. During secondary weathering of the sedimentary rocks, Si is confined in minerals
unsensitive to weathering, such as quartz. This again hints at the importance of igneous rocks such
as basalts (and therefore of geological settings such as volcanic islands and large igneous provinces)

in regulating atmospheric COx.

In Chapter 6, the significant findings of this dissertation are summarized: 1. Detrital clay
minerals transported to ocean are able to preferentially take up light Li isotopes from the ocean
after their chemical interaction with seawater; 2. Reverse weathering at deltaic environments

consumes light Si and Li isotopes, resulting in elevated seawater §°°Si and §’Li; 3. Seawater Li
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uptake by sediments via reverse weathering does not necessarily make the §’Li of sedimentary
rocks elevated; 4. Lithology plays a primary role on the §*°Si signature of river sediments; 5. “First-
cycle” weathering is the most important contributor to the overall §*°Si variation in river sediments,
as weathering-sensitive minerals such as feldspars are most available during this step; 6. In
secondary weathering cycles, although Si is still abundant, it is carried by inactive minerals barely

involved in CO> consumption by silicate weathering.
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2.1 Samples and reagents

2.1.1 Depth-profile sampling
For our study of large river sediments (Chapter 5), surface SPM and RBS samples were

selected from the sample repository at IPGP. River depth-profile samples of the Mackenzie and
the Amazon rivers were respectively the same as in the studies of Dellinger et al. (2014) and
Bouchez et al. (2011). In order to collect river depth sample profiles, Acoustic Doppler Current
Profiler (ADCP) had been employed in the field, to retrieve channel depth, water velocity profiles,

and instantaneous discharge.

Vertical depth-profile of sediment samples were then collected at targeted depths using a
point-sampler fixed on a boat. The sampler consists of a cylinder tube, one stopper attached at each
outlet of the two sides of the cylinder tube, and a weight of ~30kg stabilizing the sampler attached
at the bottom of the tube. The sampler is attached to a reel fixed on a boat through a wire. The
length of the wire is known, such that the depth of sampler can be measured. Samples are filtered
within one or two days after collection and kept in prewashed plastic containers. Once the sediment
samples have been transported back to the laboratory, the samples are dried for further analysis.
2.1.2 Laboratory protocols

A main requirement of this dissertation is to precisely measure §*°Si and §’Li compositions.
Except for the experimental study of Chapter 3, all samples were received as solids, and thus had
to be crushed into powders in order to guarantee complete dissolution of minerals during digestion.
Sediments from large rivers were in the form of powders and were directly used for the following
analysis. Samples collected from the Ainsa field site (Spain, see Chapter 4) were in the form of
rocks, and therefore were first crushed in an agate mortar. Although contamination from the agate
mortar for §°°Si analysis could in theory be possible, such an effect has been shown to be

undetectable (Zambardi and Poitrasson, 2011).
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To precisely measure the isotopic compositions, it is crucial to avoid contaminations during
the manipulation of samples. In particular, Li is a trace element and the presence of the major
element Na in the analyzed solution can affect the results obtained on the MC-ICP-MS. As Siis a
major element (e.g. the average SiO> content in UCC is about 66%; Taylor and McLennan, 1985;
Rudnick and Gao, 2003), the contamination issue is less important. All manipulations were
conducted in a clean lab facility at IPGP except for the alkaline fusion of solid samples before Si
purification. All acids used (HF, HCI, and HNO3, electronic industry grade, VASL, BASF) were
purified by distillation in the laboratory (DST1000, Savillex, USA). Water used in this dissertation
was Milli-Q (MQ) water (resistivity of 18.2 MQ cm™). Analytical grade chemical reagents were
used. Ultra-pure NaOH was used for alkaline fusion (99.99% purity, Sigma-Aldrich). All labware
was cleaned following standard protocols. A “hot wash” method was used for Teflon containers,
in which Teflon containers were first cleaned 3 times with water, then were boiled with
concentrated acid (HNOs or HCI) on a hot plate at least over night, and finally rinsed 3 times with
MQ-water and dried. All other labware (pipette tips, PP bottles, tubes, etc.,) was washed using a
“cold wash” method which requires the labware being rinsed 3 times by water, then submerged in

1 N HNOs solution, and finally rinsed by MQ water and dried.

Procedural blanks of Li and Si were analyzed by both Inductively Coupled Plasma
Quadrupole Mass Spectrometer (ICP-Q-MS) and MC-ICP-MS, showing that they were
unresolvable from instrumental background baselines, indicating that the possible contaminations

were minimized and would not contribute further to the results.
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2.2 Major and trace elements

Large river sediments’ geochemical characteristics such as major and trace elements are
already available (e.g. Bouchez et al., 2011; Dellinger et al., 2014). Within this work, major and
trace elements were analyzed for Ainsa samples. The major elements were measured at the SARM
(Le Service d'Analyse des Roches et des Minéraux, Vandoeuvre-les-Nancy, France). The details

of sample preparation and analyzing methods are provided at http://helium.crpg.cnrs-

nancy.fr/SARM/pages/roches.html, and the typical error bars are less than 5%.

Powdered samples first had to be dissolved to be used for the trace element analyse and Li
isotope measurements. A standard acid attack method was applied. Here a brief description of this
method is provided. Approximately 0.1 g of sample materials was weighed in a Teflon bomb. Then
1 ml HF (27 N) was carefully pipetted onto the sample. Then the sample was sonicated for 1 hour
with Teflon cap firmly tightened. Next, 1 ml HNO; (16 N) was added into the solution and the
Teflon bomb was boiled at ~110°C for 24 hours. Then the sample was allowed to evaporate until
dryness. In this step, silicates can be effectively dissolved by HF acid and Si is removed into
gaseous phase in the form of H>SiF¢. The remaining residuals were then repeatedly taken up using
HCI (6 N) and evaporated, until the sample was completely dissolved. Finally, the sample was
evaporated and re-dissolved in ~2 ml HNO3, and then transferred in to a Falcon tube and diluted

to 10 ml with MQ-water.

Trace elements were analyzed using ICP-Q-MS at IPGP. The benefit of ICP-Q-MS is the
possible measurement of the concentrations of multiple elements in the same analytical session. A
dilution factor from 1:5000 to 1:10000 (g/ml) was used for solid samples, and the measurements
of ICP-Q-MS were conducted in 0.5 N HNO; solution. Therefore, aliquots of digested rock

samples stored in the Falcon tubes were further evaporated and diluted ~50 to 100 times in 0.5 N

46


http://helium.crpg.cnrs-nancy.fr/SARM/pages/roches.html
http://helium.crpg.cnrs-nancy.fr/SARM/pages/roches.html

Chapter 2: Methods and techniques

HNOs3 solutions. Instrument was calibrated with a series of multi-element standards of
concentration between 0.1 ppb and 200 ppb. Internal standards were routinely measured at each
measurement session to monitor the drift of the instrument sensitivity. The well-constrained basalt
reference materials BHVO-2 and JB-2 were also routinely analyzed to determine the accuracy and
precision of the measurements. Depending on the instrumental conditions, and depending on the

elements, the precision was often within a level of +5% and occasionally could reach +10%.

2.3 Purification of Si and Li

The precise measurement of 6°°Si and 8’Li compositions requires an efficient purification
of Si and Li from the sample matrix. This was achieved from chromatographic separation based
on ion exchange resins.

2.3.1 Alkaline fusion

During rock sample digestion using HF, Si is removed into the gaseous phase in the form
of SiF4. Therefore, samples used for §*°Si analyse were digested using an alkaline fusion method
(Georg et al., 2006). When a mixture of silicate minerals and an ““alkaline flux” is heated to a high
temperature, the melt can completely dissolve the silicate minerals (Potts, 2012). A “fusion cake”,
in which elements were at metastable states, forms when the melt cools down. This fusion cake
can be readily dissolved in a weakly acidified solution. In this study, ~200 mg NaOH were added
into ~10 mg sample in a silver crucible. In principle, other alkaline fluxes can also be used for the
digestion of Si, such as LiBO; (Abraham et al., 2008). As Li was also studied in this dissertation,
in order to avoid any potential cross lab contamination, NaOH was chosen as an alkaline flux. The
samples were then heated in a pre-heated furnace at 720°C for 12 minutes. Next, crucibles were

removed from the furnace and were allowed for cooling at ambient temperature. Then they were
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carefully transferred and submerged in ~15ml MQ water contained in 30 ml Teflon beakers. After
24 hours, the crucibles contained in the Teflon beakers were placed in an ultrasonic bath for ~1
hour, and then the samples were carefully transferred into 125-ml pre-cleaned PE bottles. Crucibles
were rinsed by MQ water for several times to ensure complete transfer of the sample. Sample
solutions were diluted by MQ water to ~100 g, and then acidified to 1% HNO3 v/v. After
acidification, the solution should be completely transparent. The Si concentrations of sample
solutions were measured using ICP-Q-MS at IPGP.
2.3.2  Si separation

The purification of Si from the sample matrix and Na added during the alkaline fusion step
was achieved via a single-step column chromatography protocol. This method is directly adopted
from a widely-used Si separation (e.g. Pringle et al., 2013, 2014, 2016), which had been in turn a
modified version from the well-established method from Georg et al. (2006). The BioRad AG50-
X12 (200-400 mesh) cation exchange resin was employed as the stationary phase. BioRad Poly-
Prep columns with a 2-ml volume of resin reservoir and a 10-ml volume of mobile phase reservoir
were used. Precleaned columns were first bedded with 1.8 ml of wet resin. The resins from the
batch storage was first pre-cleaned and stored in water before loading into columns. At the
beginning of each purification session, resins bedded in columns were washed and conditioned.
The purification of Si can be achieved in a single-step chromatography protocol with cationic resin
due to its speciation in acidified solutions, either as neutral orthosilicic acid (H4SiO4) or its
dissociated anionic specie H3SiO4. Meanwhile most matrix elements such as Na are in the cationic
forms and will be selectively retained on the cationic exchange resin while Si passes through the

column (see section 2.3.3 for details about the theory of column chromatography).
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During the protocol, 0.2 mg of Si (of the sample solution in 1% HNO3) were loaded on the
top of column, followed by 5 ml elution by MQ. Sample eluates were directly collected in a 10-ml
vial. At the end, 125 pul HNOs; were added to acidify the sample, which were adjusted to 10 ml
with MQ, reaching a medium of 0.2 N HNOs; in the final solution. The detailed steps of resin
cleaning, column conditioning, and separation (with an example) are provided in table 2.1. At each
purification session, the well-constrained basalt reference material BHVO-2 was routinely
processed in order to determine the quality of column chemistry. Meanwhile, the reference
standard NBS-28 (by definition at §’°Si=0%o) was also routinely processed with samples. As the
NBS-28 solution is used as a bracketing standard, its use during the MC-ICP-MS is large. In
general, at each chemistry session, a NBS-28 standard is prepared every third sample through the

separation protocol.

Table 2.1 Protocol for Si separation by column chromatography and resin cleaning procedures

Purification example (with an

I ?;f;;;sm 2&122;11;? 3. éf;ggﬁ; n NBS-28 solution having [Si]
of 25 ppm)
0.2 mg Si
MQ Ul S INTEINOF (in solution) 0.8 ml sample solution on top
HCIl (6N) 6 ml 6 N HNO; 2 ml MQ of column
MQ 5ml 6 N HCI 3 ml MQ
HCI (6N) 3 ml 6 N HNO3 0.125ml 16 N 2 ml MQ
MQ 3 ml 3 N HNO; | HNOjadded into the 2 ml MQ
HCIl (6N) 10 ml MQ collected sample,
HCl\l/[(%N) 3 miMQ © Ci gufffivrifﬁlﬁg 0.125 ml HNO; and
MQ 3 ml MQ (the pH 4'1.075 ml MQ in cqllectmg
HCI (6N) of jche eluate Vlgl. The ﬁnal' solution has a
MQ solution needs to [Si] of 2 ppm in 0.2 N HNO3
HCI (6N) be nqutral after
this step)

MQ (until pH=7)
Resin stored in
solution in dark
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In order to avoid amorphous silica polymerization and silica precipitation, which causes
undesired fractionation of Si isotopes in the solution, samples have to be analyzed within 24 hours
after separation.

2.3.3 Liseparation

The separation of Li from the matrix in natural samples is challenging due to: 1. the low
abundance of Li as a trace element, for example in seawater Li concentration is approximately 180
ppb whereas Na concentration is about ~1%; 2. The fact that during cation exchange Li shares
similarities with some major matrix elements such as Na. Although a previous method was well
established at IPGP (e.g. Dellinger et al., 2014; Henchiri et al., 2016), the shortage of column
materials and resin aging issues made the separation of Li challenging. A new method was then
developed for purifying Li. As the difficulties encountered for separating Li were a major problem

in this study, this method development will be addressed next.

The resin used for Li separation is the same resin employed for Si purification, the BioRad
AG50-X12 (200-400 mesh) cation exchange resin (section 2.3.2). As for any stable isotope system,
in the Li separation procedure there are two main objectives: complete Li recovery (~100% yield)
and effective separation of Li from the sample matrix (Na for example). During cation exchange,
the principle is that when a sample solution (mobile phase) is added onto a resin bed (stationary
phase), the cation X will be interacting with the resin functional groups and be redistributed across
both phases until a local chemical equilibrium is reached. The equilibrium distribution coefficient

(Kq) is defined as:
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Amount of component per gram of dry exchanger  (giiq

K4

~ Amount of component per milligram of mobile phease Giquid (Equation 2-1)

where Csolia is the concentration of the solute in the dry ion exchange resin and Ciiquid is the solute
X concentration in liquid in equilibrium with the resin (e.g. Peters et al., 1974; Schonbéchler and
Fehr, 2013). The Kq value is dependent on the element, as well as the exchanging ions (H" for
cation exchange). During the exchange of Li with the resin used in this study (BioRad AG50-X12),

the reaction occurs as:
R-SO ,3H+resin + Li+solution = R-SO ,3Li+resin + H+solution (Equation 2-2)

where R-SO ,;H" is the functional group (sulfonic) of the resin, Li" is the mobile form of Li in the

solution, R-SO3™ Li" is the exchanged Li in the resin, and H" is the free H' in the solution, the
equilibrium constant for this reaction is:
[R-SO- ,3Li+] resin ¥ [H+] solution

Ke= - (Equation 2-3)
[R—SO ,3H+resin] x [LlJr] solution

Since we have K¢= [R-SO ,3Li Tresin/ [Li*solution] (equation 2-1), and [R-SO ,;H"resin] is

considered as a constant (= 1), then the K4 can expressed as a function of Ke:

Ke
Ki=— Equation 2-4
d [H+]soluti0n ( qu )

When a sample solution is added onto a column, the solution will pass through the resins, with the
flow driven by gravity for manual chromatography. The desorption of the solute X retained in the
resins is significant when an eluent containing no X is added. As a result of both the flow and the

ion exchange, a peak of X is produced at the column outlet when integrating the concentration of
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X in the eluate with the eluent volume. As shown in equation 2-4, K4 is inversely proportional with
H' concentration in the solution hence lower concentration of H" can exchange with Li" slower
and better separate it with matrix cations. Meanwhile, the elution volume can be expressed as a

function of Kgq:
Vew =mx Kq+V;  (Equation 2-5)

where V. 18 the elution volume, m is the mass of the resin and V; is the initial volume in the resin.
The lower Kq4 (hence higher [H'] in the eluting solution) would result smaller elution volume and
hence a faster separation. Therefore, the choice of the concentration of eluting acids need to be
compensated in order to achieve a good and relatively fast separation. Elements with higher Kq
values show greater affinity to the resin therefore they will be eluted more slowly than those
elements having smaller K4 values. Such difference does not only exist among elements, but also
between isotopes of a given element. The effect on Li isotopes has been well recorded long ago
(Taylor and Urey, 1938) that °Li has a greater affinity to resins than "Li. If the sample collection
at the column outlet during elution starts too late, then the foremost fraction of the Li eluate, in
which "Li is enriched compared to the loaded sample, will be missed. As a result, the collected Li
will be drifted to a lower 8’Li composition. Conversely, if the sample collection ends too early,
the fraction containing more °Li will be missed. Those effects have been well documented
(Moriguti and Nakamura, 1998; Kosler et al., 2001; Tomascak et al., 2016). A second challenge
of the determination the Li eluate collection is that the elution of Li varies with sample types (e.g.
river water vs. basalts). For example, Li can be eluted faster when a large amount of Fe is present
in the matrix (James and Palmer, 2000). Lastly, the collection volume cannot be extended too
much, as other matrix elements would be introduced and would affect the accuracy of §’Li

measurements (Tomascak et al., 2016, and references therein). In particular, if the collection ends

52



Chapter 2: Methods and techniques

too late (often this “too much” unwanted volumes can be as small as 0.5 ml ~ 1 ml), a significant

amount of Na will be introduced to the sample collection.

At the beginning of this study, the first attempts were made to purify Li following the same
method used by previous researchers at [IPGP (Dellinger et al., 2014; Henchiri et al., 2016). This
method was modified from the initial protocol established by James and Palmer (2000). In this
method, Li purification was achieved by a single-step chemistry. Dry resin from a batch bottle was
washed in the same protocol as described in table 2.2, and it was stored in water before usage.
Historically at IPGP, home-made columns were used for this protocol, and were composed of three
parts: a funnel-shaped reservoir at the column top, a PP tube for resin bedding, and an outlet
plugged with frits connected to the bottom of column. Due to the shortage of the PP tubes and to
the imperfection of this column structure in which elution solutions or resins occasionally seeped
out at the connections between the different column parts, initial efforts were made to build one-
piece style columns with Teflon heat shrink tubes (4 — 1°). The advantage of such a column would
be that the entire column is made in one piece, avoiding seeping of the solution/resin. A Teflon
tube was first coated on a column mould made of steel. The column mould is shaped of a solution
reservoir at the top (~10 ml) and a resin reservoir (~10 cm, g=7mm) at the bottom. Then the heat
shrink tube was placed into pre-heated furnace at 340°C until it shrank completely (usually this
took about ~20 minutes). Once cooled, the column was taken off from the iron mould, and a PTFE
frit (o=8mm) was placed to the end of column. Finally, the outlet was coated using a piece of 2-
cm polyolefin tube and heated again using a heat gun to ensure that the frit was firmly enclosed,
and the outlet was well sealed. There were, however, a few drawbacks of this approach. First, the
part of column devoted to resin bedding tends to bend, and the degree of bending was observed to

vary at between columns. Second, it was excessively difficult to take the column off from the iron
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mould after shrinking as it was tightly attached onto the mould. Lastly, due to the difficulties to

take the column off the mould, sometimes the column would break during this operation.

The home-made one-piece columns were then calibrated and tested for Li purification using

the traditional method. In this method, 2.7-ml pre-cleaned wet resin was bedded into the column.

Columns were first rinsed and conditioned before loading the sample. Then 1 ml of sample

containing 20 ng Li in a 0.2 N HCI solution was introduced. Then the reservoir was rinsed with

1.5 ml MQ. Finally, the column was eluted with 40 ml 0.2 N HCI, with the first 16 ml of the eluate

being discarded and the final 24 ml of the eluate being collected (Li fraction). The detailed

procedure is provided in Table 2.2.

Table 2.2 Single-step procedure for Li separation using column in 0.2 N HCI

Column cleaning

Column conditioning

Li separation

10 ml 6 N HCI
10 ml MQ
10 ml 6 N HCI
10 ml MQ

5ml 0.2 N HCI

1 ml sample solution (20 ppb
Liin 0.2 N HCI)

Reservoir rinse with 1.5 ml
MQ
2ml 0.2 N HCI
2ml 0.2 N HCI1
6 ml 0.2 N HCI
6 ml 0.2 N HCl
6 ml 0.2 N HCI
6 ml 0.2 N HCI1
6 ml 0.2 N HCI
6 ml 0.2 N HCl1

Discard

Collection

The one-piece columns were calibrated by collecting eluate solutions at small volume

intervals, starting from the sample loading. The calibration curve using old columns (three-pieced)

was used as a reference to decide what the volume intervals should be. At the head and the tail of

the Li elution peak, based on the old calibration curve, several intervals of 1 ml were taken to
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precisely determine the start and the end of Li elution. Samples collected were then evaporated
and re-dissolved in 0.5 N HNOs. The concentrations of Li and matrix elements were measured
using ICP-Q-MS at IPGP. Although the geometry of the columns made from Teflon heat shrink
tubes is different from the traditional columns used at IPGP, the calibration curve showed no
resolvable difference between these two types of columns (Dellinger, 2013). A sample calibration

curve is provided as an example in Figure 2.1.

Then, several well-studied geological reference materials including seawater (NASS-5 and
NASS-6), basalts (BHVO-2 and JB-2), and the isotope standard solution (Li-SVEC) were used to
test the accuracy of Li purification using the single-pieced columns made from Teflon shrink tubes
and the single-step column chemistry. Eluate solutions were evaporated at 95°C to dryness and
stored in Teflon beakers with caps firmly closed until analysis on the MC-ICP-MS (details in
section 2.4). The results showed an unexpected ~1%o shift towards lower 8’Li compared to
literature values. The measured BHVO-2 had a value of 3.63+0.05%0 whereas literature values
vary from 4.3 to 4.9%o; JB-2 (3.89+£0.06%0 vs. ~4.5%0), seawater (30.12+0.19%o vs. ~31%o), and
Li-SVEC (-0.60+£0.24%o vs. 0%0) showed similar patterns. The “internal standards” (pure Li
solutions IRMM-016 and SPEC) used during measurement on the MC-ICP-MS showed there was
little instrumental error. Therefore, the apparent fractionation was attributed to the performance of

the column chemistry.
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Figure 2.1 Calibration curve for diluted seawater Li purification using the method adopted from
Dellinger et al. (2014) in single-pieced columns made from Teflon heat shrink tubes. Column
chemistry was conducted using 0.2 N HCI as the eluting solution. The fraction of eluate from

18.5 to 42.5 (starting from the beginning of sample loading) had to be collected in order to
completely recover Li from the sample solution.

Several attempts were made to solve this problem. First, all the experimental materials were
carefully washed to avoid contaminations. Second, the eluate volumes before and after the Li peak
were collected and measured for Li concentration, such that any Li loss during column chemistry
could be traced. Moreover, the resin used was thoroughly washed using HCI or ethanol. Lastly,
evaporated samples were boiled with H2O: or concentrated HNO3 in order to eliminate any organic
matters that could have been released by the resin and cause cryptic matrix effects during
measurements. In spite of all these efforts, obtaining accurate §’Li values was unsuccessful (Fig.
2.2). However, hope was brought from the boiling of eluates in concentrated HNO3. For this test,
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the measured 8’Li values were slightly higher than for the other tests. This suggests that the shift
of 8’Li towards lower values was highly possibly caused by matrix effects triggered by the

presence of organic matter released from the resin.

32.0

Seawater: 87Li =31+0.5 %o
31.5 4

31.0

8'Li (%o)

30.5 @\
30.0 ¢©¢OOOQ

29.5

Figure 2.2 Examples of unsuccessful Li purification of seawater. Seawater has a well-known
8’Li value of 31%o, whereas the measured values were ~1%o lower. The average 8'Li from these
tests is 30.12+0.19%o (n=12). §’Li values from the two tests where eluates were boiled with
concentrated HNO3 were slightly higher (30.46+0.10%o), still lower than the literature values but
closer to them.

As soon as the fractionation was identified as due to resin-derived substances, a new batch
of resin was purchased. Due to the urgency of obtaining reliable data and no confidence in the one
step separation protocol, a new Li purification method was developed. In some studies, short
columns were used to get rid of the sample matrix (Moriguti and Nakamura, 1998; Hall et al., 2005;
Magna et al., 2006). For example, to purify Li, Magna et al. (2006) used a multi-step recipe in
which samples were cleaned using a short column (0.6 ml resin) in 0.5 M HNOs. Following this

approach, a multi-step protocol was developed using 1-ml resin columns.
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In this protocol, the Li separation was achieved in two steps. In the first step, samples were
eluted using 1 N HNO3, which removes the majority of matrix. In the second step, the elution acid
was changed to 0.2 N HNOs. Because of the lower concentration of acid, finer separation between
Li and Na could be accomplished. The same 1-ml resin column was used for both steps. The

detailed description is provided next.

Commercially available PP+PE column (AC-142-TK, TRISKEM) were used for the new
protocol. The columns contain a 5-ml reservoir at the top and a 2-ml resin reservoir (internal
o=7mm) at the bottom. PE frits attached to the columns with a pore size of 20 um were placed to
the column bottom. Then the column was first bedded with 1 ml of pre-cleaned wet BioRad AG50-
X12 (200-400 mesh) resin. Considering the issues encountered during Li chemistry using previous
method and observing that the top of the resin sometimes re-suspended and stick to the walls of
the reservoirs, another frit was placed onto the top of the resin bed. A schematic of the new column

is shown in Figure 2.3.

The new chemistry protocol was first calibrated using standard reference materials with
various matrix including basalt (BHVO-2 and JB-2), seawater (NASS-6), pure Li2COs3 solution

(Li-SVEC). A sample calibration curve using JB-2 is provided next in Figure 2.4.

Based on these calibration curve, the following protocol was established. In the first step,
0.5 ml of sample (20 ppb Li in 0.2 N HNO3) were first loaded and eluted with 4 ml 1 N HNOs.
The entire eluate (4.5 ml) was collected, evaporated, and re-dissolved in 0.5 ml 0.2 N HNOs. After
the column was thoroughly washed and conditioned, the re-dissolved sample was then loaded on
the column in the second step. Then it was eluted with 16 ml 0.2 N HNO3 solution. The last 8§ ml
were collected. In this step, Na could be successfully eliminated. The details of this two-step

protocol are provided in Table 2.3.
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Figure 2.3 Separation of Li using column chromatography protocol established for this study (a)
schematic of the column using 1 ml BioRad AG50-X12 (200-400) mesh resins. (b) Photographs
of the columns (first two rows to the left, the two rows to the right are columns used for Si

chemistry).
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Figure 2.4 Calibration curves of two-step Li separation. (a) In the first step, the sample was
eluted using 1 N HNOs. An efficient Li enrichment over matrix elements was achieved in this
step. (b) In the second step, the sample was eluted using a weak acid (0.2 N HNO3), which
allowed for a fine separation between Li and Na.
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This protocol was tested for a number of times to determine its ability to separate Li from
Na. It was observed that when the Li/matrix ratio is too low, such as seawater, some Na may
remain in the sample. To precisely measure §’Li, it is crucial to isolate Li from Na. Although there
is a certain degree of freedom to tolerate Na during measurement using MC-ICP-MS, it was
suggested the Na:Li ratio should be controlled to be lower than 3:1 (Dellinger, 2013). Therefore,
our new protocol constitutes an improvement: sample with a large amount of matrix cations
compared to Li can be broadly purified in step 1 twice, before the final separation between Li and
Na in step 2. Since most the samples analyzed in this dissertation were solid samples, any sample
with a Li concentration lower than 10 ppm was passed through the first column twice. With the

application of this extra elution, Li is completely isolated from Na.

Table 2.3 Li separation protocol using 1-ml resin columns

Li separation

0.5 ml sample solution
(20 ppb Li in 1 N HNO3, collected)

4 ml 1 N HNO:s (collected)

Step 1 Step 2
Column cleaning Column cleaning
5ml 6 N HCI 5ml 6 N HCI
3 ml MQ 3 ml MQ
3 ml MQ 3 ml MQ
Column conditioning Column conditioning
2 ml 1 N HNO; 2 ml 1 N HNO;

Li separation

0.5 ml sample solution
(20 ppb Li in 0.2 N HNO3)
4 ml 0.2 N HNO;

4 ml 0.2 N HNO;3
4 ml 1 N HNO;3 (collected)
4 ml 1 N HNOS3 (collected)

Both the new protocol and the “traditional” method were tested with seawater using fresh

resin. All samples collected at the end of the procedure were evaporated and boiled with
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concentrated HNO3. Both methods generated results well matched with literature values. However,

the multi-step method was chosen as the chemistry recipe for this dissertation. This protocol indeed

has some drawbacks in which it requires transfer, evaporation, and re-dissolution of the samples

between the steps, and it cannot be accomplished in a single day. Nevertheless, it has its own

outstanding advantages:

1.

The time cost of the new recipe is lower. The older single-step protocol is based on a resin
volume of 2.7 ml and requires an elution of 86.5 ml of 0.2N HCI. To achieve a separation
session of 12 samples, this method takes at least 18 hours in a working day. Conversely,
the new two-step protocol, only uses 1 ml of resin, and has an elution of 17.5 ml (first step)
or 29.5 ml (second step). Each step can be readily achieved within 4 hours. In practice the
two-step method is more suitable for manual separation. If a robot assistant system is
available, the single-step method would become the better option (to reduce the use of
beakers and the consumption of acids for cleaning purpose).

The two-step protocol enriches Li in the first step, which can be used as a sample pre-
treatment. The calibration of Li-SVEC (pure Li) showed that the peak position was within
the first 4 ml elution, which puts a boundary on the peak of the Li elution peak whatever
the matrix is (because the peak position can be affected by the matrix effect, theoretically,
high matrix content should “push” the Li peak in front of the other peaks, leading to an
even earlier elution of Li). This advantage has been applied in our experimental study
(Chapter 3), where some samples had very high Na:Li ratios (10 times higher than for

seawater, for example).

A few additional notes need to be made regarding the Li separation procedure. First, the

concentration of the eluting acid needs to be accurate, as any change of concentration will shift
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the Li peak position. Thus, the 0.2 N HNOs solution must be titrated before use. Second,
attention needs to be paid all the time about matters that could be released from the resin during
elution. The resin was systematically changed after 6 separation sessions, to avoid effects due
to resin aging. Before the isotope measurements, all samples were boiled with concentrated
acid (either 16 N HNO; or 6 N HCI) for a few days, evaporated to dryness, and stored in Teflon
beakers with caps firmly closed. It has been noticed that an isotopic shift towards lower values
could re-appear (as in the initial test with the single-pieced columns, see above), and this was
solved by prolonging the duration of the acid boiling step. Although the exact reason for this
shift is still unknown, we suggest that matters released by the resin (probably organic matters)
are the cause. For example, as shown in Figure 2.5, the frits located at the bottom of a column
can exhibit a pink color (instead of the original white) if the column was not used for a few

weeks.

Figure 2.5 Example of resin matrix tinting eluting out and tinting the frits.
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2.4 Isotope measurements by MC-ICP-MS (Neptune/Neptune Plus)

Throughout the study, all the isotopic measurements were performed using two MC-ICP-
MS instruments (Neptune/Neptune Plus) at IPGP (note that the Neptune at IPGP has been
upgraded to the level of a Neptune Plus). In brief, the instrument consists of 3 parts: the sample
introduction system; the ionisation system; and the mass analyser (Fig 2.6). The Neptune plus MC-
ICP-MS is an updated generation of Neptune MC-ICP-MS with a number of new features

including improved pumping capacity at the interface (between the skimmer and sample cones).

2.4.1 Sample introduction system

In order to be ionised in the plasma, it is necessary to deliver samples as a mist (fine aerosol).
For this purpose, throughout this study we used PFA-ST type microflow self-aspiring nebulizers
(ESI), in which the spray was formed through a mixture of argon (Ar) at a rate of ~1 L/min (sample
gas), and to which samples were carried using a probe connected to a PFA capillary. The stability
and the intensity of the signal are positively related to the size of capillary, and sample
consumption is correlated to the size of capillary. In order to achieve the best signal, larger sized
capillaries are recommended. In some case, the sample volume was limited, therefore smaller
capillaries were used. In this study, 0.25 mm i.d. (~100 pl/min sample consumptions rate)
capillaries (ESI) were used for the measurement for the 6°°Si measurements (2 ppm Si in 10 ml
0.2 N HNO; solution), whereas 0.2 mm i1.d. (~50 pl/min sample consumption rate) capillaries (ESI)

were used for the measurement for the 3’Li measurements (20 ppb Li in 1 ml 0.5 N HNOs solution).

Plasma formation and stability are critical in MC-ICP-MS techniques, in terms of ionisation
efficiency, signal sensitivity, instrumental fractionation, and interferences (for example through

the formation of oxides). In principle, to enhance plasma performance, only the finest aerosols are
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wanted to be introduced to the plasma. Different techniques are available including “wet” plasma,
where a spray chamber filters out all the large droplets (so-called “Stable Introduction System SIS),
or “dry” plasma which uses a desolvating system APEX (ESI) or Aridus (Cetac). Sometimes, this
can also be achieved by using a “Direct Injection Nebulisation” system (e.g. d-DIHEN, Louvat et

al., 2011).
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Figure 2.6 Schematic of a MC-ICP-MS. Modified from Weyer and Schwieters (2003), under the
Creative Commons user license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

In this dissertation, an SIS was used for the analysis of 8°°Si and an APEX (ESI) was used
for the analysis of §’Li. The quartz-made SIS consists of two parts: a cyclonic spray chamber at

the bottom and a “Scott” spray chamber at the top (Fig 2.7).
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Figure 2.7 Photograph of a quartz-made “Stable Introduction System” SIS, used in this study for
Si isotope measurements.

Once the sample is introduced into the SIS, it first enters the cyclonic chamber. With the
presence of the Ar flow and the cyclonic structure of the chamber itself, a vortex is produced. With
the centrifugation, large droplets condense on the glass walls of the chamber and drain out at the

bottom of the chamber with the waste outlet. On the other hand, smaller droplets in the center are
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carried into the double pass Scott spray chamber, where finer aerosols are further “filtered” and

injected into plasma. An SIS offers stable and sensitive signals.

The purified Li samples (20 ng) were introduced in the form of 1 ml 0.5 N HNOj3 solutions.
Because of their low concentrations, the desolvating system APEX (ESI) was employed to enhance
the sensitivity of the Li signal as this introduction system provides the best signal sensitivity for
Li (Louvat et al., 2011). With the APEX, samples are first nebulized and introduced into a heated
cyclonic spray chamber at 120°C, and then subsequently cooled to 2°C with a Peltier-cooled multi-
pass condenser. As such, the large aerosols were eliminated and the interferences from solvent
molecules (0.5 N HNOs solution) were then reduced. As a result, an improved sensitivity is

obtained.

After the sample introduction system, samples were converted from solutions to fine

aerosols, and were introduced to the plasma.
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Figure 2.8 Schematic of the APEX sample introduction system, used in this study for Li isotope
measurements. An “Add Gas” at a rate of ~ 1 L/min was used in this study for Li isotopes.
Modified from Elemental scientific Inc.

2.4.2 lonisation system

Once samples are introduced to the Ar-operating plasma, aerosols are atomized and ionised
before further mass analysis. In brief, the ionisation system consists of three main parts: the radio

frequency (RF) coil, the RF generator, and the plasma torch itself.

The quartz-made plasma torch is composed of three concentric tubes. The “Sample Gas”
(~1 L/min) flows through the inner-most tube, which is connected with the sample introduction
systems (SIS or APEX) and delivers the sample aerosol to the center of the plasma. The “Auxiliary
Gas” (~1 L/min) passes through the middle tube to controls the position of plasma to avoid it being
too close to the coils. The “Cool Gas” (~16 L/min) flows through the outermost tube and isolates

the plasma from the walls of the torch.
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To form the Ar plasma, the RF generator provides a power of 1200W to the coil wrapped
around the torch, which induces a strong electromagnetic RF field (27 Mhz). The plasma is a
partially ionized gas (with temperature of ~10,000 K at the center), is ignited through a spark, and
is maintained because of sustained Ar flows and RF fields. The interest of an Ar hosted plasma is
that it is able to ionise most other elements to a +1 state, as Ar has a high first ionisation energy
(15.8 eV), higher than that of most other elements (but lower than the second ionization energy of
most other elements, thus preventing the formation of most doubly charged ions). In particular for
this study, both Li (5.39 eV) and Si (8.15 eV) have lower first ionisation energies than Ar, such
that they can be readily ionised before mass analysis. In particular, Li, as most alkaline elements,
has a low first ionization energy, and is thus easily ionized allowing for high sensitivity and low

detection limit.

2.4.3 Interface

The plasma is formed under atmospheric pressure, while in the magnetic field and in the
multicollector areas (see below) the operating pressure is at a level of ~107 mbar. The transition
between these two-contrast pressures is achieved through the “interface” (and its pieced cones and
interface pump) followed by a series of four turbo pumps. The lowest pressure of the analyzer part
of the instrument is maintained by two ionic pumps. At the interface, first, the “Sampler Cone”
samples the center of the plasma and expands it (a “Jet” cone was used for both Si and Li). Then
the smaller “Skimmer Cone” selectively permits the entry of the central portion of the ionised
samples that has passed through the sampler cone orifice. Two types of nickel-made skimmers
cones are available (Fig 2.9): the standard “H” cone which has a cylindrical entrance; and the “X”
cone whose orifice is more “trumpet-shaped”. An X cone provides more space for particle transfer,

which ultimately improves signal sensitivity (He et al., 2016), especially for low mass elements.
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In this study, 5°°Si measurements were performed using an H cone, whereas all §’Li measurements
were conducted using an X cone. The space between the two cones is pumped to an intermediate
vacuum of a few mbars using the “interface pump”, which is efficiently improved in Neptune-Plus

type instruments compared to the older generation of Neptune.

Expansion Expansion
a chamber b chamber

Skimmer cone Skimmer cone

Sample cone Sample cone

Figure 2.9 Schematic of two types of nickel-made skimmer cones: (a) “H” skimmer cone which
has a cylindrical orifice. (b) “X” skimmer cone with a “trumpet-shaped” entrance. Reprinted
from He et al. (2016), under the Creative Commons user license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

2.4.4 Mass analysis

After the interface, ions are accelerated through a series of lenses to -10 kV (the negative
electric field accelerates the positively charged ions formed in the plasma), such that a cation beam
is formed and transported to the analyzer part. Through this series of lenses, the shape and density
of the beam can be optimized. The beam also passes through the “entrance slit”, which determines
the mass resolution of the analyse. Despite all the efforts made to eliminate potential isobaric

atomic interference (e.g. through chemical separation by eliminating matrix elements), other
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interferences are common in ICP because of the formation of molecules in the plasma. This is the
case for the analysis of §°*Si. One of the Si isotopes, **Si, shares a similar mass with a major
polyatomic interference '“N'®0O*. As a result, at low mass resolution the beams of *°Si and “N'*OQ*
are barely be separated on the focal plane where the collection of beams is made (see below).
Narrowing the slit width allows to reach the so-called “medium-resolution” (MR) or even “high-
resolution” (HR), such that a smaller image of the ion beams is permitted on the focal plane and
molecular interferences can be separated. One of the drawbacks of employing higher resolution
modes is the significant reduction of signal sensitivity (by a factor of 3 for MR and 10 for HR)
because of the narrowing of entrance. Therefore, a compromise needs to be made between signal
intensity and mass resolution. Therefore, the medium resolution mode was employed for the

analysis of §*°Si and a low-resolution mode was selected for the measurements of §'Li.

The MC-ICP-MS has a double focalisation system. After ion acceleration, the ion beam is
first “filtered” in the “ESA” (Electro Static Analyzer), where an electric field is applied to the ion
beams (angular focusing), such that ions with different energies (in particular due to scatter in the
plasma energy distribution) are focused on marginally different spots of the intermediate slit
located between the ESA and the mass analyzer. After the intermediate slit, ion beam enters a large

magnet where a magnetic field sorts the beams with respect to their mass/charge ratio.

For collecting and measuring the ion beams, the MC-ICP-MS is equipped with one fixed
and eight movable detector platforms where Faraday cups are assigned. Each Faraday cup is
connected to an amplifier which converts and amplifies the current intensity into voltage (10'!-
ohm resistors were used for all signals in this study). The Faraday cups are precisely positioned at
distances proportional the relative mass difference between the isotopes of interests. Therefore, for

the analysis of 8'Li the Faraday cups were assigned to the most extreme cup positions with the
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outer cups L4 (°Li) and H4 ("Li), as the relative mass different between the two Li isotopes is very

large.

2.4.5 Analytical sessions on a MC-ICP-MS

On a measuring day, the plasma of the Neptune MC-ICP-MS was first ignited. For the §’Li
measurement, the APEX heating/cooling systems were also switched on. Usually, it took 30
minutes to 1 hour to allow the plasma to stabilize. After proper Faraday cup positioning, the
instrument was tuned to reach an optimized signal using standard solutions. The NBS-28 (NIST)
solution and the standard Li-SVEC (NIST) solution and were respectively used for Si and Li. To
optimize the signal, three points need to be taken into consideration: signal intensity and stability,
peak shape, and peak center (for Li)/central cup position (for Si). The signal intensity can be
modified by tuning parameters such as gas flows, torch position, and lenses voltages. Noteworthy,
optimizing for signal intensity may also lead to an increase of background noise. Thus, a
compromise needs to be made to achieve the lowest background/sample signal ratio. Then, it is of
importance to ensure that the peak of “mass scans” (obtained by varying the magnet current)
plateaus are as flat as possible. The peak shape can be tuned using the “zoom lenses” feature. Two
quadruples located before and after the magnet allows for a refined alignment of the different ion
beams in the Faraday cups (Dispersion Quad) and a better peak shape (Focus Quad). Lastly, the
peak plateau needs to be centered around the mass of interest for Li so that correct signals can be
read for both °Li and "Li signals; while the central cup position needs to be correctly chosen for
5°°Si measurements in order to avoid the interference of the *N'%0*, which generates a shoulder
on the peak plateau of *°Si (Fig 2.10). Once the optimized signal is obtained, the secondary
standard solutions were measured relative to the reference standard solutions to ensure the

instrument was performing under reliable conditions. The IRMM-016 (~0.12%o vs. Li-SVEC) and
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Li-SPEC (~94.3%0 vs. Li-SVEC) solutions were used for Li measurements. As a lack of a
secondary pure standard solution of known Si isotope composition, the digested and purified

BHVO-2 reference material solution was used for Si measurements.

During the measurement, a sample standard bracketing (SSB) method was used for both
isotope systems. As the Neptune MC-ICP-MS has a relatively large but stable instrumental mass
bias (measured isotopic ratios vs. true isotopic ratios due to isotope fractionation within the
instrument, especially in the plasma), samples are bracketed by the reference standard solution at
same Si or Li concentrations as the sample solutions, which averages out the effect of this bias
when the d-values are calculated. To determine the sample concentration, before the isotope ratio
measurement a quick mass scan around the mass of the element of interest was performed for each
sample and the signal intensity was read and compared with the signal intensity of the bracketing

standards. Concentrations were adjusted if necessary.

2.4.6 &°°Si measurements

The typical analytical conditions of the Neptune Plus for the 5°°Si measurements are listed

below in Table 2.4.
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Table 2.4 Typical performing conditions of Neptune plus for 5°°Si measurements

RF power 1200 W
Cool gas 15-16 1/min
Auxiliary gas ~1 1/min
Sample gas ~1 I/min
Resolution mode Medium resolution
Sample uptake 100 pl/min
Introduction system SIS
Nebulizer PFA (ESI)
cones Jet+ H

Cup configuration

L4 (38i), L1(®Si), and H2(3°Si)

25 cycles for samples and standards,

and 12 cycles for blanks. Each cycle

Method takes an integration time of 4.194

seconds, and blank correction was
performed.

As Si is a major element, the purified Si samples have a relatively high concentration (2
ppm), and the signal intensities (note that the Si isotope measurement were made at medium
resolution; see below about the resolution) generally vary from 5 to 8 V/ppm at ~100 pl/min uptake
rate, depending on session instrumental performance. An example of a Si peak shape in medium
resolution mode is provided in Figure. 2.10. As shown in the figure, the 3°Si peak shares a
“shoulder” of the signal formed by the isobaric molecule “N'®O" ion. In order to avoid this
interference, the center of the peak needs to be defined “away” from this "“N'®O* + 3°Si peak. The
precise position of the measurement of the center of the *°Si “plateau” is determined for the best

stability of the 3°Si/?®Si ratio measurement.

Another important issue needs to be monitored during the §**Si measurements is the mass-

dependent relationship between measured 6*°Si and &°°Si values. As shown in Figure. 2.11,
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throughout this study, all measured values (standards and samples) follow a linear relationship
between the measured §2°Si and §°°Si values, which attests for mass-dependent fractionation, and
therefore lack of interference. The slope (8?°Si vs. §°°Si) generated from this study has a value of
k=0.5050, which is unresolvable between kinetic fractionation (k=0.5092) and equilibrium

fractionation (k=0.5178) (Young et al., 2002; Opfergelt and Delmelle, 2012).

Over the course of the study, for the reference material BHVO-2, we have obtained a 6°°Si
value of -0.294+0.07%o (26, n=72, Figure 2.12), which is well matched with literature values (Table

2.5)
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Figure 2.10 Example of a “mass scan” of Si isotope peaks, in medium resolution mode. The
central cup position is here set as 29.441.
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Figure 2.11 5*Si vs. §°°Si throughout this study. The linear relationship, with a slope of 0.5050,
indicates mass-dependent fractionation of silicon isotopes and thus the absence of interference
during measurements.
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Figure 2.12 Summary of $°°Si analyses for the basalt reference material BHVO-2 made
throughout this study. §*°Sipavo2=—0.29+0.07 (2 s.d., n=72) The gray area represents 2 s.d..
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Table 2.5 Literature values of 8°°Si for BHVO-2

BHVO-2 5°°Si 2 s.d.
This study -0.29 0.07
Savage et al. (2011) -0.29 0.09
Abraham et al. (2008) -0.29 0.11
Zambardi and Poitrasson, (2011)  -0.27 0.08
Savage et al. (2013) -0.30 0.04
Pringle et al. (2014) -0.31 0.12
Pringle et al. (2016) -0.30 0.12

2.4.7 &’Li measurements

The typical analytical conditions of the Neptune/Neptune Plus for the §’Li measurements
are listed below in Table 2.6. As no significant interference is likely to contribute to the Li signals,
the low-resolution mode was deemed suitable for the analysis of §’Li. However, due to the
challenges associated to Li purification (see section 2.3.3), some matrix cations, in particular Na,
can still be present in samples introduced in the plasma, which can cause so-called “cryptic” matrix
effects can thus introduce additional instrumental fractionation that is not corrected for by
normalization to a pure standard solution during SSB procedure (Tomascak et al., 2016, and
references therein). Therefore, it is necessary to check the Na content of each sample before an
isotope measurement. By experience a small amount of Na can be tolerated allowed, as long as the
Na:Li ratio in the sample remains under 3:1 (Dellinger, 2013). Therefore, the samples were
routinely scanned over Li and Na mass regions before measurements. Any sample with Na:Li
ratios higher than 3:1 was either discarded or kept aside for further separations. Because of the low
mass of Li and possible magnet field drift (as by experience) through time, it was also critical to

repeat peak centering at peak-center at the middle of both °Li and "Li plateaus (Figure 2.13). With
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such conditions, the Li signals (note that the Li signals were made at low resolution and with the

APEX) usually varied from 250 to 5 V/ppm at ~50 pl/min uptake rate.

Table 2.6 Typical analytical conditions of the Neptune Plus for 8'Li measurements

RF power
Cool gas
Aucxiliary gas
Sample gas
Add gas
Resolution mode
Sample uptake
Introduction system
Nebulizer
cones

Cup configuration

Method

1200 W
15-16 1/min
~1 1/min
~1 1/min
0.2—0.4 I/min
Low resolution
50 pl/min
APEX
PFA (ESI)
Jet+X
L4/L5 (°Li) and H4("Li)
12 cycles for samples and standards,
and 5 cycles for blanks. Each cycle
takes an integration time of 8.389

seconds, and blank correction was
performed.

Secondary standards IRMM-016 and SPEC solutions were regularly measured to ensure

measurements were accurate. In this study, IRMM-016 and SPEC respectively have values of

0.13+£0.17%o (26, n=63) and 94.32+0.19%o (26, n=26), which are both unresolvable from previous

results 8'Lirmm=0.14£0.25%o and &' Lispec=94.39+0.27%o (26, n=73) (Dellinger, 2013).
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Figure 2.13 Example of a “mass scan” of Li isotope peaks, in low resolution mode.
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Figure 2.14 Summary of 8’Li analyses for the pure solutions IRMM-016 and Li-SPEC. The
black lines represent the average values (8’ Liri-irmv=0.1320.17%o and 8 Livi.sprc=94.32+0.19%o)
and the grey areas represent the average + 2 s.d.
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The values obtained for the reference materials BHVO-2 and JB-2 (basalts), and NASS-5
and NASS-6 (seawater) are listed in Table 2.7 and are in good agreement with literature values.
We also report the §’Li values of two reference soil materials, TILL-1 (§’Li=6.61£0.66%o, 2 s.d.,
n=20) and NIST-2709a (8'Li=-0.36+0.67%o, 2 s.d., n=18). The long-term reproducibility of each
standard is also shown in Figure 2.15. It is important to note that the standard deviations (Table
2.7) is slightly greater than reported values. This could be partially due to the change of instruments
during this study. The measurement of 8’Li was operated on a Neptune MC-ICP-MS from 2015
to the middle of 2016, then the signal stability became poor. Since then §’Li was measured on a a

Neptune plus MC-ICP-MS.

Table 2.7 Literature values of 8’Li seawater and basalt reference materials.

Seawater 8’Li (%0)  2s.d.
This study (n=19) 30.92 0.44
Clergue et al. (2015) 30.73 0.35
Dellinger et al. (2015) 3091 0.26
Rosner et al. (2007) 30.63 0.44
Huang et al. (2010) 30.73 0.15
Misra and Froelich (2009) 30.75 0.41
BHVO-2 8’Li (%o0) 2 s.d.
This study (n=15) 4.57 0.71
Clergue et al. (2015) 4.33 0.43
Dellinger et al. (2015) 4.34 0.41
Liu et al. (2018) 4.84 0.35
Magna et al. (2004) 4.55 0.29
Jeffcoate et al. (2007) 4.70 0.20
JB-2 8'Li (%)  2s.d.
This study (n=20) 4.62 0.78
Dellinger et al. (2015) 4.47 0.53
Liu et al. (2018) 4.77 0.53
Millot et al. (2010b) 4.90 0.60
Magna et al. (2004) 4.70 0.29
Nishio and Nakai (2002) 4.29 0.34
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8 Li ( %o)

8 Li (%o)

8 Li ( %o)

Figure 2.15 Summary of 8’Li analyses for the reference materials NASS-5/NASS-6 (seawater),
JB-2 and BHVO-2 (basalts), NIST-2709a and Till-1 (soils). The black lines represent the average
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3.1 Introduction

Noticing the unbalanced oceanic mass budget of some of the major elements such as Na and
Si, Mackenzie and Garrels (1966) proposed the existence of a process taking up cations from
seawater into authigenic sediments and liberating carbon dioxide, termed as “reverse weathering”.
Sillen (1967) later suggested that clay formation would be accountable for this reaction between
sediments and seawater. More than half a century later, only a limited number of studies have
attempted to characterize or quantify the global role of reverse weathering. The challenges include,
but are not limited to, the slow reaction rates of this processes, and the fact that continental
weathering products are mineralogically and chemically similar to the authigenic clays which
would be produced by reverse weathering. However, Michalopoulos and Aller (1995) showed the
possibility of such a process based on laboratory experiments involving the incubation in seawater
of different seed materials (kaolinite, quartz grains, iron oxide-hydroxide coated quartz grains, and
glass beads) with sediment samples from the delta of Amazon River. They observed the formation
of aluminosilicates when incubating quartz grains, and the decomposition of seed materials when
incubating kaolinite and glass beads. Based on this work, Mackenzie and Kump (1995) generalized

reverse weathering as the following reaction:

Silica + aluminous clays + iron oxides + organic carbon + soluble cations + bicarbonate — new

clay minerals + water + carbon dioxide

The limiting factor of such a reaction in the marine environment (seawater column or sediment
pore water) is the supply of silicon (Si), rather than that of aluminium (Al). Although Al is an
immobile element during silicate weathering, the demand of Al for authigenic clay formation in
marine environments can be satisfied by the simultaneous dissolution of Al-oxides or highly

weathered aluminosilicates (Michalopoulos and Aller, 1995). It has been shown that the diagenesis
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of biological silica could provide the necessary silica source (Van Cappellen and Qiu, 1997;
Michalopoulos and Aller, 2004; Aller, 2014). More recently, three studies have investigated
reverse weathering based on isotope methods. Rahman et al. (2016) reported the presence of
cosmogenic radioactive *2Si (half-life ~140 years) in sediments as a witness of the significant
impact of reverse weathering on the Si cycle in deltaic environments. Based on the Mg isotopes of
deep sea floor sediments from the South Pacific gyre, Dunlea et al. (2017) suggested that the clays
contained in these sediments are authigenic and proposed a relationship between reverse
weathering and climate evolution during the Cenozoic. Ramos et al. (2018) used K isotopes in
deep-sea sediment pore waters to suggest that reverse weathering contributes to regulate the

isotopic signature of seawater potassium.

Additionally, reverse weathering and the associated lithium (Li) chemical and isotopic
fractionation are likely to significantly contribute to the isotope mass balance of Li in the ocean
(Misra and Froelich, 2012). Lithium has two stable isotopes (°Li and ’Li), with a relative large
mass difference (~1/6) enabling strong fractionation and consequentially a large variability of the
Li isotope composition in nature. The Li isotopic composition of a sample is expressed in d-
notation in the unit of %o, defined as the deviation of the ’Li/’Li ratio compared to a reference
material from the National Institute of Standards and Technology (NIST RM-8545), commonly
referred as L-SVEC:

('Li/SLi)

§'Li= sample 1 [ %1000

77 67
CLi/Li) gvEc

The span of 8'Li in geological materials is greater than 50%o, making Li one of the most

isotopically fractionated metals. A number of experimental studies have addressed the behaviour
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of Li and its isotopes during the weathering of igneous rocks/minerals to strengthen our
understanding of (1) the effect of the alteration of oceanic basalts in various environments
including low-temperature seafloor and high-temperature hydrothermal vents (Seyfried et al., 1984;
Berger et al., 1987, 1988; James et al., 2003; Millot et al., 2010a) and (2) Li partitioning between
fluids and solids during silicate weathering on the continents (Pistiner and Henderson, 2003; Vigier
et al., 2008; Wimpenny et al., 2010, 2015; Verney-Carron et al., 2011). These studies have shown
that in low temperature environments, clay minerals are capable to take up Li from the fluid with
a preference for °Li. Solutions are enriched in "Li as a result of the preferential uptake of °Li into
secondary minerals (such as clays or oxides) during weathering processes. Today, the average
global riverine dissolved 8’Li has a value of 23%o (Huh et al., 1998), much higher than that of the
upper continental crust (UCC, §’Liucc=0+2%o; Teng et al., 2004), showing the potential of §'Li
as a robust tracer of continental weathering. In the present-day Li cycle, seawater is the Li reservoir
exhibiting the heaviest §’Li (~31%o), a value higher than those of the main Li influxes to the ocean,
i.e. hydrothermal and riverine inputs. At steady state, for the ocean to achieve such a high §’Li
value, either an additional, yet unknown heavy 8’Li input, or a light §’Li output is needed. Reverse
weathering is a viable candidate for such an isotopically light output. The mass balance model
from Misra and Froelich (2012) suggests that a A’Li fractionation factor of 16%o (A’Li =8" Liscawater
— 8 Liauthigenic-sediments) 15 associated to reverse weathering in the ocean. In this chapter, in order to
better characterize the impact of reverse weathering on the Li isotope composition of the ocean,
we report the results of an experimental study of Li isotope fractionation during the interaction of
seawater with detrital sediments. We focus on two solid products: kaolinite and basalt glass, each
representing a fraction of the detrital inputs to the ocean (clays and an unweathered primary

material).
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3.2 Materials and experimental methods

In this study, we used synthetic “artificial seawater” (ASW) rather than natural seawater to
control the chemistry of the reactive solution and to minimize the effect of biological activity. To
synthesize the ASW solution, we followed a modified version of the protocol from Kester et al.
(1967) (Table 3.1). The solids used were a basaltic glass and kaolinite, thus representing an
unweathered silicate and a secondary mineral. The basaltic glass (reference BG-001) was obtained
from the volcanic ash of Stapafell Mountain, southwestern Iceland; its chemical composition is
reported in Oelkers and Gislason (2001). Poorly crystallized kaolinite (reference KGa-2), from
Washington County (Georgia, USA), was supplied by the Source Clay Repository of the Clay
Minerals Society (surface properties are described in Schroth and Sposito, 1997). The Li contents
of the BG-001 basaltic glass (4.04 ppm) and the KGa-2 kaolinite (95.94 ppm) were determined at
the Institut de Physique du Globe de Paris (IPGP) using an Inductively coupled plasma-Quadruple-

Mass spectrometer (ICP-Q-MS) after acid digestion (HF-HNOs) of powdered aliquots of the solids.

Four sets of experiments were conducted at Géosciences Environnement Toulouse (GET).
Each type of experiment aimed at investigating: (1) the dissolution of kaolinite in “acidic” seawater
(and potential associated Li release); (2) the interaction between basalt glass and seawater Li (the
Li release/uptake); (3) the interaction between kaolinite and seawater Li (the Li release/uptake);

and (4) the specific sites on which Li adsorbed onto kaolinite.
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Table 3.1 Protocol for making the “artificial seawater” (ASW) solution

Weight Concentration

Salt © (e/ke)
NaCl 119.63 23.926
KCl 3.39 0.678
SrCl*6H,O 0.12 0.024
MgCly*6H,0 54.16 10.832
CaCl,*2H,O 7.59 1.518
NaxSOq4 20.04 4.008
NaHCOs3 0.98 0.196

Dilute in Milli-Q water to 5000 g

Li was doped in the solution for experiments (2) and
(3), to [Li]=180.32 ppb (8'Li=52.83 £0.28%o)

For experiment (1), 20.5 g of the KGa-2 powder was immersed in 501.5 ml of the ASW
solution. To enhance the dissolution of kaolinite, which is the process we wanted to isolate with
this experiment, the fluid pH was set to around 2.7 and maintained at this level throughout the
experiment. Over the course of the reaction (~28 days), 7 solution samples were taken. The
concentration of Li, Al, and Si, as well as the §’Li composition of these solutions were measured,

and the details are listed in Table 3.3.

In experiments (2) and (3), the ASW solution used was first doped with Li using an ICP
standard solution (whose 8’Li was measured as 8’Lii=52.83%0.28 %o, 26, n=2), to a level close to
seawater [Li] (~25.9 umol/kg, or ~180 ppb), and its pH was adjusted using NaOH and HCI to

pH=8.32. For the experiment (2), 1.2 g of BG-001 powder was immersed in 949.1 ml of Li-doped
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and pH-adjusted ASW solution. For the experiment (3), 20.0 g of KGa-2 powder was immersed
in 500.4 ml of Li-doped and pH adjusted ASW solution. Sampling started 1 day after the
immersions. In total, 16 samples were collected for each of experiment (2) and (3) (Tables 3.4 and
3.5). After each sample collection, the pH was measured and if needed re-adjusted to pH~8.4 using
NaOH or HCI. The concentration of Al, Si, Li, as well as Li isotope composition of each sample

solution were measured.

Experiments (1-3) were conducted in polypropylene (PP) beakers hermetically sealed with
PVC lids and rubber O-rings. The solutions were continuously mixed using either a Teflon
propeller driven by an overhead stirrer or a suspended Teflon-coated magnetic bar attached to a
fish-clip (Figure 3.1). For experiment (3), solid samples (before and after the experiment) were
analyzed using a JSM 7800F Prime-EDS (JEOL, Ltd.) scanning electron microscope (SEM) at the
Castaing Micro-characterization Center in Toulouse to detect any mineralogical change due to

solid-solution interactions.
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Sampling (0.2 pum filter)

%
25°C
pH
ASW
. C - )
Solids _ e —— Water bath
(BG-001 or KGa-2)
Magnetic stir plate

Figure 3.1 Schematic of the experimental system used to study the interaction between artificial
seawater (ASW) solution and selected solids BG-001 (basaltic glass) or KGa-2 (kaolinite).

In clay minerals, such as smectite, Li is often bonded in two types of sites: structural
octahedral site and interlayer exchangeable site (Vigier et al., 2008). In order to better understand
the behaviour of Li during the dissolution of kaolinite and investigate whether the observed Li
isotope fractionation is site-dependent, experiments (4) were conducted (Table 3.6). In this set of
experiments, an aliquot of KGa-2 sample was first carefully rinsed with double deionized (DDI)
water for 12 times, leading to the removal (at least partially) of Li located at the exchangeable sites.
Adsorption experiments were conducted with these rinsed samples at 20°C in 50 ml PP centrifuge

tubes. A suspension made of about 1g of kaolinite and 30 ml of aqueous solution pre-equilibrated
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with the same kaolinite powder was mixed with a tube rotator for several hours before Li addition.
The aqueous solutions consisted of either the ASW or a NaCl solution with the same molarity as
ASW (0.41 M). Between 0.5 and ~19 ppm of dissolved Li was added to the suspension from Li
stock solutions at 15-600 ppm prepared in the same matrix, while the pH was adjusted by the
addition of small amounts of NaOH (1 M). The suspensions were then mixed for 30 minutes to 6
days and at last centrifuged at a speed of 6500 rpm to separate the aqueous solution from the solid.
Sample solutions were collected for chemical analyses and the measurement of pH. The partition

coefficient K4 was calculated as:

_ (mLi—adS/ 1leaol) .
= ———  (Equation 3-1)
(mLi—aq/ mLi—sol)

Where mii.ads and myi.aq correspond to the mass of Li adsorbed on the solid surface and the mass
of Li in soluition, and mkaol and msol designate the corresponding mass of kaolinite and aqueous
solution, respectively. The solid samples from two of the runs with the highest amount of Li
adsorbed after the expdriments, KL-17 (78.3 pg/g; NaCl solution) and KL-18 (44.3 pg/g; ASW),
were analyzed together with a sample of fresh KGa-2 powder and of unreacted but washed KGa-
2 using Nuclear Magnetic Resonance (NMR) at the research unit of CEMHTI (Conditions
Extrémes et Matériaux: Haute Température et Irradiation; CNRS, Orléans) to examine the
potential structural variation in kaolinite caused by the Li release. 'Li Magic Angle Spinning (MAS)
NMR spectra were acquired on a bruker AVANCE III spectrometer (750 MHz — 17.6 T) at a
Larmor frequency of 291.5 MHz and a spinning speed of 30 kHz. Around 2000 scans were
accumulated with a recycling delay of 10s, insuring complete relaxation of the signal. 'Li chemical

shift were referenced relative to a 1 M LiCl solution.

3.3 Analytical protocol

During the experiments (1—-3), fluid aliquots ranging from 3 to 25 ml were sampled using a
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weighed, clean syringe attached to a 0.2-pum porosity filter. The sampled volume was determined
via the mass difference of the syringe before and after sampling. Part of the sampled volume was
acidified by adding 1 drop of concentrated HNO; and was stored for the measurements of dissolved
Al Si, and Li concentrations. Additionally, Ca, K, and Mg concentrations were also monitored
during the experiment (3) for the calculation of the aqueous solution speciation and the degree of
saturation with respect to the possible formation of secondary minerals. The pH of the aqueous
solution was measured in situ by inserting a glass combination electrode, calibrated against NIST-
certified buffers, inside the reactor through an opening made on the lid for this purpose. The
concentrations of Al and Si were measured using Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES), whereas the concentrations of the other cations (K, Mg, and Ca) were
determined by Atomic Absorption Spectroscopy (AAS) at GET. The measurements of Li
concentration and isotope composition were conducted at [IPGP, where dissolved Li was measured

by ICP-Q-MS.

Li separation was performed prior to the measurement of §’Li. A protocol based on the use
of small volume columns for Li separation (Table 3.2), modified from previously published multi-
step Li separation methods (Moriguti and Nakamura, 1998; Hall et al., 2005; Magna et al., 2006),
was employed. In brief, this protocol involves a first step of rough separation of Li and a second
step of Li purification. For both steps 1 ml of cation exchange resin (Biorad AG50W-X12, 200-

400 mesh) was used.
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Table 3.2 Li separation protocol using the 1 ml resin method

Step 1 Step 2
Column cleaning Column cleaning
5ml 6 N HCI 5ml 6 N HCI
3 ml MQ 3 ml MQ
3 ml MQ 3 ml MQ
Column conditioning Column conditioning
2 ml 1 N HNO3 2ml 0.2 N HNO;
Li separation Li separation
0.5 ml sample solution 0.5 ml sample solution
(20 ppb Li in 1 N HNO3, collected) (20 ppb Li in 0.2 N HNO3)
4 ml 1 N HNO3 (collected) 4 ml 0.2 N HNO3
4 ml 0.2 N HNO;
4 ml 1 N HNO;3 (collected)
4 ml 1 N HNO;3 (collected)

For the first step, 0.5 ml of sample solution in 1 N HNOs at a Li concentration of 40 ppb
were loaded onto the column and followed by elution using 1 N HNOs. Lithium was collected
from the start of the sample loading and across the first 4 ml of the elution volume, and the
collected solution was evaporated to dryness and then re-dissolved in 0.5 ml 0.2 N HNOs. For the
second step, the elution of sample from the previous step was carried in a less acidic medium (0.2
N HNO:s), allowing for a better separation between Li and Na. The fraction between 8 ml and 16

ml after the beginning of the elution was collected for the measurement of §’Li.

The first step was repeated multiple times in parallel for samples with high matrix/Li ratios,
such as those collected from experiment (1), whose Na/Li ratios are approximately ~40 times
greater than that of seawater. To obtain the Li amount required for isotope analysis (20 ng), each

of these sample was first diluted and split into 12 sub-samples, and then processed in parallel

97



Chapter 3: Experimental investigation of the possible impact of “reverse weathering” on the
Lithium isotope composition of seawater

through 12 separation columns (equivalent to those used in the first step described above). Eluted
fractions from these 12 columns were collected, combined, evaporated, redissolved, and split into
6 aliquots loaded onto 6 parallel columns. This procedure was repeated with 3 parallel columns, 2
parallel columns, and finally 1 column (Figure 3.2). Then the second step of Li purification (as for
other samples) was performed for the final elution fraction. Such a separation procedure was tested

using seawater, and no matrix effect was observed.

20 ng of Li dissolved in 6 ml, split into 12
<4— (.5 ml aliquots, and passed through
12 “step-1” columns

Eluted volumes were combined, evaporated,
<4— re-dissolved to 3 ml, split into 6 aliquots,
4 Y 4 Y and passed through 6 “step-1” columns

Eluted volumes were combined, evaporated,
< re-dissolved to 1.5 ml, splitinto 3 aliquots,
and passed through 3 “step-1” columns

Eluted volumes were combined, evaporated,
<«—— re-dissolved to 1 ml, splitinto 2 aliquots,
and passed through 2 “step-1” columns

Eluted volumes were combined, evaporated,
<4— re-dissolved to 0.5 ml,
and passed through 1 “step-1” columns

Eluted volume was evaporated,
<«— re-dissolved to 0.5 ml,
and to pass through 1 “step-2” columns

Figure 3.2 Protocol for Li separation for samples collected in experiment (1). Those samples had
high Na/Li ratios.

The initial 8'Li composition of the Li-doped solution was also analysed, and the solid

materials used in the experiments, BG-001 and KGa-2, were digested and processed to measure
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their 8’Li composition following the same protocols. Five reference materials (basalts: BHVO-2
and JB-2; seawater: NASS-6; soils: NIST-2709a and Till-1) were systematically processed for

each chemistry session to determine the quality of the protocol.

The Li fraction obtained from the separation protocol was diluted to a Li concentration of
20 ppb and acidified to 0.5 N HNOs for isotope analyses on a Thermo Fisher Neptune Plus MC-
ICP-MS at IPGP. The long-term reproducibility of the instrument was checked by regular
measurements of standards IRMM-016 (8’Li=0.17+0.13%o, £26, n=20). The overall accuracy of
the procedure was checked using the results of the reference materials BHVO-2
(8'Li=4.34+0.23%0, 20, n=7), JB-2 (8'Li=4.33+0.67%0, +20, n=7), and NASS-6
(87Li=30.98+0.35%o, +26, n=7) for which 8’Li have been reported in previous studies (Dellinger
et al., 2014; Dellinger et al., 2015). Here we also report the 8’Li composition of two additional
reference materials including a soil standard NIST-2709a (8'Li= -0.62+0.53 %o, =25, n=7), and a

till standard Till-1 (8'Li= 6.42+0.38%o, +20, n=7).

3.4 Thermodynamic calculations

Authigenic clays are formed during reverse weathering process. For the experiment (3),
theoretical calculations were performed in order to detect the formation of secondary phases as a
complement of SEM analyses of solids. All speciation and solubility calculations with respect to
all relevant solid phases were performed using the geochemical code PHREEQC v. 3.3 (Parkhurst
and Appelo, 2013) and its “LLNL” thermodynamic database. Activity coefficients for dissolved

species were calculated using the extended Debye—Huckel and Davies equations.

3.5 Results
Results from experiment (1-4) are listed below in Table 3.3, 3.4, 3.5, and 3.6.
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Table 3.3 Experiment (1): dissolution of kaolinite (KGa-2) powder in “artificial seawater” solution

Sample elapsed time pH Sampled Vol Fluid Vol [Al] [Si] [Li] Al/Si d’Li 2 s.d.
(days) (2) (2) (mmol/kg) (mmol/kg)  (umol/kg)

G2-1 1.09 2.68 12.1944 489.31 0.29 0.090 3.1
G2-2 2.25 9.1662 480.14 0.32 0.132 2.4
G2-3 7.35 18.1016 462.04 0.41 0.212 0.609422 1.8 -16.61 0.11
G2-4 10.34 19.8286 44221 0.43 0.238 0.692552 1.7 -16.56 0.13
G2-5 14.31 2.79 17.3749 42483 0.47 0.278 0.799597 1.6 -17.77 0.25
G2-6 21.35 2.78 14.9089 409.93 0.53 0.322 0.909811 1.6 -18.32 0.25
G2-7 28.17 2.82 17.0449 392.88 0.57 0.365 1.030831 1.5 -19.03 0.20

8’Li (KGa-2) = —0.38+0.72 %o (2 s.d., n=12)
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Table 3.4 Experiment (2): interaction between basaltic glass and Li-doped “artificial seawater” solution

Sample elapsed time pH Sampled Fluid Vol [Al] [Si] [Li] Al/Si d’Li 2 s.d.
(days) (g) (g (mmol/kg) (mmol/kg)  (umol/kg)
BGI-1 1.03 8.19 3.8302 945.27 1.31E-03 1.15E-02 26.0 0.11
BG1-2 3.80 8.22 5.8837 939.39 8.65E-04 2.09E-02 26.9 0.04 53.45 0.09
BGI1-3 6.80 8.18 6.3109 933.08 3.21E-03 2.86E-02 26.6 0.11 53.13 0.09
BG1-4 10.87 8.15 5.5988 927.48 2.03E-03 3.51E-02 26.4 0.06 52.15 0.19
BG1-5 19.91 8.10 9.2528 918.22 1.76E-03 6.29E-02 24.9 0.03 52.78 0.22
BG1-6 31.98 8.17 7.5317 910.69 1.72E-03 8.08E-02 254 0.02 51.81 0.08
* 33.75 8.41 -0.15 910.84
BG1-7 39.04 7.91 9.1172 901.72 1.58E-03 8.85E-02 24.9 0.02 52.90 0.30
* 39.08 8.39 -0.16 901.88
BGI1-8 46.92 791 8.8123 893.07 1.53E-03 9.34E-02 24.8 0.02 53.91 0.19
* 47.03 8.41 -0.17 893.24
* 54.87 8.41 -0.16 893.40
BGI1-9 61.06 8.00 11.442 881.96 1.60E-03 8.19E-02 24.2 0.02 53.35 0.08
* 61.88 8.49 -0.16 882.12
* 70.00 8.45 -0.15 882.27
BGI1-10 74.90 8.12 9.1036 873.17 1.46E-03 9.19E-02 23.9 0.02 53.79 0.09
* 83.98 8.54 -0.16 873.33
BGI1-11 90.03 8.15 12.75 860.58 2.71E-03 9.83E-02 24.5 0.03 53.44 0.09
BGI1-12 105.03 8.08 9.935 850.64 1.91E-04 1.03E-01 23.4 0.00
BGI1-13 119.02 7.92 12.8825 837.76 1.19E-03 1.07E-01 23.0 0.01
BGI1-14 140.07 8.04 12.404 825.36 1.32E-03 1.09E-01 23.1 0.01 53.14 0.09
BGI-15 158.93 7.95 12.2292 813.13 6.27E-04 1.15E-01 23.0 0.01 52.20 0.02
BGI1-16 165.98 7.94 25 788.13 1.43E-03 1.17E-01
* addition of 1M NaOH to adjust the pH to ~8.4 87Li (BG-001) = 5.15 £ 0.09 %o (n=2)
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Table 3.5 Experiment (3): interaction between kaolinite and Li-doped “artificial seawater” solution

Sample

Fluid

Sample Time pH Vol Vol [Al] [Si] [Ca] [Mg] [Li] Al/Si O’Li  2s.d.
(days) (g) (2) (mmol/kg)  (mmol/kg) (mmol/kg) (mmol/kg) (umol/kg) (%o0)
Wi-1 1.03 648 4.226 496.15 n.d. 1.17E-02 19.37 0
* 1.1 8.2 0.74 496.89
W1-2 3.86 7.99 5.68 491.21 n.d. 7.21E-03 10.76 52.65 15.66 0 64.02 0.10
* 4.8 8.46 0.3 491.51
W1-3 6.88 825 5713 485.8 7.90E-04 1.03E-02 12.61 0.1 67.72 0.14
* 7.03  8.42 0.15 485.95
Wi-4 10.92 827  4.809 481.14 1.56E-03 1.28E-02 10.93 50.33 11.27 0.1 70.57 0.06
W1-5 1991 828  9.386 471.76 4.20E-04 1.74E-02 9.53 0 72.68 0.25
W1-6 32.04 8.18  7.896 463.86 1.71E-04 1.98E-02 10.70 50.19 8.98 0 74.08 0.16
* 33.76  8.39 -0.1 463.96
W1-7 39.04 825  8.198 455.77 1.67E-04 2.08E-02 7.95 0 7544 03
W1-8 46.92 8.22 8.11 447.66 n.d. 2.24E-02 10.83 51.24 7.85 0 76.45 0.23
W1-9 61.06 8.17 11.1 436.56 1.75E-04 2.21E-02 7.47 0 76.38  0.09
W1-10 749  8.09 10.93 425.63 9.17E-05 2.35E-02 7.27 0 78.54  0.07
Wi-11 90.02 8.07 12.82 412.81 4.38E-04 2.47E-02 6.86 0 78.79  0.15
WI1-12  105.03 8.07 9.961 402.84 n.d. 2.61E-02 10.8 51.69 6.34 0
W1-13  119.02 8.08 10.05 392.79 1.02E-03 2.73E-02 10.96 51.82 6.09 0
Wi1-14  140.06 8.09 12.75 380.04 n.d. 2.46E-02 10.81 51.73 5.53 0 78.29  0.08
WI1-15 15893 8.09 12.14 367.9 n.d. 2.70E-02 5.46 0 80.23 0.21
W1-16 16597 8.08 25 342.9 7.68E-04 2.81E-02 0

* addition of 1M NaOH to adjust the pH to ~8.4
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Table 3.6 Experiments (4): adsorption of Li onto kaolinite

Exposure time [Li]i A[Li]  Li (ads) Al Si

Sample pH Solution Water/Solid (hrs) (ppm) (ppm) (ng/e) d (mmol/kg) (mmol/kg)
KLT-02  10.12  NaCl 20.6 17.3 049  -0.29 5.9 282  2.8E-02  1.1E-02
KL-01 7.03 NaCl 30 0.6 495  -025 75 1.6 2.5E-04  1.1E-02
KL-02 6.92 NaCl 29.9 1.5 493  -033 10 22 7.6B-05  12E-02
KL-03 6.91 NaCl 30 3 4.94 0.3 9.1 2 34E-04  1.2E-02
KL-04 6.9 NaCl 30 6 496  -0.24 7.1 1.5 <DL 1.2E-02
KL-05 6.94 NaCl 29.6 8 494 022 6.4 1.4 <DL 1.2E-02
KL-06 9.95 NaCl 28.2 20.7 501 -0.84 23.6 57 1.3E-02  1.4E-02
KL-07 7.42 NaCl 27.7 21.4 3.6 -0.26 7.1 2.1 1.3E-04  8.0E-03
KL-08 8.54 NaCl 28.7 26.1 3.6 -0.38 11.1 34  93E-04  5.3E-03
KL-09 6.96 ASW 28.9 24 374 -0.18 52 1.5 <DL 1.2E-02
KL-10 7.59 ASW 29.1 24 374 025 7.2 2.1 <DL 1.0E-02
KL-11 7.84 ASW 28.2 148.7 364  -0.01 0.2 0.05  44E-04  1.2E-02
KL-12 8.29 ASW 29.4 148.7 3.66  -0.15 4.4 1.3 2.8E-04  2.3E-02
KL-13 8.45 NaCl 28.5 148.6 3.47 0.3 8.6 2.7 59E-04  6.8E-03
KL-14 9.65 NaCl 29.2 148.6 346 -0.49 14.4 4.9 6.8E-03  9.4E-03
KL-15 10.95  NaCl 27.9 90.6 1875  -2.29 63.9 3.9 8.3E-03  6.8E-02
KL-16 8.79 ASW 28 90.6 342 -0.54 15.1 52  35B-04  1.3E-02
KL-17 11.58  NaCl 30 90.5 183 -2.61 78.3 5 2.7E-04  1.9E-01
KL-18 8.77 ASW 26.9 90.5 1881  -1.65 443 2.6  37E-04  1.4E-02
EXp?gl)mem 8.1-83  ASW ~17-25 4006 0.18  -0.142  34*  89.6* 22E-04  28E-02

*Value corrected for the change of solution volume and [Li] during experiment (3)
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In experiment (1), dissolved Li, Al, and Si concentrations ([Li], [Al], and [Si]) all increase
with time (Fig 3.7; Table 3.3). [Al] and [Si] respectively reached 0.57 mmol/kg and 0.365 mmol/kg
at the end of the experiment. These concentrations are significantly higher than those attained
during the experiments (2) and (3) (Fig 3.8, Table 3.4; Fig 3.9, Table 3.5). [Li] started from below
the detection limit in the ASW solution and reached 1.03 pmol/kg at the end of experiment (after
28 days). Light Li isotopes enters the solution first. Whereas the bulk KGa-2 solid has a 8’Li value
of 8’LikGa2=—0.38%o, the dissolved Li in the first sample (after ~7 days of experiment) analysed
had a 8’Li value of —16.61£0.11%o, and the &’Li gradually decreased to a final value of
—19.03+0.20%0 (Table 3.3). It is important to note that, according to our thermodynamic
calculations, the aqueous solution was always undersaturated with respect to any Al-Si secondary
phase, whose presence could potentially incorporate part of the Li dissolved during the course of
the reaction. This observation suggests that the large Li isotope fractionation observed is only due
to the preferential release of °Li from kaolinite. The absence of newly formed secondary phases is
also confirmed by SEM observations on both fresh and reacted solid powders. Indeed, the reacted
sample recovered at the end of the experiment does not show any significant difference compared

to the fresh KGa-2 sample (Figure 3.3).
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— ~ 100nm CASTAING 13/12/2017
3.0kV UED WD 3.0mm 09:49:24

—_— 100nm CASTAING 13/12/2017
3.0kV UED GB WD 3.0mm 10:39:51

Figure 3.3 SEM images of "fresh" and reacted kaolinite powders recovered from experiment (1)
conducted at pH~2.5. (a) "fresh" KGa-2 sample; (b) KGa-2 recovered at the end of experiment

(D.
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During the experiment (2), [Si] in the solution increased from below the detection limit at
the start to 116.5 pmol/kg at the end of experiment (Figure 3.8; Table 3.3). [Al] in the solution
shows little variation and remained at low level (~10~ mmol/kg) compared to [Si] (~10 to ~107
mmol/kg). A slight increase of [Li] in the solution was observed in the first 6.8 days of experiment
from the initial concentration of 26.0 umol/kg to 26.6 umol/kg, corresponding to about 2%
increase. Afterwards, [Li] gradually decreased. The [Li] was 23.0 umol/kg at the end of the
experiment, representing approximately 10% of Li removal from the solution. A small range of
8’Li variation in the solution was observed. The §'Li composition of the solution between the
initial and final stage were close (A = 8" Literminai—d  Liinitiat = 0.63%o). The §'Li of the basaltic glass
was measured as 8'Lipg = 5.15£0.09 %o (n=2). Although small fluctuations were observed during
the experiment, most solution samples were within 1%o variation of the initial §’Li composition of

the solution.

Experiment (3) was conducted on kaolinite with the same aqueous solution as experiment
(2): ASW solution at pH~8.4 with an initial Li concentration of 26 pmol/kg (~180 ppb). The silicon
concentration in the solution increased during the experiment (Figure 3.9; Table 3.4). At the end
of the experiment [Si] reached 28.1 umol/kg, while [Al] remained almost unchanged, at a very
low level (close or under detection limit). [Li] in the solution rapidly decreased during the course
of the reaction, attaining a final concentration of 5.5 umol/kg. About 80% of the Li initially
dissolved in the synthetic seawater was removed during the experiment. The [Li] decrease was
accompanied by an increase of §’Li in the solution. During the first 39 days, §’Li increased rapidly
(A =22.61%0), and then it increased at a lower rate (A = 4.79%o over the following ~120 days). At
the end of the experiment the fluid became highly enriched in "Li with §’Li=80.23£0.21%o. The

8’Li composition of the initial kaolinite powder was —0.38+0.72%o (20, n=12). As for the
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experiment (2), the solid recovered from the reactor at the end of the experiment was analysed by
SEM and EDX spot analyses. The comparison of this sample with its unreacted counterpart did
not allow us to observe remarkable differences in terms of morphological characteristics and

chemical composition (Figure 3.4).
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100nm CASTAING 13/12/2017
GB WD 3.0mm 10:23:13

100nm CASTAING 13/12/2017
3.0kV UED GB WD 3.0mm 10:14:57

Figure 3.4 SEM images of "fresh" and reacted kaolinite powders recovered from experiment (3)
conducted at pH~8.4: (a) "fresh" KGa-2; (b) KGa-2 recovered at the end of experiment (3).
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A single peak in the NMR spectra is displayed for all solid samples analyzed after
experiment (4) (Fig 3.5). The original kaolinite powder, without any treatments, has a peak
centered at 8is,=—0.10 ppm. After the DDI rinsing step, the "Li peak is slightly shifted to a more
negative value (8iso=—0.17 ppm, Orinse— Otresh= —0.07 ppm). After adsorption of Li, these DDI
rinsed samples exhibit a distinct inversed shift of the Li peak towards more positive values
(0iso=—0.08 ppm, Sads— Srinse= 0.09 ppm).
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Kaolinite KGa-2
recovered from

so—-0. m
experiment KL-18 6150 0.08 pp

Kaolinite KGa-2
recovered from
experiment KL-17

0,,,=-0.08 ppm

Double deionized water

washed kaolinite KGa-2 0,,,=-0.17 ppm

Fresh kaolinite KGa-2 6iso=-0. 10 ppm

"Li chemical shift (ppm)

Figure 3.5 'Li NMR spectra of “fresh” KGa-2, double-deionized water washed KGa-2, and
KGa-2 collected after Li-adsorption (exposed to Li-rich fluids) in experiments (4).
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As a complement to SEM observations, the calculations of the saturation index of the

aqueous solutions with respect to relevant secondary phases were performed using PHREEQC v.

3.3 with its LLNL database. The saturation index (SI) is defined as the logarithm of the saturation

ratio Q, which is the ratio between the ion activity product (IAP) of the aqueous species involved

in the dissolution reaction of the solid phase of interest and the solubility product of that phase

(Ksp): SI = Log Q = Log (IAP/Ksp). The results of these calculations are illustrated in the plot of

Figure 3.6 for the experiment (3). The plot shows that the solution is supersaturated (Log Q > 0)

with respect to several Al-bearing phases like aluminum hydroxides (boehmite and gibbsite) and

aluminosilicate clay minerals. In particular, the aqueous solution is highly supersaturated (Q >

10000) with respect to Mg-saponite for most of the duration of the experiment, suggesting the

formation of this phase during the reaction.
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Figure 3.6 Thermodynamic calculation (PHREEQC) of saturation index of the solution of
experiment (3) with respect to various phases including gibbsite, boehmite, Mg-saponite, illite,

Na-Montmorillonite, and calcite.
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3.6 Discussion

3.6.1 Kaolinite dissolution in acidic seawater (experiment (1))

Significant kaolinite dissolution occurred in this experiment as shown by the [Al] and [Si]
increases (Figure 3.7). First the dissolution was significant as [Si] reached 364.8 umol/kg after
only 28 days of experiment, which is almost 13 times of the [Si] released in experiment (2) after
166 days. Second, [Al] reached 568.2 umol/kg in the solution, which is not only significantly
greater than in experiments (2) and (3), but even larger than the [Si] in the same solution. The
dissolution of kaolinite was also accompanied by a preferential release of [Li] in the solution (Fig

3.7b) compared to the corresponding amount of Al and Si.
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Figure 3.7 Results of experiment (1): kaolinite dissolution in artificial seawater: (a) dissolved Si
(represented by squares) and Al (represented by circles) concentrations; (b) dissolved Li
concentration (represented by open diamonds) and isotope composition (represented by

diamonds, with error bars corresponding to 2 s.d.).
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In this experiment, a preferential release of Li over Si is observed (Fig 3.8). According to
mass balance calculations, 0.16% of the Li contained in kaolinite is released whereas the released
Si corresponds to only 0.11% of the total Si of the solid. A large difference in isotope composition
between the solid and the released Li in this experiment was also observed. Although it is
commonly thought that mineral dissolution results in little Li isotope fractionation, we observe
here that °Li was preferentially released from solids. The bulk KGa-2 has a 8’Li composition of
—0.38%o, while the §’Li of the first released portion had a value of —16.61%o and it decreased to

—19.03%o with the progress of experiment.
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Figure 3.8 Preferential release of Li over Si during the dissolution of kaolinite (KGa-2,
Al Si05(OH)4) in acidic seawater (pH~2.7). Diamonds represent the data for Si and Li
concentrations in the solution, and the solid line represents the relationship between Si and Li in
"fresh" KGa-2.
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We can first dismiss the effect of the formation of new phases as this acidic aqueous solution
is constantly undersaturated with respect to secondary minerals based on thermodynamic
calculations. Hence, the largely negative 8’Li value in the solution may result from the preferential
release of °Li in solution and/or the preferential release of Li from kaolinite sites where Li is
enriched in light isotopes. Our observation agrees with the findings from the study of dissolution
of basalt glass by Verney-Carron et al. (2011), where secondary mineral precipitation did not occur,
and who witnessed that °Li was preferentially dissolved into solution during the early stage of
basalt glass dissolution. These authors also observed that at later stage of dissolution, 8’Li in the
solution increased back towards the glass 8’Li composition. This was interpreted as a result of
different diffusivity of °Li and "Li. At the mineral surface °Li is preferentially moved to the solution
from the solid phase, resulting in a lower 8Li in the fluid and a higher §"Li in the remaining solid.
With ongoing dissolution, the remaining Li in the leached layer would be further dissolved, thus
causing an increase of §’Li in the solution. If this mechanism is valid for our experiment, with
further dissolution of the remaining solid, the 8’Li in the solution should increase back to the

composition of KGa-2.

A second explanation of our observation could be that during the dissolution in the acidic
solution Li located at interlayer sites ("exchangeable" Li) is released first. As shown in Figure 3.5,
aremoval of exchangeable Li by rinsing the KGa-2 powder in DDI led to a small shift (—0.07 ppm)
in the ’Li NMR spectra. The dissolution using an acidic solution could also remove a portion of Li
on exchangeable sites from the clay. In natural systems, the clays could possibly undergo exchange
reactions with cations in ambient solutions (e.g. NH4") and essentially favour the light Li in the
exchangeable sites (Zhang et al., 1998). Therefore, either a more rapid departure of °Li from the

altered mineral surface or a preferential release of °Li from exchangeable sites can result in the
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low 8'Li measured in the solution compared to the bulk solid.

Although we have detected a significant fractionation during the early-stage dissolution of
kaolinite, we can speculate that such an effect is limited in natural environments as an aqueous
environment with pH ~2.7 is rather uncommon, and also because Li isotope release is expected to
become stoichiometric for longer water residence times. However, the sudden supply of water to
"fresh" kaolinite could potentially imprint a transient, marked °Li signature of the released Li; this
could occur, for example, during rain storms in catchments, where transient incongruent
dissolution of soil-hosted kaolinite could result in low-8Li composition of the river outflow over
short time scales.

3.6.2 Interaction between basaltic glass and seawater (experiment (2))

Studies on hydrothermal systems show that the Li isotope behavior during basalt-fluid
interactions is temperature-dependent. Pioneer studies (Seyfried et al., 1984; Berger et al., 1987,
1988) showed that at low temperatures (below 150°C) Li is leached from basalt and then removed
from the solution by the secondary mineral phases, whereas at higher temperatures the dissolution
of basalt is controlling the Li content in the fluid and little Li is incorporated by secondary phases.
The isotope variations linked to the temperature-dependent behavior of Li during the dissolution
of basalt was also observed later in the study of James et al. (2003), which again showed that Li
is preferentially incorporated into secondary minerals at low temperature. In the marine
environment, as seawater has a high §’Li value (31%o) and basalts have lower 8’Li values (usually
<10%o), if 1sotope fractionation during dissolution can be neglected (see above), the dissolution of
basalt will lower the §’Li of seawater; but as °Li is preferentially incorporated into secondary
phases in the altered basalts, the Li uptake by secondary minerals will increase the §’Li in the

solution. Therefore, as suggested by Millot et al. (2010), fluid 8’Li during alteration of the seafloor
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is controlled by the relative magnitudes of these two processes.

During silicate weathering, the effect of dissolution on §’Li is considered to be small. As
shown by Pistiner and Henderson (2003), the partial dissolution of basalts causes no fractionation
of 8’Li while a significant fractionation effect was observed during the partial dissolution of granite
(A=8"Lidissolved—0 LiBulk-granite=7.4%0) Which was interpreted as a “mineralogical” effect due to the
preferential dissolution of some minerals with heavy §’Li compositions such as chlorite and calcite.
No fractionation of §’Li was observed during the dissolution of basalt by Wimpenny et al. (2010).
However, Verney-Carron et al. (2011) shows that °Li is leached out faster during early-stage
dissolution of Li-rich synthetic basalt. In spite of the possibility of §’Li fractionation during the
early-stage dissolution of silicate minerals, as shown by our experiment (1), field observations
suggest that secondary phase formation exerts a dominant control on dissolved §’Li during silicate

weathering (e.g. Dellinger et al., 2014, 2015), as in low-temperature marine environments.

In our experiment (2), the dissolution of the basalt glass is shown by the increasing [Si] (Fig
3.9a). Basaltic rocks are relatively reactive and can react in the ocean (Pokrovsky and Schott, 2000;
Oelkers, 2001; Montserrat et al., 2017). Compared to Si, Al was mostly retained in the solids. In
terms of Li, the experimental results are also consistent with the initial effect of basalt dissolution
observed in other studies: we first observe an increase of [Li] in the solution in the first 11 days of
reaction (Fig 3.9b). Later in the experiment, [Li] decreases, and by the end of the experiment (166
days) a total amount of approximately 10% Li initially present in the solution has been removed.
Based on the evidence of Li dissolution at the early stage of the experiment and Li removal at the
later stage of the experiment, we could argue that secondary mineral phases produced and took up
Li from the solution. At the same time, the 8’Li fluctuated throughout the experiment, and the

overall 8’Li fluctuation in the fluid is relatively small compared to previous studies on basalt
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dissolution. We obtain an average value of 52.99 + 1.27 %o (20) for all measured samples in this
experiment (Fig 3.9b). This small 8’Li variation could be explained by the fact that the water/rock
ratio in this experiment was high (~790), hence less “interaction sites” were available and the
fractionation effect induced during the experiment was weaker than in the studies at lower

water/rock ratios such as experiment (3).
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Figure 3.9 Results of experiment (b): basalt glass interaction with artificial seawater: (a)
dissolved Si (represented by squares) and Al (represented by circles) concentrations; (b)
dissolved Li concentration (represented by open diamonds) and isotope composition (represented
by diamonds, with error bars corresponding to 2 s.d.).
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3.6.3 Interaction between kaolinite and seawater (experiment (3))

Only few studies have investigated the Li isotope behaviour during rock-fluid interaction
using detrital sediments or (natural or synthetic) secondary minerals (Chan et al., 1994; Zhang et
al., 1998; You and Gieskes, 2001; Pistiner and Henderson, 2003; James et al., 2003; Vigier et al.,
2008; Wimpenny et al., 2015). Consistent with findings on the alteration of seafloor, Li behavior
during the alteration of sediments is temperature-dependent with more efficient Li uptake at lower
temperatures and more efficient Li dissolution at higher temperatures. The accompanying isotope
fractionation during the alteration of sediments favors the presence of 'Li in the fluid at low
temperatures (Chan et al., 1994; You and Gieskes, 2001; James et al., 2003). The change in §’Li
in the fluid at low temperature can be explained by the preferential uptake of °Li by secondary
phases, especially clay minerals, from the fluid (Zhang et al., 1998; Pistiner and Henderson, 2003;
Vigier et al., 2008; Wimpenny et al., 2015). The Li incorporated into clays could be physically
located at exchangeable sites or chemically bonded into the structural sites. This incorporation in
structural sites is assumed to be the one causing the enrichment of °Li in the solid, as a significant
fractionation of Li between the solution and exchangeable sites was not observed in literature (e.g.
Vigier et al., 2008; Wimpenny et al., 2015). Zhang et al. (1998) performed experiments similar to
this study to determine the effect of Li adsorption using kaolinite, vermiculite, and Mississippi
river sediment reacting with the surface water from the Gulf of Mexico. This study showed that
kaolinite has the greatest capacity to remove Li from seawater (after ~200 days 43% of Li was
removed) compared to vermiculite (34%) and Mississippi river sediments (23%), resulting in §’Li

increase in the solution by 10%o (kaolinite), 13%o (vermiculite), and 6%o (Mississippi sediments).

As for the experiment (2), we also observe in the experiment (3) the dissolution of kaolinite

through the increasing [Si] through time. The formation of authigenic clays in marine
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environments requires a supply of Al. The dissolution of detrital clays such as illite or kaolinite
could possibly be a source of Al (Mackin, 1989; Moran and Moore, 1991). In the experiment (3),
we have not observed any significant release of Al from the kaolinite, which shows that released
Al was rapidly consumed by the neo-formed secondary mineral phases. Note that Michalopoulos
and Aller, (1995) stated that at certain environments such as the Amazon delta, Al used for reverse
weathering can be supplied by the dissolution of amorphous unstable Al oxides, whereas the Si
source is limited. Little evidence for the formation of secondary phases has been found from the
SEM observations (Fig 3.4), whereas the thermodynamic calculations (Fig 3.6) showed that

secondary phases could be produced during the experiment, in particular saponite and calcite.

As shown in Figure 3.10, we observe significant removal of Li (~80%) from the initial
solution, accompanied by a strong enrichment of "Li in fluid (~25 %o change in dissolved §’Li).
This is in agreement with previously published results (Zhang et al., 1998; Millot and Girard, 2007;
Vigier et al., 2008) that clays preferentially incorporate light Li isotopes. Two mechanisms could
explain the observed Li uptake and isotopic fractionation. They could be due to (1) the adsorption
of Li at kaolinite edge sites eventually followed by its incorporation in octahedral sites and (2) Li

incorporation in newly formed secondary phases such as saponites.
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Regardless of the process controlling the Li isotopic fractionation, Li aqueous isotopic
composition can be described by (a) Rayleigh fractionation mass balance in which Li adsorbed at
the solid surface or incorporated in the precipitating solid is isolated from isotopic exchange with
the solution immediately upon the adsorption/precipitation or (b) a "closed system" mass balance,
in which Li adsorbed to or incorporated in the solids remains available to isotopic exchange during
the all reaction. Depending on the mass balance, the Li isotope composition of the remaining

solution can be expressed as:

(a) Rayleigh fractionation: §’Li;= 8'Li;— 1000xInaxF  (Equation 3-2)

(b) Closed system equilibrium: 8’Li;= 8’Lii+ 1000xInaxIn(1-F) (Equation 3-3)
where 8’Li; and §’Li; are the initial isotopic composition of the solution and the composition at
time t, respectively t; a is the fractionation factor between the solid and the solution; and F stands
for the fraction of Li removed from the solution. Examining our results, two possible scenarios
could take place. In the first scenario, as shown in Figure 3.11a, a closed-system mass balance
model with a fractionation factor of 0.968 (A”Lisol-fluid = —32%o) can reasonably explain the whole
experiment. The second scenario consists of two stages (Fig 3.11b). At the early stage the removal
of Li follows a Rayleigh fractionation mass balance with a fractionation factor of 0.979 (A’Lisol-
fluid = —21%o), indicating that Li is irreversibly removed from the solution. The rest of the
experiment may be explained using the closed-system mass balance with a fractionation factor of
0.981 (A”Lisol-iia = —19%o). The two steps (Rayleigh + closed-system) scenario seems the most
plausible because 1) it yields very similar Li isotope fractionation factors for the Rayleigh and
closed-system steps, equal to 0.979 and 0.981, respectively; 2) the inferred o value is in good
agreement with the values reported for Li sorption onto kaolinite and vermiculite by Zhang et al.

(1998) and for Li co-precipitation with smectite by Vigier et al. (2008) (see Table 3.7); and 3) the
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fractionation yielded by the first scenario (only closed-system mass balance) is much larger (o =

0.968; A”Lisol-fuia = —32%o) than any yet-reported isotope fractionation factor for Li. Note also that

the very fast kinetics of Li removal from the solution observed during the first 10 days of reaction

prevents isotopic equilibrium from being achieved between the solution and the scavenged Li,

consistent with a Rayleigh mass balance. In contrast the much slower kinetics of Li removal after

10 days should allow for attaining isotopic equilibrium between aqueous Li and adsorbed/co-

precipitated Li.

Table 3.7 Reported Li isotope fractionation factor (o)) from experimental studies

Mineral Temg)eér;i ture Solution Reference
. 0.99 90 . ..
smectite 0.989 75 LiCl Vigier et al. (2008)
sr.nect.lte 1 22 L-SVEC Pistiner and Henderson (2003)
gibbsite 0.986 22 (2003)(2003)
calcite 0.997 25 .
. (2004
aragonite 0.989 25 ASW Marriott et al. (2004)
zeolite 0.978 25 LiCl Taylor and Urey (1938)
diluted .
basalt 0.981 25 Millot et al. (2010)
seawater
kaolinite 0.979
vermiculite 0.972 25 seawater Zhang et al. (1998)
. 0.979- .
kaolinite 0.981 25 ASW This study
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Figure 3.11 Two scenarios explaining the observed Li isotope fractionation in experiment (4):
(a) a closed system mass balance in which Li removed from the solution is allowed to further
equilibrate with the remaining dissolved Li; (b) a two-step scenario where a Rayleigh mass
balance step at early stage is followed by a closed system mass balance at the later stage.
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The results of our experiment on the interaction of KGa-2 kaolinite with seawater at pH=8.4
suggest that the detrital sediments transported to the ocean by rivers may have a significant impact
on the Li chemical and isotopic composition in the ocean. This is shown by the following simple
mass balance calculation. With a total flux of suspended matter transported annually by the world
rivers to the ocean of 19 Gt (Milliman and Farnsworth, 2013) and assuming that 1% (which we
believe to be a conservative estimate for the global kaolinite content of the continental detrital flux
to the oceans) of this flux is composed of clay minerals exhibiting a Li partition coefficient similar
to that measured in this study, K1;=89 (Table 3.6), the amount of aqueous Li which can be removed
from the ocean through adsorption onto this terrestrial solids is equal to 4.62x10® moles. In
comparison the annual flux of dissolved Li brought to the ocean by rivers is equal to 10x10° moles
(Huh et al., 1998; Gaillardet et al., 2003; Misra and Froelich, 2012). The impact of Li scavenging

by river suspended matter on the ocean Li isotopic composition could be approximated from:
S7Li(SW)initial = /X&' Li(SW)seav + (1—f) x8"Li(sW)end  (Equation 3-4)

where 8"Li(sW)initial and 8’Li(sw)end stand for seawater Li isotopic composition before and after Li
scavenging by clay minerals, respectively, and f'and 8’Li(sw)scay represents the Li fraction and Li
isotope composition of seawater Li scavenged by clay minerals, respectively. With a mass of the
ocean of 1.359x10%! kg, the total amount of Li in seawater Li is equal to 3.53x10'®moles, an annual
flux of Li removed from the ocean by suspended matter equal to 4.62x10% moles (hence /=1.3x10"
%) and A”Likaol-sw~ —20%o, it is found that the Li isotopic composition of the ocean could be enriched
by this process by about 2.6%o per 10 Myr. In comparison, Froelich and Mistra (2014) reported
that the present seawater Li isotopic composition is about 9% heavier that during the late

Paleocene (-60 Ma). The effect caused by detrital clays on seawater 8'Li is of the same magnitude
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as their observation, showing that the effect of the interaction between detrital clay and seawater
Li on the seawater Li isotope composition cannot be neglected at geological times scales (Li and

West, 2014).

More generally, in their study of the seawater 8’Li evolution from Cenozoic, Misra and
Froelich (2012) the suggested changes in riverine 8’Li, due to variations in the style of continental
weathering, as the main contributor to the elevation of §’Li in seawater. Our results support
additional effects caused by the variation in detrital sediment supply, as proposed by Li and West
(2014). We note that a co-variation exists between the seawater §’Li (Misra and Froelich, 2012)
and the sea-level (Miller et al., 2005) evolution over the Cenozoic (Fig 3.12). From this observation,
we can propose a new hypothesis to explain the Cenozoic seawater 8’Li curve. The falling of the
global sea-level over the Cenozoic (Haq et al., 1987; Miller et al., 2005) might have exposed a
fraction of previously flooded areas. Examples of these events are represented by the closure of
Tethyan seaway in Europe and the Western Interior seaway in North America. As a result, newly
exposed areas could have been important sites for continental weathering and for the Li isotope
signal delivered to the ocean. In general, such areas can provide new sites for continental
weathering (hence soil formation) and potentially for floodplain development (Fig 3.13). Under
these circumstances, secondary mineral formation could be enhanced as the residence time of
continental weathering is prolonged. This would have led to an elevated 8'Li of the global riverine
dissolved load (Dellinger et al., 2015; Pogge von Strandmann and Henderson, 2015); additionally,
the fraction of clays in the sediments load transported to the ocean should have increased as well,
as the increased residence time of solid matter on the continents would allow for the maturation of
secondary minerals (to be more kaolinite like). Therefore, the increased delivery of detrital clays

to the ocean could then significantly lead to Li incorporation into authigenic clays, and further
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modify the 8’Li of seawater. Although our hypothesis is highly speculative, the impact of detrital

clay input on the evolution of seawater 8’Li should not be neglected.
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Figure 3.12 Evolution of seawater §’Li and sea-level from the late-Cretaceous to present-day.
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Figure 3.13 Schematic for the impact of the variation of sea-level on the seawater 8'Li: (a) when
sea-level is high, the 8’Li of continental dissolved inputs and the extent of clay-seawater
interaction is low; (b) when sea-level is low, the 8’Li of continental dissolved inputs and the
extent of clay-seawater interaction is high.
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3.7 Conclusion

The experiments carried out in this study on the interaction of kaolinite with seawater
provide preliminary information on Li isotope fractionation induced by clay mineral-seawater
interactions. The dissolution of kaolinite in Li-free seawater in acidic conditions shows a strong
preferential release of light Li isotopes with A”Lifuid-kaoi ~19%o. This likely reflects the preferential
breaking of °Li-O bonds over "Li-O bonds in kaolinite octahedral sites. However, the presence in
kaolinite of Li in different sites with different isotopic composition may contribute to this
unexpected very strong isotopic composition. This result suggests that far-from equilibrium
kaolinite (and more generally clays)/fluid interactions, for example during flood events in

catchments, may imprint a strong and transient °Li signature in river waters.

Kaolinite dissolution in seawater at pH 8.3 results in a strong increase of ca. 25%o of seawater
8’Li. This fractionation, induced by Li sorption on kaolinite and the formation of secondary clays
such as Mg-saponites, can be described by a Rayleigh fractionation model at the early stage of the
experiment (and fast scavenging of Li from solution) followed by a closed-system behaviour
during the later stage of reaction (and slow removal of Li from the solution). Our data are consistent

with a fractionation between the solid and the solution equal to ~ —20%o.

The results of this study suggest that clays alone have the ability to remove Li from seawater
and to raise the §’Li composition of oceans. These clays can be produced at various locations
including hydrothermal alteration of seafloors, authigenic formation, and continental weathering
products transported by the rivers into the ocean. In lower temperature environments such as
estuary and continental margins, with the ability of clays to remove Li during "reverse
weathering"-type processes, the presence of clays produced by weathering on lands can possibly

be a key in regulating the Li ocean cycle. Therefore, regarding the seawater §’Li evolution at
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geological time scales, it is important to consider the variations on the global clay production. A
key parameter is the residence time of the solid particles during continental weathering, and hence
any effect that could change particles residence time, such as mean sea-level fluctuations, should

be taken into account for reconstrucing the long-term evolution of seawater §’Li.
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Jérome: “how do you feel when you look at a paleo-river from 40 million years ago?”
Me: “I’m infinitely small.”

— 42°16'57.1"N 0°09'01.5"E, Ainsa, Spain
20/05/2015
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4.1 Introduction

The evolution of the chemical composition of seawater is defined by inputs such as river
fluxes, and by outputs such as carbonate precipitation. Historically, better constraints have been
obtained on the input fluxes as they are more readily monitored, for example by gauging and
sampling at river mouths. Several studies have shown that for some cations (e.g. potassium;
Holland, 2005) the current oceanic budget does not appear to be at steady state. In particular, a
“cation sink” seems to be missing. This imbalance is unsustainable over long time-scales (i.e.
several times the element oceanic residence time), as it would make present-day seawater much
more concentrated in cations. Mackenzie and Garrels (1966) proposed a process taking up cations
from seawater into authigenic sediments. This process was termed “reverse weathering”, as it
would in turn consume alkalinity and release carbon dioxide to the ocean-atmosphere system.
Sillen (1967) then pointed out that clay formation in the ocean would be accountable for this
reaction (Fig 4.1). Experiments performed by Michalopoulos and Aller (1995) confirmed the
possibility of such a process, and Mackenzie and Kump (1995) generalized the reverse weathering

reaction as:

Silica + degraded terrestrial aluminous clays + iron oxide + organic carbon + soluble cations +

bicarbonate — new authigenic clay minerals + water + carbon dioxide (Equation 4-1)

However, field evidence of the reverse weathering process is still scarce (Rahman et al., 2016;
Dunlea et al., 2017; Ramos et al., 2018). One of the challenges is that the nature of authigenic clays
are not substantially different from detrital clays. In this chapter, we use silicon (Si) and lithium
(L1) isotopes to investigate the relevance of reverse weathering at the scale of deltas, through a
field study corresponding to a test of the experimental results from Chapter 3, and further explore

the post-depositional diagenesis effects on sediment.
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Figure 4.1 Schematic of mixing between detrital sediments and authigenic clays produced from
“reverse weathering”.

On the continents, dissolved Si is released by silicate weathering, and its isotope
composition is heavy compared to crustal material as light Si isotopes are preferentially taken up
in the particulates during secondary mineral formation (Opfergelt and Delmelle, 2012; Frings et
al., 2016; Poitrasson, 2017). The Si isotope composition is expressed in 6-notation in the unit of %o,
related to a reference material, the National Bureau of Standards 28 Sand Quartz (NBS-28, or also
called NIST RM-8546):

.28
*Si/ 8sl)Smple

&*Si= ———— -1 *x1000 , where x=29 or 30.
(*Si/~"Si)\ps.og
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Mackenzie and Garrels (1966) initially pointed out that the scavenging of dissolved Si (DSi) from
the ocean is required to maintain the steady state of oceanic DSi and suggested that this could be
only achieved by clay formation, as other plausible means such as chert formation are of minor
magnitude according to the sedimentary record. As deltaic environments feature a high biogenic
productivity and sedimentation rates, these environments can serve as Si sinks. Approximately up
to 10% riverine DSi is estimated to be removed when river water passes through estuaries (Tréguer
et al., 1995; DeMaster, 2002; Tréguer and De La Rocha, 2013; Frings et al., 2016). The removal
of DSi at deltas can be attributed to the uptake by living organisms, and to authigenic clay
formation. In particular, the formation of authigenic clays can result from the diagenesis of
biogenic silica (BSi) followed by reprecipitation of phyllosilicates (Van Cappellen and Qiu, 1997,
Michalopoulos and Aller, 2004; Aller, 2014; Rahman et al., 2016). Therefore, BSi might be of
importance for the sink of Si at deltas, such that the silicon isotope signature of sediments in the
deltaic environments are controlled by both weathering processes on land and the fate of BSi in

the sea.

On the other hand, the advantage of using Li as a geochemical tracer is that it is readily
released to solution during silicate weathering on the continents. Following the same logics as Si,
the heavy Li (’Li) are enriched in the fluid, whereas the lighter one (°Li) is preferentially
incorporated into secondary phases such as clays or oxides during weathering. The Li isotope
composition is expressed in 6-notation in the unit of %o, related to the reference material LSVEC
(lithium carbonate):

Te e 6 -
87 . ('L Ll)Sample 1
7y 6 N
("Li/"Li); gype

]XIOOO

In the recent years, the Li isotope system has been widely used to improve our understanding of
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weathering at the Earth’s surface (Huh et al., 1998, 2001, 2004; Dellinger et al., 2014; Henchiri et
al., 2016, etc.). Nevertheless, the ocean Li cycle is still poorly understood. The modern ocean is
characterised by a 8’Li of 31%o, which is heavier than the two main influxes of rivers (23%o) and
hydrothermal fluids (8.3%o) (Chan et al., 1994; Huh et al., 1998; Misra and Froelich, 2012). Hence
in the marine environment, light Li is expected to be removed from the ocean into sediments, and
such effect would cause isotopic fractionation of Li, leaving seawater being 16 %o higher than

authigenic clays (Misra and Froelich, 2012).

The mass balance of seawater chemistry points that cations need to be removed from
seawater to authigenic sediments (Fig 4.1), and the box model of Li budget in the ocean suggests
the authigenic sediments formation acts as the sink for oceanic dissolved Li. Nevertheless, there
is still a big gap which needs to be filled between the prediction from mass balance calculation and
field observations. A first set of questions is where can we find the evidence in the natural system
to prove the Li sink estimated based on mass balance? The compilation made by Teng et al. (2004)
shows that the 8’Li of shales increases with clay content (indexed by Al,Q3/SiOx ratio), which is
opposite to the behaviour of Si isotopes in shales (Savage et al., 2013). The authors attributed such
relationship to the sorption of seawater Li onto the clay-rich end-member of shale. However, to
date, this positive relationship between 8’Li and clay contents observed in shales by Teng et al.
(2004) has not been confirmed in marine sedimentary rocks (Romer et al., 2014), metamorphosed
marine sediments (Qiu et al., 2009), marine sediments (Bouman et al., 2004; Chan et al., 2006), or
other shale samples (Pogge von Strandmann et al., 2017). The only data that support such a
relationship are those related to sediments from the Banda Arc in Indonesia (Bouman et al., 2004),
which are mostly terrestrially derived. In fact, most of the available data show a trend opposite to

that of Teng et al. (2004), in line with the 8’Li behaviour observed from solids during continental
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weathering, for which §’Li is negatively correlated with Al/Si ratios (Dellinger et al., 2014). In
general, detrital particulates are enriched in light Li owing to secondary clay formation during
continental weathering (Huh et al., 2001; Dellinger et al., 2014; Tomascak et al., 2016). Romer et
al. (2014) indeed observed that fluvial sediments have §’Li lighter than marine sediments.

Nevertheless, source effects could also explain such differences between those samples.

A second set of questions concerning reverse weathering and the oceanic chemistry evolution
is the behaviour of Si and Li in deltaic environments. River deltas have been considered as viable
candidates for the sites permitting the reverse weathering reactions (e.g. Michalopoulos and Aller,
1995). In the case of Si, models have suggested 10% riverine DSi is captured at deltas in the form
of BSi (DeMaster, 2002), such that DSi eventually transported to open ocean will be further
fractionated to heavier 6°°Si compositions. Such a phenomenon of removing DSi at estuaries/deltas
and increasing §°°Si in remaining DSi have indeed been observed in some rivers (Delvaux et al.,
2013; Weiss et al., 2015), but not everywhere (e.g. Hughes et al., 2012). Similarly, the behaviour
of Li at estuaries/deltas is still enigmatic. Previous studies indicate that despite the fact that
dissolved Li is conservative in such environments (Stoffyn-Egli, 1982; Brunskill et al., 2003;
Pogge von Strandmann et al., 2008; Murphy et al., 2014), Li concentration in river transported
particulate materials can increase during the transfer through the estuary (Pogge von Strandmann
et al., 2008) and dissolved 8’Li can be elevated off from the conservative mixing line (Murphy et
al., 2014). These contradictory findings warrant further research to refine our understanding of

processes occurring in these environments.

The main goal of this chapter is thus to test the ability of reverse weathering to change the
chemical and isotope composition of detrital shallow marine sediments in deltas by mixing with

authigenic clays (Fig 4.1). To this aim, we investigated alluvial and marine sediments derived from
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the same source and deposited in a well-known paleo-delta (of Eocene age), extensively studied
by sedimentologists (e.g. De Federico, 1981; Dreyer et al., 1999; Pickering and Bayliss, 2009).
Our results enable a direct observation of the effect of deltaic processes on detrital sediments

entering the ocean.

4.2 Sample material

In order to observe whether reverse weathering has an impact at the scale of a field setting
representative of same contexts of the land-ocean interface, we collected sedimentary rock samples
from a paleo-deltaic system (the Sobrarbe Delta complex) in the Ainsa Bain in the Spanish
Pyrenees. This well-studied area allows us to compare samples from a continental environment
(alluvial plain) where the sediments have never interacted with seawater, besides sediments, which
have reached to seawater, recovered from marine environments (delta plain, delta front, and pro-
delta).

4.2.1 The Ainsa Basin and its mid-Eocene deltaic system

The Ainsa Basin is part of the Southern Pyrenees foreland basin system (Fig 4.2a). This sub-
basin is bordered by two N-S anticlines, the Mediano and Boltafia anticlines, located to the east
and west respectively. To the south, the basin is also bordered by with the Sierras Marginales, at
the top of a thrust, which was active during the Eocene-Oligocene. The basin formation begun
approximately at the Cuisian/Lutetian transition (c.a. 48.9 Ma ago) and ended around the early
Oligocene. The relative seawater level varies during the basin filling due to the local tectonic
activity as the primary driver, as well as glacio-eustatic seawater level changes associated with the
onset of the Antarctic ice sheet formation (Pickering and Bayliss, 2009). Sediments within the

basin therefore range from lower Eocene limestones and sandstones (Guara Formation) to
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Oligocene alluvial fan conglomerates (Collegats Formation) (De Federico, 1981; Dreyer et al.,

1999).

In between, the San Vicente, Sobrarbe and Escanilla formations preserve the progradation
of a paleo-delta formation developed over the Ainsa Basin. The lower strata of this complex is
defined by lower slope with marls and turbidite sandstones (San Vicente Formation, lower
Lutetian), which represents a pro-delta environment. In contrary, the top strata are characterized
by alluvial deposits (Escanilla Formation, upper Lutetian to lower Priabonian), which represents
the most proximal part of the delta. Between the alluvial plain and the pro-delta, the Sobrarbe
Formation (mid Lutetian to lower Bartonian) consists of marginal-marine to shallow and slope
deposits representing the delta plain and delta front (De Federico, 1981; Dreyer et al., 1999).
4.2.2 Sample description

In order to investigate the occurrence of reverse weathering and the impact of seawater on
terrigenous sediments, we have selected sampling sites (Fig 4.2 b and c) representing different
parts of the Ainsa delta system: alluvial plain (samples with prefix SA), the delta plain (landwards
from the shoreline but influenced by seawater, salt marshes for example; samples with prefix SC),
marine deposition including the delta front (samples with prefix SD) and the pro-delta (turbidite;
samples with prefix ST). It is noticeable that in the field, the colors of the different outcrops are
distinctive: alluvial deposits generally exhibit a red color whereas marine deposits are of a greyish
color. One or several sites were chosen for each part of the delta. At each site, about 5 to 10
unweathered rock samples of different grain sizes were collected, generally in road cuts. During
the sampling, the outermost part of each sample was discarded to eliminate any potential effects

of present-day weathering. Detailed information on each sample is listed in Table 4.1.
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Table 4.1 Sample depositional environment, location, §’Li and §**Si compositions (in %o), eENd, and Al/Si ratios result

Sample Location Depositional type  AUSi  6’Li 2sd. 0°°Si 2sd o6%Si 2sd.  eNd
SA'1 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.21 3.10 0.29 -0.19 0.07 -0.09 0.03
SA2 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.22 3.58 0.29 -0.16 0.08 -0.06 0.05 -11.0
SA3 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.24 1.70 0.43 -0.17 0.08 -0.09 0.04
SA 4 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.42 1.70 0.29 -0.37 0.04 -0.16 0.05 -11.2
SAS 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.30 2.45 0.11 -0.22 0.01 -0.10 0.05
SA 6 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.10 6.92 0.13 -0.07 0.08 -0.03 0.06
SA 7 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.28 2.88 0.23 -0.25 0.07 -0.14 0.08 -11.4
SA9 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.13 6.21 0.23 -0.23 0.08 -0.10 0.10
SA 10 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.21 3.26 0.08 -0.21 0.07 -0.10 0.04
SA 11 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.23 1.74 0.16 -0.20 0.08 -0.12 0.04
SA 12 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.13 6.40 0.15 -0.22 0.08 -0.14 0.14
SA 13 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.12 6.16 0.15 -0.10 0.08 -0.06 0.04
SA 15 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.26 1.90 0.16 -0.35 0.16 -0.18 0.06 -11.4
SA 16 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.15 4.50 0.16 -0.14 0.04 -0.09 0.03
SA 17 42°16'57.1"N 0°09'01.5"E Alluvial plain 0.15 5.27 0.47 -0.20 0.03 -0.12 0.02 -10.6
SA 20 42°16'38.4"N 0°07'46.4"E Alluvial plain 0.22 3.06 0.18 -0.30 0.13 -0.17 0.11
SA 21 42°16'38.4"N 0°07'46.4"E Alluvial plain 0.24 3.80 0.20 -0.15 0.12 -0.07 0.02
SA 22 42°16'38.4"N 0°07'46.4"E Alluvial plain 0.39 1.89 0.20 -0.31 0.07 -0.16 0.06
SA 23 42°16'38.4"N 0°07'46.4"E Alluvial plain 0.15 6.30 0.17 -0.16 0.09 -0.08 0.06
SA 30 42°21'52.4"N 0°05'04.4"E Alluvial plain 0.34 2.99 0.19 -0.35 0.13 -0.18 0.02
SA 31 42°21'52.4"N 0°05'04.4"E Alluvial plain 0.25 2.80 0.09 -0.17 0.07 -0.11 0.09 -10.9
SA 32 42°21'52.4"N 0°05'04.4"E Alluvial plain 0.35 3.04 0.29 -0.38 0.08 -0.20 0.05
SA 33 42°21'52.4"N 0°05'04.4"E Alluvial plain 0.17 5.44 0.26 -0.15 0.05 -0.10 0.02
SA 34 42°21'52.4"N 0°05'04.4"E Alluvial plain 0.18 4.49 0.15 -0.23 0.08 -0.14 0.07
SA 35 42°21'52.4"N 0°05'04.4"E Alluvial plain 0.21 5.47 0.07 -0.22 0.09 -0.14 0.06
SC1 42°15'54.3"N 0°11'50.5"E Delta plain 0.24 1.11 0.12 -0.29 0.08 -0.14 0.08
SC2 42°15'54.3"N 0°11'50.5"E Delta plain 0.21 1.96 0.08 -0.54 0.07 -0.27 0.03
SC3 42°15'54.3"N 0°11'50.5"E Delta plain 0.38 0.86 0.12 -0.71 0.04 -0.34 0.06
SC4 42°15'54.3"N 0°11'50.5"E Delta plain 0.44 0.29 0.12 -0.36 0.08 -0.19 0.12
SC5 42°15'54.3"N 0°11'50.5"E Delta plain 0.19 2.06 0.23 -0.27 0.07 -0.14 0.08
SC6 42°15'54.3"N 0°11'50.5"E Delta plain 0.21 3.81 0.09 -0.18 0.08 -0.09 0.09 -10.0
SC7 42°15'54.3"N 0°11'50.5"E Delta plain 0.16 5.06 0.16 -0.23 0.09 -0.12 0.07
SC9 42°15'54.3"N 0°11'50.5"E Delta plain 0.34 -0.44 0.24 -0.35 0.16 -0.13 0.06
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Sample Location Type AlUSi  O’Li 2sd. 6Si 2sd.  6¥Si 2sd  eNd
SC 10 42°16'43.9"N 0°11'03.1"E Delta plain 0.31 2.19 0.08 -0.31 0.05 -0.17 0.08
SC 11 42°16'43.9"N 0°11'03.1"E Delta plain 0.28 2.39 0.16 -0.20 0.08 -0.11 0.10
SC 12 42°16'43.9"N 0°11'03.1"E Delta plain 0.39 1.92 0.32 -0.39 0.04 -0.19 0.02
SC 13 42°16'43.9"N 0°11'03.1"E Delta plain 0.18 5.97 0.07 -0.19 0.03 -0.10 0.05
SC 14 42°16'43.9"N 0°11'03.1"E Delta plain 0.18 6.3 0.12 -0.16 0.09 -0.08 0.06
SC 20 42°18'48.4"N 0°09'12.6"E Delta plain 0.23 2.00 0.31 -0.38 0.09 -0.18 0.02 -11.5
SC21 42°18'48.4"N 0°09'12.6"E Delta plain 0.42 0.69 0.25 -0.48 0.12 -0.23 0.03 -11.5
SC 22 42°18'48.4"N 0°09'12.6"E Delta plain 0.21 1.95 0.56 -0.35 0.05 -0.16 0.06
SC 23 42°18'48.4"N 0°09'12.6"E Delta plain 0.15 3.10 0.11 -0.16 0.07 -0.07 0.03
SC 24 42°18'48.4"N 0°09'12.6"E Delta plain 0.19 3.14 0.18 -0.22 0.09 -0.14 0.06
SC 25 42°18'48.4"N 0°09'12.6"E Delta plain 0.17 5.10 0.19 -0.25 0.12 -0.12 0.06
SD 1 42°16'57.2"N 0°11'47.2"E Delta front 0.25 0.05 0.15 -0.25 0.10 -0.11 0.07
SD 2 42°16'57.2"N 0°11'47.2"E Delta front 0.39 -2.42 0.23 -0.45 0.03 -0.20 0.05 -11.3
SD3 42°16'57.2"N 0°11'47.2"E Delta front 0.35 -0.90 0.38 -0.37 0.09 -0.17 0.03 -11.6
SD 4 42°16'57.2"N 0°11'47.2"E Delta front 0.19 0.31 0.16 -0.22 0.09 -0.10 0.06
SD 5 42°16'57.2"N 0°11'47.2"E Delta front 0.2 -0.55 0.09 -0.50 0.04 -0.27 0.03
SD 6 42°16'57.2"N 0°11'47.2"E Delta front 0.29 0 0.34 -0.33 0.11 -0.17 0.04 -11.3
SD 7 42°16'57.2"N 0°11'47.2"E Delta front 0.39 -1.30 0.08 -0.58 0.06 -0.31 0.04 -11.9
SD 8 42°16'57.2"N 0°11'47.2"E Delta front 0.19 0.60 0.28 -0.16 0.05 -0.09 0.07 -10.8
SD 9 42°16'57.2"N 0°11'47.2"E Delta front 0.19 1.03 0.10
SD 10 42°16'57.2"N 0°11'47.2"E Delta front 0.18 1.60 0.16 -0.17 0.01 -0.08 0.03 -10.7
SD 11 42°16'57.2"N 0°11'47.2"E Delta front 0.15 1.72 0.14 -0.31 0.06 -0.17 0.01
SD 12 42°16'57.2"N 0°11'47.2"E Delta front 0.33 -2.37 0.13 -0.39 0.06 -0.21 0.08 -11.0
SD 20 42°22'17.8"N 0°04'35.2"E Delta front 0.27 0.50 0.23 -11.2
SD 21 42°22'17.8"N 0°04'35.2"E Delta front 0.33 3.73 0.27 -0.50 0.08 -0.26 0.05
SD 22 42°22'17.8"N 0°04'35.2"E Delta front 0.29 -0.42 0.08 -0.24 0.07
SD 23 42°22'17.8"N 0°04'35.2"E Delta front 0.13 6.91 0.24 -0.31 0.08 -0.20 0.01
SD 24 42°22'17.8"N 0°04'35.2"E Delta front 0.16 4.19 0.17 -0.28 0.04 -0.17 0.03 -10.3
SD 25 42°22'17.8"N 0°04'35.2"E Delta front 0.18 3.33 0.30 -0.24 0.04 -0.14 0.07
SD 26 42°22'17.8"N 0°04'35.2"E Delta front 0.34 1.99 0.14 -0.41 0.10 -0.24 0.06
ST 2 42°21'28.0"N 0°09'05.5"E Pro-delta 0.36 0.10 0.10 -0.52 0.04 -0.30 0.03
ST 3 42°21'28.0"N 0°09'05.5"E Pro-delta 0.37 0.84 0.25 -0.41 0.12 -0.20 0.08 -11.3
ST 4 42°21'28.0"N 0°09'05.5"E Pro-delta 0.18 2.22 0.32 -0.25 0.05 -0.13 0.06
ST 5 42°21'28.0"N 0°09'05.5"E Pro-delta 0.37 0.09 0.13 -0.41 0.13 -0.21 0.08
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4.3 Analytical methods

4.3.1 Sample preparation and major and trace element concentrations

Several samples representing different depositional environments and various grain sizes
were first chosen for mineralogical observations using thin section profiles. All the collected
samples were first dried at 50°C and then crushed using an agate mortar. Major elements were
measured at SARM (Service d'Analyse des Roches et des Minéraux, Vandoeuvre-les-Nancy,
France; details of sample preparation analyzing methods are provided at http://helium.crpg.cnrs-
nancy.fr/SARM/pages/roches.html). For trace elements, approximately 0.1 g of the crushed
samples were dissolved using an HF-HNO3 mixture. Then the evaporated residuals were
repeatedly dissolved in HCl and dried down until the solution was clear. Trace element
concentrations were then measured at the Institut de Physique du Globe de Paris (IPGP) using an
Inductively Coupled Plasma Quadrupole Mass Spectrometry (ICP-Q-MS).

4.3.2 Selective extraction of Li pools

Selective extractions of Li pools were performed on selected samples to better constrain the
controls on the bulk Li isotope composition of the samples. In the “rinsing” experiments, each
sample was rinsed with MQ-water for 3 times. First, 5 ml MQ-water were added to ~1 g sample
which was then shaken vigorously for 24 hours. Then the sample mixture was centrifuged at a
speed of 4,400 rpm, and the top 4 ml were pipetted out and filtered at 0.2 um. Another 4 ml MQ
were then added into the residual and the same procedure was repeated for a second and a third
time. In a separate set of “leaching” experiments, the same protocol was followed as for the
“rinsing” experiment, but with 0.5 N HCI instead of MQ water. The rinsing solutions were
analyzed for Li concentration and for Li isotope composition, and leaching solutions were
analyzed for major and trace elements, as well as for Li isotope composition. We emphasize that

the H>O rinsing and HCI leaching experiments were carried out on separate aliquots of sediment
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samples, rather than sequentially on the same aliquots. Therefore, the first HCI leaches are likely
include solutes that could have been released during H>O rinse.
4.3.3 Lithium isotope measurements

A double-step separation protocol was performed for each sample in order to separate Li
from the sample matrix. In the first step, an 0.5-ml sample aliquot containing 20 ng Liin 1 N HNO3
was first loaded onto a 1-ml column (BioRad, AG50W—-X12, 200400 mesh) followed by 4 ml of
1 N HNO:. Collection started right after loading the sample. The whole 4.5 ml eluted volume was
collected, evaporated, and the residual was re-dissolved in 0.5 ml of 0.2 N HNO:s. In the second
step, the latter solution was loaded onto the same column again, and then eluted with 16 ml of 0.2
N HNOs. The last 8 ml of the elution volume was collected, evaporated, and then allowed for
reacting with 2 ml 6 N HCl for at least 24 hours, in order to destroy potentially remaining organic
matter from the resin which would induce matrix effects during the measurements on the mass
spectrometer. Each sample was then evaporated again, and the residual was dissolved in 1 ml 0.5
N HNOs. The summary of the Li separation method is given in Table 2.2 (Chapter 2). To check
for the quality of this protocol, during each separation session 5 reference materials were routinely
processed together with samples. The five reference materials include basaltic rocks (BHVO-2 and
JB-2) and seawater (NASS-6) of known Li isotope composition, in addition to two soil reference
materials including SRM-2709a (NIST) and TILL-1 (NRC, Canada). The Li isotope composition
of the purified samples was measured at IPGP using a Thermo Fisher Neptune Plus MC-ICP-MS.
The Li-pure standard solutions IRMM-016 and SPEC were routinely used to monitor the
instrumental stability, while the L-SVEC solution was used as bracketing standard. We obtained
accurate and reproducible Li isotope composition of IRMM-016 (8’Li=0.13£0.17%o, 2 s.d., n=36),

SPEC (8"Li=94.32+0.19 %o, 2 s.d., n=26), NASS-6 (8’Li=30.95£0.51 %, 2 s.d., n=12), BHVO-2
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(8'Li=4.66+0.78 %o, 2 s.d., n=11), and JB-2 (8’Li=4.72+0.80 %o, 2 s.d., n=15), as all the results
are in good agreement with values reported in previous studies (e.g. Brand et al., 2014; Dellinger
etal., 2014). We obtained reproducible §’Li values for the two soil reference materials SRM-2709a
(87Li=—0.30+0.58 %o, 2 s.d., n=13) and TILL-1 (§"Li=6.69+0.68 %o, 2 s.d., n=14).
4.3.4 Silicon isotope measurement

In order to analyze the Si isotope composition, an aliquot of each crushed sample was also
digested using alkali fusion in which ~200 mg of NaOH were added to ~10 mg sample in a silver
crucible and then heated at 720°C for 12 minutes. The fused samples were then allowed for cooling
until room temperature was reached. The crucibles were then transferred into 30-ml Teflon beakers
containing ~15 ml of MQ-water. After settling overnight, the samples were sonicated and
transferred to pre-cleaned PE bottles. Finally, each sample was then further diluted and weakly
acidified to ~100 ml 1% (v/v) HNOs3 solution, the Si concentration of which was analyzed using
ICP-Q-MS at IPGP. Then a widely-adopted separation protocol (Pringle et al., 2013a, 2013b, 2014,
2016; Savage and Moynier, 2013; Savage et al., 2013) was used, based on the same resin as the
one employed in the Li separation protocol. An aliquot of the fusion solution containing 20 ug Si
was loaded onto a column containing 1.8 ml resin and was eluted with 5 ml of MQ water. Sample
collection started from the beginning of sample loading. Last, the collected sample was diluted
and acidified to a 10 ml 0.2 N HNOj3 solution and its Si isotope composition was measured on a
Thermo Fisher Neptune Plus MC-ICP-MS at IPGP within 24 hours after the Si separation. The
well characterized reference material BHVO-2 was routinely analyzed as an external standard to
check the quality of separation protocol. The quartz sand reference material NBS-28 was also
processed through the same digestion and separation method explained above and used as the

bracketing standard. A mass-dependent fractionation of Si isotopes across all samples is indicated
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by the linear relationship between §°°Si and §*°Si across all samples, with a slope value of 0.5153
which is between the slope of kinetic fractionation (0.5092) and that of equilibrium fractionation
(0.5178), however, undistinguishable from the theoretical slopes because of instrumental
uncertainties. The long-term °°Si value of the reference material BHVO-2 used in this study
(—0.2940.05%0, n=21) is in agreement with previously reported values (Zambardi and Poitrasson,
2011; Savage et al., 2011; Savage et al., 2013; Pringle et al., 2016).
4.3.5 Neodymium isotope measurement

To separate Nd from the matrix, we employed a double-column method initially developed
by Richard et al. (1976) and further improved by Caro et al. (2006). The HF-HNO3 digested sample
was first evaporated, and an aliquot of the residual was dissolved in a 2 N HNO3 solution and then
loaded onto a first column packed with the TRU-spec resin, which is able to separate rare earth
elements from the sample matrix. The solution eluted from the first column was then evaporated
and the residual was dissolved in a 0.25 N HCI solution, which was loaded onto a second column
packed with the Ln-spec resin, which resulted in the separation of Nd from the rest of the matrix.
Finally, the collected Nd was dissolved in a 3% HNOj solution and its isotopic composition was
measured on a Neptune MC-ICP-MS at IPGP at a concentration of 50 ppb, using a **Nd/'*Nd
ratio of 0.7218 for the internal correction of instrumental mass fractionation. Well-characterized
reference materials were routinely analysed to monitor the quality of Nd measurements. In this

study, neodymium isotope composition is expressed in g-notation:

143 144
(PN ND) g ot

44

eNd= 1{>*10000

143
PNGND R

where CHUR stands for chondritic uniform reservoir, and ('**Nd/"*Nd)cnur is the value of the

ratio in chondrites. The reported results are within uncertainty of ~0.2 ¢Nd units.
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4.4 Results

4.4.1 Thin section

We selected samples from the alluvial plain, delta plain, and marine deposits, across a range
of grain sizes for mineralogical observation by optical microscopy. The observations are
summarized in Table 4.2, and representative images are shown in Figure 4.3. Overall, the thin
sections suggest that the sediments of the Ainsa Basin contain a recycled component, meaning that
their source rocks are meta-sedimentary rocks. This is in particular shown by the presence of
detrital limestone grains in both alluvial and marine sediments. In the coarse fractions (such as
sandstones), across all depositional environments, igneous/metamorphic minerals can be observed.
Oxides are also a major feature in many samples, in particular in the alluvial plain, deep delta and

turbidite environments.
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Table 4.2 Summary of thin section examinations

Depositional Coarse fraction Fine fraction
environment (Sandstone) (Siltstone and claystone)
Sample: SA 13.
The grain size Is very coarse. Sample: SA 3, SA11, SAI5.
The detrital grains contain some
marine carbonates from previous | The grain size is fine. The large
deposition episodes. The large grains are dominated by calcite,
Alluvial grains are dominated by quartz | but also contain some quartz, and
and calcite, but also contain a a trace amount of micas (<1%).
significant amount of Clays are observed in the matrix.
unweathered primary minerals The presence of oxides is
such as micas. Some detrital suggested (opaques).
oxides/hydroxides are also
visible.
Sample: SC6. Sample: SC 2.
The grain size is coarse. The The grain size is relatively fine.
Delta plain main component is calcite. The | The most important minerals are
sample also contains some clays, calcite and quartz, but
quartz and micas, and a few some detrital oxides/hydroxides
other primary minerals. are also present (opaques).
Sample: SD 1, SD2, SD5, SD10,
Sample: SD23. ST2, ST3, and STS.
The grain size is coarse. The grain size is relatively small.
Microfossils can be observed. | The main minerals are quartz and
‘ The grains contain considerable | calcite. A significant amount of
Marine detrital oxides/hydroxides is

amount of quartz. Other grains
include some bioclast, mica,
calcite, detrital limestone, and
some primary minerals. No
oxides are observed.

observed in the marine deposits.
A large amount of clays is
observed. Foramineras are visible
in some thin sections (SD1 and
STS).
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Coarse Fine

& 3 A ] .‘_ “ &
xides/hydroxides's ..
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Alluvial

Delta plain

Marine

Sample used: SA13, SC6, and SD23 for coarse sediments examples; SA3, SC2,
and SD1 for fine sediments examples

Figure 4.3 Optical microscopy images of the thin sections from selected coarse and fine samples
from different depositional environments. Qtz and Ca in the figure respectively represent quartz
and calcite.
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4.4.2 Major and trace elements

The major and trace element data are reported in Table 4.3 and Table 4.4, respectively. There
is little difference in terms of the concentrations of the most of major and trace elements among
sediments from the three depositional environments (alluvial plain, delta plain, and delta slope).
Samples from all the environments show that the Al and Fe content exert a strong correlation on
the Li content (Fig 4.4). As for other elements, no significant enrichment of Li in a particular
depositional environment is observed (Fig 4.4), although the distributions of Li/Al and Li/Fe ratios
(Fig 4.5) show a marginal difference between continental and marine samples. One exception is
Na: sediments which have interacted with seawater (deposited on delta plains or delta slopes) have
higher Na than that in the continental sediments. As the Li concentration is correlated with Al and
Fe concentrations, a comparison of Na and Li concentrations, both normalized to the sum of Al
and Fe concentration, is shown in Figure 4.6. Samples deposited in the delta slope and the delta
plain are Na-richer than alluvial samples, indicating that the samples that have interacted with
seawater are enriched in Na. At low Na level, the Li content is independent from the Na content,
whereas a negative correlation between Li and Na exists when the Na content is elevated

(especially in the sediments which were in contact with seawater).
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Figure 4.4 Relationship between Li concentration and the sum of Al and Fe concentrations
across all samples.
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Figure 4.5 Frequency distribution of Li/Al and Li/Fe ratios.
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Figure 4.6 Relationship between the Na/(Al+Fe) and Li/(Al+Fe) ratios. The Li content is not
correlated to the Na content at low Na level whereas there is a negative correlation between Li
and Na when the Na content is higher.
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Table 4.3 Major element concentrations in samples from the Ainsa paleo-delta, expressed in weight percent oxides (%)

Sample SiO: AlO3 Fe:03 MnO  MgO CaO Na;O K>O TiO2 P20s LOI (1000°C) Total
Alluvial plain deposits
SA1 26.16 4.84 1.95 0.07 2.17 33.68 0.07 1.04 0.31 <D.L. 29.63 99.93
SA?2 25.87 5.05 2.18 0.06 241 33.40 0.07 1.03 0.30 <D.L. 29.62 99.99
SA3 27.31 5.90 2.47 0.06 2.55 31.27 0.08 1.19 0.33 <D.L. 28.43 99.58
SA 4 30.99 11.59 5.04 0.06 4.00 21.96 0.15 2.19 0.45 <D.L. 23.61 100.04
SA5 29.98 7.94 3.41 0.05 3.65 26.36 0.11 1.53 0.38 <D.L. 26.30 99.71
SA 6 27.91 2.58 0.74 0.03 1.46 36.08 0.06 0.54 0.00 <D.L. 30.91 100.30
SA 7 32.01 8.05 3.34 0.05 3.22 25.32 0.12 1.52 0.42 <D.L. 25.19 99.23
SA9 44.40 5.17 1.25 0.04 1.99 23.03 0.06 1.44 0.18 <D.L. 22.13 99.69
SA 10 26.72 4.95 1.91 0.07 2.12 33.18 0.07 1.07 0.28 <D.L. 29.15 99.51
SA 11 34.09 6.81 2.63 0.05 3.04 26.03 0.09 1.32 0.40 <D.L. 25.22 99.67
SA 12 42.67 5.01 1.12 0.03 2.03 24.30 0.06 1.28 0.18 <D.L. 22.23 98.91
SA 13 49.18 5.01 1.10 0.03 1.73 20.82 0.06 1.43 0.16 <D.L. 20.38 99.90
SA 15 34.86 7.91 3.17 0.05 3.19 24.40 0.12 1.65 0.44 <D.L. 23.77 99.55
SA 16 20.63 2.76 0.96 0.03 5.01 35.68 0.05 0.67 0.14 <D.L. 33.72 99.64
SA 17 26.41 3.52 0.63 0.04 5.14 31.97 0.05 1.01 0.15 <D.L. 30.73 99.65
SA 20 32.11 6.38 2.60 0.04 2.79 27.96 0.13 1.27 0.36 <D.L. 2591 99.54
SA 21 26.01 5.47 223 0.03 3.33 31.77 0.15 1.13 0.30 <D.L. 29.37 99.79
SA 22 28.31 9.74 4.14 0.05 3.28 26.19 0.26 1.80 0.43 <D.L. 25.73 99.91
SA 23 33.03 433 1.22 0.03 2.17 30.48 0.11 1.09 0.18 <D.L. 27.91 100.55
SA 30 24.96 7.54 2.68 0.05 4.22 29.27 0.12 1.55 0.38 <D.L. 28.71 99.48
SA 31 21.78 4.83 2.00 0.04 2.50 36.33 0.11 0.88 0.26 <D.L. 31.47 100.19
SA 32 26.68 8.15 3.38 0.05 3.71 28.45 0.14 1.62 0.40 <D.L. 27.45 100.02
SA 33 28.02 4.14 0.68 0.03 223 33.42 0.35 1.18 0.13 <D.L. 28.57 98.74
SA 34 22.71 3.53 0.82 0.04 3.08 36.07 0.21 0.95 0.18 <D.L. 31.39 98.98
SA 35 10.01 1.88 0.45 0.07 1.04 47.14 0.14 0.39 0.00 <D.L. 37.96 98.98
Delta plain deposits
SC1 24.80 5.21 2.18 0.04 3.13 33.26 0.26 1.06 0.27 <D.L. 29.68 99.89
SC2 25.18 4.74 1.96 0.03 3.07 33.60 0.31 1.02 0.25 <D.L. 29.77 99.94
SC3 27.99 9.42 4.00 0.05 3.86 26.10 0.21 1.80 0.44 <D.L. 26.06 99.92
SC4 26.28 10.19 4.33 0.05 3.81 26.25 0.16 1.94 0.42 <D.L. 26.39 99.81
SCs 25.10 4.30 1.75 0.04 2.40 35.03 0.24 0.89 0.25 <D.L. 30.35 100.36
SC 6 12.44 2.31 0.78 0.03 1.94 45.07 0.23 0.34 0.14 <D.L. 37.03 100.30
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Sample SiO: AlO3 Fe:03 MnO  MgO CaO Na;O K>O TiO2 P20s LOI (1000°C) Total
SC7 33.19 4.60 0.78 0.03 2.03 30.97 0.65 1.44 0.00 <D.L. 25.74 99.42
SC9 27.48 8.14 2.95 0.10 2.87 29.14 0.18 1.48 0.37 <D.L. 27.52 100.22
SC 10 19.74 5.38 2.29 0.03 2.85 36.51 0.09 0.93 0.25 <D.L. 32.38 100.45
SC 11 23.12 5.68 2.01 0.03 3.63 33.46 0.10 1.02 0.29 <D.L. 30.87 100.21
SC 12 23.72 8.17 3.69 0.04 3.45 30.47 0.14 1.45 0.36 <D.L. 29.08 100.55
SC 13 15.52 2.51 1.06 0.03 2.57 42.24 0.20 0.41 0.14 <D.L. 35.76 100.43
SC 14 15.42 2.48 1.20 0.03 2.58 41.64 0.17 0.42 0.15 <D.L. 3533 99.41
SC 20 32.06 6.39 2.44 0.05 2.24 29.02 0.13 1.27 0.38 <D.L. 25.96 99.91
SC 21 30.25 11.35 4.50 0.05 2.84 23.95 0.20 2.13 0.44 <D.L. 23.89 99.61
SC 22 31.39 5.80 2.31 0.04 2.36 29.54 0.11 1.16 0.35 <D.L. 26.56 99.61
SC 23 44.52 5.87 0.74 0.02 1.66 23.36 0.55 1.88 0.12 <D.L. 21.56 100.27
SC 24 24.56 4.17 1.88 0.04 2.28 3545 0.16 0.85 0.25 <D.L. 30.57 100.20
SC 25 37.82 5.67 1.30 0.03 1.91 27.02 0.41 1.53 0.19 <D.L. 23.83 99.69

Delta front deposits
SD 1 10.24 2.31 1.42 0.04 1.67 45.41 0.08 0.51 0.12 <D.L. 37.28 99.07
SD2 29.76 10.14 3.22 0.04 3.09 25.58 0.17 2.08 0.43 <D.L. 24.99 99.50
SD 3 28.42 8.70 4.15 0.06 2.95 26.46 0.14 1.67 0.42 <D.L. 26.58 99.55
SD 4 25.98 4.46 2.39 0.05 2.78 32.78 0.13 0.94 0.31 <D.L. 28.75 98.57
SD5 18.07 3.14 1.29 0.06 1.96 40.40 0.13 0.63 0.18 <D.L. 33.33 99.18
SD 6 15.98 4.12 1.58 0.11 1.71 40.44 0.11 0.84 0.20 <D.L. 33.73 98.81
SD 7 40.17 13.67 4.02 0.04 2.07 16.44 0.24 2.78 0.58 <D.L. 18.68 98.69
SD 8 20.25 3.37 1.05 0.05 2.19 38.11 0.22 0.85 0.16 <D.L. 32.32 98.57
SD9 34.74 5.93 1.09 0.05 1.40 28.78 0.67 1.49 0.12 <D.L. 24.84 99.09
SD 10 38.88 6.35 0.98 0.04 1.12 26.28 0.72 1.75 0.12 <D.L. 22.60 98.84
SD 11 22.40 2.88 1.04 0.06 1.72 38.22 0.19 0.70 0.15 <D.L. 31.60 98.96
SD 12 49.66 14.63 2.36 0.03 2.35 11.09 0.49 223 0.35 <D.L. 15.71 98.90
SD 20 30.72 7.40 2.70 0.04 2.75 27.75 0.30 1.39 0.39 <D.L. 25.69 99.12
SD 21 19.23 5.61 1.94 0.03 9.09 28.79 0.17 1.33 0.31 <D.L. 33.12 99.61
SD 22 16.67 4.28 1.61 0.02 8.56 32.28 0.13 1.01 0.25 <D.L. 34.54 99.33
SD 23 36.58 4.17 0.72 0.02 1.42 29.55 0.65 1.38 0.00 <D.L. 24.79 99.27
SD 24 22.12 3.12 1.14 0.03 1.86 38.33 0.40 0.83 0.11 <D.L. 31.82 99.75
SD 25 34.96 5.57 1.95 0.03 2.44 27.77 0.61 1.50 0.25 <D.L. 24.09 99.16
SD 26 17.66 5.27 1.98 0.04 2.13 38.36 0.11 0.92 0.25 <D.L. 32.70 99.42
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Sample SiO2 ALO3 Fe:03 MnO  MgO CaO NaxO K20 TiO2 P20s LOI (1000°C) Total
Pro-delta deposits (turbidite)
ST 2 21.95 6.91 2.72 0.05 2.84 32.92 0.29 1.31 0.30 <D.L. 30.07 99.36
ST 3 23.19 7.53 2.92 0.04 2.90 32.39 0.31 1.43 0.32 <D.L. 29.47 100.50
ST 4 26.48 4.12 1.96 0.05 2.16 34.48 0.35 0.79 0.28 <D.L. 29.13 99.81
ST 5 27.49 8.98 3.27 0.04 2.81 28.27 0.38 1.64 0.39 <D.L. 26.87 100.14
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Table 4.4 Trace elements concentrations in samples from the Ainsa paleo-delta (in ppm)

Sample Li Be S¢ V Cr Co Ni Cu Zn Ga Ge As Se Rb Sr Y Zr Nb Mo Cd Sn Sb GCs
SA1 29 15 5 40 29 6 13 8 20 8 07 4 03 54 229 18 & 9 07 03 2 16 5
SA?2 33 13 6 51 34 7 15 10 24 9 08 4 27 5 345 19 60 9 06 03 2 12 5
SA3 36 1.2 6 52 37 7 16 13 27 9 07 4 18 59 283 17 72 8 05 02 2 11 6
SA 4 80 2.5 10 103 75 14 30 24 58 20 15 32 22 132 234 21 73 12 15 02 4 21 15
SAS 42 16 7 66 42 7 22 13 39 9 08 10 13 59 262 12 45 7 07 01 2 11 6
SA 6 8§ 04 2 33 11 3 4 3 8 2 03 1 10 18 447 6 15 1 02 01 0 02 1
SA 7 42 20 8 60 44 7 24 10 35 9 08 7 10 56 229 11 47 7 06 01 2 14 o6
SA9 17 08 4 26 22 3 7 4 15 5 03 2 06 47 200 8 23 3 03 01 1 04 2
SA 10 25 13 5 34 24 4 13 6 21 6 05 3 19 38 223 11 38 S5 03 01 1 07 3
SA 11 41 18 7 48 38 7 20 11 36 8 06 3 22 47 301 11 49 7 03 01 2 07 4
SA 12 18 07 4 28 26 3 8 4 15 5 03 1 1.1 39 244 7 26 3 01 01 1 03 2
SA 13 17 08 4 23 20 3 6 4 13 5 03 1 03 45 251 7 22 3 02 01 1 04 2
SA 15 54 06 7 65 47 9 20 15 33 13 10 13 06 8 275 20 8 12 06 00 3 1.8 8
SA 16 17 00 3 26 21 3 7 4 16 4 04 0 03 33 216 8 21 4 02 01 1 06 2
SA 17 15 02 2 24 16 3 5 3 11 6 02 o0 03 57 152 10 30 5 01 03 2 04 4
SA 20 41 12 7 50 39 6 19 10 32 8 07 5 13 48 329 12 49 7 05 01 2 09 4
SA 21 36 10 6 52 32 5 16 10 29 6 12 6 09 42 512 10 40 S5 05 01 1 05 3
SA 22 70 19 10 87 59 10 30 18 56 13 1.0 15 1.6 81 86 14 51 8 12 02 2 12 8
SA 23 20 06 5 45 36 3 9 5 29 4 03 2 11 34 48 8 17 3 02 01 1 04 2
SA 30 41 16 6 61 43 7 18 14 27 10 09 4 19 57 476 15 51 9 13 04 2 10 o
SA 31 39 10 6 51 35 5 19 12 29 6 05 5 15 38 457 11 37 5 06 01 1 06 3
SA 32 64 12 8 74 60 9 24 18 40 16 12 3 05 104 471 20 79 12 03 00 4 12 9
SA 33 15 00 3 24 21 2 5 3 9 5 01 0 00 53 432 9 26 3 00 00 1 03 2
SA 34 18 06 4 24 22 2 7 4 13 3 02 1 12 31 357 7 18 3 02 01 1 02 2
SA 35 11 00 2 18 16 2 4 2 6 4 01 O 00 40 325 7 20 2 00 00 1 02 2
SC1 41 10 6 45 33 6 19 12 34 6 12 8 13 42 549 11 35 6 06 01 2 04 4
SC2 29 08 5 44 29 4 14 10 26 S5 05 7 11 35 1171 9 36 S5 04 01 1 04 3
SC3 66 16 9 &8 57 9 31 17 57 11 09 S5 12 73 39 13 53 8 07 01 2 05 7
SC4 66 1.7 9 8 59 9 32 16 62 12 09 6 13 8 433 12 46 8 05 01 2 05 8
SCs 24 07 S5 3 25 4 11 6 23 4 05 1 12 31 35 10 41 S5 05 01 1 02 3
SC6 10 03 3 29 34 2 6 4 12 2 02 1 07 10 35 6 12 1 03 01 0 0.1 1
SC7 14 07 3 17 16 2 7 2 11 4 04 1 10 43 308 6 15 2 02 01 1 02 2
SC9 39 10 5 4 33 9 25 15 33 7 04 7 16 43 303 8 32 5 04 01 1 04 5
SC 10 43 09 6 52 37 5 18 11 29 6 06 4 10 37 389 9 30 5 08 01 1 05 3
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Sample Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Hg TI Pb Th U
SA1 237 24 4 5 21 4 09 4 07 4 07 2 03 2 03 30 17 18 100 04 13 8 3
SA?2 279 24 47 6 22 5 10 5 07 4 08 2 03 2 03 22 17 18 100 04 14 8 2
SA3 256 23 46 S5 21 4 09 4 06 3 06 2 02 2 02 24 10 17 38 03 13 8 2
SA 4 694 34 64 8 28 5 12 5 07 4 09 3 03 2 03 26 17 27 60 09 21 13 3
SAS 2499 17 34 4 15 3 06 3 04 2 04 1 02 1 02 13 06 12 05 03 9 5 2
SA 6 68 7 14 2 7 1 03 1 02 1 02 1 01 O 01 05 01 02 01 01 6 1 1
SA 7 144 18 35 4 15 3 06 3 04 2 04 1 02 1 02 14 06 12 02 03 9 6 2
SA9 168 10 20 2 9 2 04 2 03 1 03 1 01 1 01 08 05 07 11 03 8 4 1
SA 10 108 15 29 3 13 3 06 2 04 2 04 1 02 1 01 12 06 10 09 02 7 4 1
SA 11 172 16 31 4 14 3 06 3 04 2 04 1 02 1 02 14 06 10 02 03 7 5 2
SA 12 178 9 17 2 8 2 04 2 02 1 02 1 01 1 01 08 03 06 03 02 o 2 1
SA 13 167 9 19 2 9 2 04 2 02 1 02 1 01 1 01 07 04 09 28 02 8 3 1
SA 15 453 32 63 7 29 5 09 5 05 4 05 2 00 2 00 26 12 20 10 01 17 12 3
SA 16 147 12 23 3 11 2 04 2 02 2 02 1 00 1 00 06 07 08 43 00 11 4 5
SA 17 200 18 35 4 16 3 06 3 03 2 03 1 00 1 00 10 07 09 14 02 22 5 8
SA 20 157 17 33 4 15 3 07 3 04 2 05 1 02 1 02 15 05 14 35 03 9 6 2
SA 21 133 13 26 3 12 2 05 2 04 2 04 1 02 1 02 12 05 14 36 03 7 4 1
SA 22 187 21 41 5 18 3 07 3 05 3 05 2 02 1 02 16 07 16 28 05 12 7 2
SA 23 155 10 18 2 9 2 05 2 03 1 03 1 01 1 01 06 02 08 36 03 o 3 1
SA 30 170 21 39 5 18 4 09 4 07 3 07 2 04 2 04 20 21 21 168 07 13 7 3
SA 31 15 14 26 3 12 2 05 2 03 2 04 1 02 1 02 1.1 04 12 33 02 8 4 2
SA 32 300 32 61 7 27 5 09 5 05 4 06 2 01 2 01 27 15 22 27 04 28 11 4
SA 33 3% 13 25 3 12 2 05 2 02 2 02 1 00 1 00 08 05 05 1.1 01 12 4 2
SA 34 92 9 18 2 9 2 04 2 03 1 03 1 01 1 01 06 02 13 45 02 6 2 5
SA 35 267 10 19 2 9 2 04 2 01 1 01 1 00 1 00 07 04 04 09 01 9 3 1
SC1 99 13 25 3 12 2 05 2 04 2 04 1 02 1 01 12 06 18 78 03 9 4 2
SC 2 148 11 22 3 10 2 05 2 03 2 03 1 01 1 01 11 05 09 08 02 7 3 2
SC3 124 19 37 4 16 3 07 3 04 2 05 1 02 1 02 15 06 13 03 04 12 6 3
SC4 125 19 36 4 15 3 06 3 04 2 04 1 02 1 02 14 09 14 04 05 12 6 2
SCs 73 13 26 3 12 2 05 2 03 2 03 1 01 1 01 13 04 06 01 02 7 4 1
SC6 32 6 11 1 5 ! 03 1 02 1 02 1 o001 O 01 04 01 02 02 01 3 1 1
SC7 165 7 14 2 7 !1 04 1 02 1 02 1 01 1 01 05 02 05 06 03 8 2 1
SC9 10 12 25 3 11 2 04 2 03 1 03 1 01 1 01 10 06 22 98 03 19 4 2
SC 10 223 12 22 3 10 2 05 2 03 2 03 1 01 1 01 09 04 13 37 02 6 4 2
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Sample Li Be Sc V Cr Co Ni Cu Zn Ga Ge As Se Rb Sr Y Zr Nb Mo Cd Sn Sb GCs
SC11 46 09 6 49 39 6 21 11 34 7 05 2 07 41 382 10 37 6 03 01 1 03 4
SC 12 57 13 8 67 51 7 26 13 44 10 08 3 22 59 379 11 42 7 09 01 2 07 5
SC 13 15 03 4 27 29 2 8 3 13 3 03 1 07 11 350 6 13 2 02 01 0 01 1
SC 14 15 03 5 31 39 3 10 4 14 3 03 1 09 12 366 6 14 2 04 01 0 02 1
SC 20 4 16 7 61 42 8 18 13 32 12 09 4 22 73 392 20 8 12 09 04 2 20 7
SC21 80 - 9 8 57 9 28 16 46 15 1.0 10 46 87 469 14 - - 08 01 2 21 9
SC22 38 06 6 50 36 6 14 13 26 10 08 4 11 63 451 18 72 9 05 00 2 19 5
SC23 17 03 3 24 17 3 6 5 14 7 02 0 00 77 251 8 26 3 00 00 2 04 3
SC 24 26 03 4 40 33 5 11 9 19 7 06 3 08 40 425 13 37 6 04 00 1 13 2
SC 25 29 06 4 31 25 5 9 7 19 9 05 1 02 76 395 11 32 6 01 01 3 07 4
SD 1 18 05 3 23 15 3 9 4 22 3 06 9 15 20 409 7 15 2 07 01 1 05 2
SD 2 8% 17 9 8 58 8 23 18 55 14 13 10 13 114 448 14 55 10 06 02 3 09 13
SD 3 75 12 8 8 57 11 27 21 51 16 14 10 08 115 422 21 76 13 07 01 3 21 17
SD 4 3 10 5 41 29 6 20 7 61 6 12 8 1.7 38 453 12 46 6 08 02 1 06 4
SD 5 22 00 3 27 24 4 10 5 13 4 04 1 07 30 399 13 30 5 02 00 1 05 2
SD 6 33 09 4 41 28 5 13 11 26 7 05 3 03 52 1148 12 3 6 03 00 1 08 6
SD 7 76 20 12 112 68 11 36 22 62 17 1.0 12 23 124 259 15 64 11 07 02 3 12 15
SD 8 22 06 4 26 22 4 9 5 15 5 05 3 06 42 322 14 29 5 04 01 1 06 4
SD9 26 00 2 23 15 3 8 3 10 7 03 2 00 8 293 12 28 4 14 00 2 09 2
SD 10 28 08 2 26 15 3 6 3 12 8 03 2 03 8 250 11 23 4 13 00 2 07 3
SD 11 19 06 3 20 20 2 9 3 12 3 07 2 05 25 35 8 16 2 05 01 1 03 2
SD 12 90 26 7 74 62 6 21 14 33 15 06 5 08 93 207 8 45 7 15 01 3 08 10
SD 20 47 1.1 6 65 42 5 20 10 37 9 07 & 1.7 59 453 12 50 7 02 01 2 10 5
SD 21 34 08 6 55 38 4 13 8 30 8 08 5 09 48 308 11 41 6 07 01 1 04 3
SD 22 26 07 5 42 30 4 13 7 26 6 08 5 09 36 38 11 35 5 06 01 1 03 2
SD 23 10 07 2 16 13 1 4 1 8 3 02 3 12 38 306 5 11 1 06 01 1 02 2
SD 24 13 05 3 19 17 2 7 2 11 3 04 6 05 26 49 5 21 2 27 01 1 05 1
SD 25 28 12 5 34 27 4 11 4 28 6 05 5 14 55 422 9 28 4 06 01 2 04 4
SD 26 40 1.1 6 50 35 4 16 11 22 7 06 7 06 40 430 8 32 5 07 01 1 04 3
ST 2 43 12 6 63 4 10 32 10 39 8 07 6 12 61 48 11 42 6 07 01 2 05 5
ST 3 4 12 7 67 42 6 20 10 38 9 06 8 20 66 469 11 4 6 04 01 2 04 6
ST 4 24 06 5 37 25 5 15 4 43 5 05 10 15 31 631 10 47 5 04 01 1 07 2
ST 5 55 14 8 84 53 6 24 12 49 11 08 8 15 8 504 12 55 8 04 02 2 06 7
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Sample Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Hg TI Pb Th U
SC 11 116 13 25 3 12 2 05 2 03 2 04 1 01 1 01 11 04 11 21 03 7 4 2
SC 12 145 16 30 4 14 3 06 2 04 2 04 1 02 1 02 19 06 28 212 04 10 5 4
SC 13 40 8 16 2 9 2 04 2 02 1 02 1 01 1 01 04 01 05 20 01 3 2 2
SC 14 42 8 16 2 8 2 04 1 02 1 02 1 01 1 01 06 01 14 58 01 4 1 1
SC 20 373 25 50 6 24 5 12 5 08 4 09 2 05 2 05 36 35 23 116 08 14 9 3
SC 21 259 24 46 S5 20 4 07 4 05 3 06 2 02 2 02 28 - 15 - 05 17 10 3
SC 22 325 27 54 6 25 5 09 5 05 4 06 2 02 2 01 24 10 15 12 02 13 9 3
SC 23 320 14 28 3 13 2 05 2 02 2 02 1 00 1 00 08 05 07 31 03 20 6 9
SC 24 286 23 43 5 20 4 07 4 04 3 04 1 01 1 00 12 06 09 07 00 11 6 2
SC 25 382 18 34 4 16 3 07 3 03 2 03 1 01 1 01 12 08 12 25 04 15 5 2
SD 1 48 9 17 2 8 2 04 2 02 1 03 1 01 1 01 06 03 15 107 01 5 2 1
SD2 197 21 40 S5 18 3 07 3 04 2 05 2 02 1 02 16 08 16 34 06 14 8§ 2
SD 3 245 33 63 7 28 5 11 5 06 4 07 2 02 2 02 25 13 23 21 05 25 12 4
SD 4 92 14 28 3 13 3 06 3 04 2 04 1 02 1 02 17 05 29 102 02 7 4 2
SD 5 251 16 31 4 15 3 05 3 02 2 02 1 00 1 00 08 06 06 10 00 8 4 2
SD 6 836 17 32 4 15 3 08 3 03 2 04 1 01 1 01 1.1 07 11 22 02 10 5 2
SD 7 279 28 sS4 6 23 4 08 4 05 3 06 2 02 2 02 19 09 18 03 06 16 9 2
SD 8 124 19 34 4 16 3 07 3 04 3 05 1 02 1 02 10 09 11 57 03 9 4 2
SD 9 282 15 29 3 13 2 05 2 01 2 02 1 00 1 00 07 06 08 07 01 14 5 2
SD 10 266 14 26 3 13 3 08 3 04 2 04 1 01 1 01 08 08 08 31 04 12 5 2
SD 11 g 10 19 2 10 2 05 2 03 1 03 1 01 1 01 05 02 10 38 01 5 3 1
SD 12 236 16 31 4 13 2 05 2 03 2 03 1 01 1 01 14 07 14 15 05 10 10 2
SD 20 123 17 34 4 15 3 06 3 04 2 04 1 02 1 02 15 07 12 07 03 8 5 2
SD 21 112 15 29 4 14 3 06 3 04 2 04 1 02 1 02 11 04 08 56 04 6 4 1
SD 22 8 14 27 3 13 3 06 2 04 2 04 1 02 1 01 10 03 06 24 02 5 3 1
SD 23 153 6 12 1 6 !1 03 1 02 1 02 O 01 O 01 04 01 02 02 02 7 2 1
SD 24 8 5 10 1 5 !1 03 1 02 1 02 O 01 O 01 06 02 04 02 02 5 2 1
SD 25 157 12 24 3 11 2 05 2 03 2 03 1 01 1 01 10 04 09 17 03 8 4 1
SD 26 71 11 21 3 10 2 04 2 03 1 03 1 01 1 01 11 04 16 73 02 6 4 3
ST 2 117 15 28 3 13 2 05 2 03 2 04 1 02 1 01 12 05 19 &1 03 12 5 2
ST 3 123 15 29 3 13 2 05 2 03 2 04 1 02 1 02 13 03 11 03 03 9 5 2
ST 4 104 12 25 3 12 2 05 2 03 2 03 1 01 1 01 13 05 1.0 10 02 6 4 1
ST 5 131 18 34 4 15 3 06 3 04 2 04 1 02 1 02 16 07 19 53 04 11 6 2
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4.4.3 Liisotope system

In bulk samples, an overall negative trend (Fig 4.7) is found between the §’Li values and the
Al/Si ratio, which is used here as a grain size proxy for detrital sediments (Bouchez et al., 2011;
Lupker et al., 2011; Dellinger et al., 2014). Heavier Li isotopes are enriched in the coarser fraction,
whereas lighter Li isotopes are enriched in the finer part. This observation is in agreement with the
previous study on the 8’Li of river sediments (Dellinger et al., 2014). For the coarse fraction, the
8’Li values show no significant differences between the various depositional environments.
Nevertheless, from the intermediate to fine fractions, the 8’Li composition of marine sediments
are consistently lower than that of continental sediments. Accordingly, the lowest &'Li value is
1.70%0 for the alluvial deposits, —0.44 %o for delta plain sediments, and —2.42 %o for marine
deposits.
4.4.4 Silicon isotope system

As observed for the Li isotope system, the §°°Si generally decreases with increasing Al/Si
ratio (Fig 4.8). For the coarse fraction, the §*°Si values from all environments are within the range
of the upper continental crust (—0.25+0.16%o, Savage et al., 2013). The highest §*°Si value is —0.07%o
for the alluvial deposits, —0.16 %o for the delta plain sediments, and —0.16%o for marine deposits.
Similar to the Li isotope system, the §**Si values of marine sediments are lower than that of alluvial
sediments for the intermediate to fine grain sizes. The lowest §*°Si value is —0.38 %o for alluvial
deposits, —0.71 %o for delta plain sediments, and —0.58 %o for marine deposits. The range between
53°Si compositions and Al/Si ratios in Ainsa sediments are within the range of sediments from
present-day large river systems (Chapter 5), which is defined by primary minerals such as quartz
(characterized by low Al/Si ratio and heavy §°°Si) and clays (characterized by high Al/Si ratio and

light 5°°Si).
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Figure 4.7 Relationship between Li isotope composition (3’Li) and grain size (here indexed with
the Al/Si ratio; e.g. Bouchez et al., 2011) in Ainsa sediments. Coarse sediments (low Al/S1) are
enriched in heavier Li, and finer sediments (high Al/Si) are enriched in lighter Li. The samples

from three depositional environments (alluvial plain, delta plain, and marine) have a similar §’Li

signature for the coarse fraction, whereas the §’Li values of marine sediments are isotopically
lighter for the fine fractions. The samples selected for thin section observations are labelled. The
areas colored in red, yellow, and blue colors represent the sediments deposited in alluvial, delta
plain, and marine environments, respectively.
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Figure 4.8 Relationship between Si isotope composition (3°°Si) and grain size in Ainsa
sediments. Coarse sediments (low Al/Si) are enriched in heavier Si and finer sediments (high
Al/Si) are enriched in lighter Si. The alluvial samples are consistently enriched in heavier Si than
those sediments which have interacted with seawater (delta plain and marine sediments). Grey
area represents the Si isotope compositions of modern river sediments (see Chapter 5).

4.4.5 Neodymium isotopes system

Several samples covering the three depositional environments were selected for Nd isotope
measurements. The eNd values from the Sobrarbe system have an average eNd value of —11.1 £
0.9 (2 s.d), which is close to the estimation of present-day mean global river sediment value
(eNd=—10.6; Goldstein and Jacobsen, 1988). Compared to the range of €Nd in world river SPM

(—42.6<eNdspm<7.1; Goldstein and Jacobsen, 1988) and in marine sediments (—14.7<eNdmarine-
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sediment<1.9; Othman et al., 1989), eNd values from the studied area are within a limited range
(between —11.9 and —10.0), and no systematic variation of eNd amongst different depositional
environments has been found.
4.4.6 Water rinsing and HCI leaching experiments

The detailed results from the rinsing and leaching experiments are listed in Appendix i. A
small fraction of less than 1% of total Li was extracted from the three-time H>O rinsing experiment.
Overall, as tabulated in Table i.1, 0.32-0.87% of total Li were rinsed in marine samples, whereas
this rinseable fraction of Li was 0.17-0.43% in alluvial samples and 0.15-0.35% in delta plain
samples. A first-order observation is that the marine samples contain more “rinseable” Li
compared to the samples from the other environments (Fig i.1). The isotope signature of this
“rinseable” Li was measured except for the alluvial samples, due to a too-low amount of Li in this
rinsed fraction, and values range from 1.91 %o to 12.84 %o. On the contrary, significant amounts
of cations were extracted during the HCI leaching experiment (Table 1.2). In all samples, Ca was
significantly extracted during the 3 steps, but with a consistent decrease, and at the end of the
leaching experiment a significant fraction of Ca had been leached for all samples (~55% to ~100%
of total Ca). In those samples where Ca was significantly extracted (>90%), other metals such as
Li, Al, or Fe were also extracted. As for the bulk samples, the Li content in the extracted solution
was linked to the amount of Al and Fe extracted (Fig 1.2). Therefore, we consider two pools of
HCl-extracted Li in our samples: the Li contained in the first leaching solution is representative of
“H20 rinseable” (See appendix 1) and “Ca-linked” Li, whereas the Li contained in the solution
after Ca exhaustion (the second or the third leaching solution) is termed “Fe/Al associated” (Fig
i.3, Fig i.4). The 8’Li compositions of the first (linked to Ca) and the last (linked to Al and Fe)

leaching solutions were measured (Table i.2). The §"Li composition of the Li fraction associated
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with Ca is characterized by values close to or heavier than the bulk 8’Li whereas the §’Li

composition of the Li fraction associated with Al-Fe are characterized by values lighter than the

bulk 87Li (Fig 4.10).
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Figure 4.9 §’Li composition of the bulk sample, the first step of the HCI leaching procedure
(“Ca-associated”), and the third step of the HCI leaching (“Al/Fe associated”).

4.5 Discussion

We have observed significant differences in the Li and Si isotope signatures between the
sediments deposited in various environments, with and without the influence of seawater. In the
following, we will explain why we attribute these differences to processes that can account for
“reverse weathering” as proposed from mass balance arguments by various authors in previous

studies (Mackenzie and Garrels, 1966; Mackenzie and Kump, 1995; Misra and Froelich, 2012;
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Frings et al., 2016). We will then discuss the implications of such processes occurring at estuaries
and deltas on the global elemental cycles.
4.5.1 Impact of reverse weathering on the chemical and isotope composition of sediments

As stated earlier, it is difficult to distinguish authigenic clays formed via reverse weathering
and detrital clays produced through continental weathering (Fig 4.1), as they have similar chemical
compositions. Therefore, an addition of potential authigenic clays into detrital clays will not
fundamentally change the chemical properties of a bulk sample, such as major and trace element
concentrations. However, as shown in Figure 4.6, one exceptional example is that sediments which
have interacted with seawater have higher Na concentrations than alluvial sediments. The mean
Na content (represented by Na>O in total mass, Table 4.3) is 0.12% in alluvial sediments, 0.24%
in delta plain sediments, and 0.30% in sediments from delta slopes, indicating that Na
concentrations in the seawater-contacted sediments are 200% to 250% times of that in alluvial
sediments. During continental weathering, Na is soluble, i.e. readily freed from solids and enters
the solution. The higher Na concentration in seawater-contacted sediments than in alluvial
sediments, shows that processes bring Na from seawater into particulates. This could be attributed
to the inclusion of seawater and/or evaporite minerals (halite) in those sediments deposited in the
delta plain. Nevertheless, this process can be neglected as the leaching experiments show that the
amount of Na being dissolved by 0.5 N HCI are not significantly different among the three
depositional environments. In another word, the seawater Na incorporated in the sediments need
to be minerals which is able to “survive” the HCI leaching procedure. One possibility for such
phases is Na-rich phyllosilicates, which would then correspond to the formation of authigenic clays
through reverse weathering. To date, it is still difficult to confirm this hypothesis, but our results

do show a small but significant Na enrichment into sediment particles in the marine environment.
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This hypothesis is further discussed below based on Si-Li isotope data.

Given the difficulties to distinguish detrital and authigenic clays simply using element
concentrations, an alternative approach is to investigate the isotope systems. In theory, detrital
clays are precipitated from soil solutions and authigenic clays are formed in the marine
environment. The reservoirs supplying the cations in these two types of clays differ in their isotope
compositions (Fig 4.1). A good example is the modern Li cycle, the isotope composition of Li in
the ocean (31%o) is significantly greater than in continental waters (~23%o). In the case of
sediments from the Sobrarbe delta system, systematic differences exist between sediments which
have never interacted with seawater (alluvial deposits) and sediments which were influenced by
seawater (delta plain and marine deposits). Sediments deposited in marine environment, in
particular the fine grain size fraction, are characterized with lower §*°Si and §’Li values compared
to the alluvial sediments (Fig 4.7 and Fig. 4.8). Prior to ascribing the systematic difference to the
effect of reverse weathering, other processes which could potentially generate the isotopic

difference in alluvial and marine sediments need to be examined.

First, such distinction could in principle be attributed to a difference in the source rocks
which supplied the sediments to the deposition system. Nevertheless, the Nd isotope data suggest
that the alluvial sediments and the marine sediments have the same source (Table 4.1), and no
difference was observed amongst various depositional environments. The Li isotope composition
of detrital sediments also depends on grain size (Dellinger et al., 2014), meaning that
hydrodynamic sorting alone could in principle generate §’Li variations between samples from
different depositional environments. However, our sampling scheme targets at all grain sizes from
each depositional environment (as shown by the over lapping ranges of the grain size proxy, Al/Si

ratio, e.g. Fig. 4.7 & 4.8) making such effect unlikely.
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Alternatively, selective dissolution of detrital minerals characterized by heavy §’Li in
seawater could also potentially cause a lower 8’Li in seawater-contacted sediments than alluvial
sediments as observed in this study. In general, the §'Li values of carbonates is higher than that of
silicates (Hathorne and James, 2006; Tang et al., 2007; Misra and Froelich, 2012), and &’Li in
primary minerals are heavier than in secondary minerals such as clays (Dellinger et al., 2014). A
possible scenario is thus that these heavy §’Li minerals are present in alluvial minerals whereas
they were selectively dissolved in seawater, such that, lower bulk 8’Li values in marine sediments
could be achieved. However, our HCl-leaching experiments show that the Ca-associated Li is
relatively small (<1% of bulk Li, close to the rinseable Li), and is therefore not of importance to
the bulk §’Li composition, although this fraction of Li indeed has a relatively heavier §’Li. In
principle, carbonate formation in seawater/costal environments could also modify the bulk §’Li of
sediments. However, the amount of Li associated to carbonates in our sample is too low, as shown
by our HCI leaching expeirments (Section 4.4.6). At high temperature (100°C) A”Licaicite/seawater i
~—=1.9%o to —3.1%o0 and A”Liragonite/seawater is ~ —10.9 to —12%o (Marriott et al., 2004). It has also
been shown that aragonitic organisms have lower 3’Li signatures than those with calcite shells

(Dellinger et al., 2018).

The microscopic observations show that only a very small amount of primary minerals such
as mica are present in some fine alluvial sediments, but these primary minerals are sparse, and
clays are much more abundant. Most importantly, the extraction of Li pools shows that in
sediments, which have interacted with seawater, a significant portion (4.4% to 41.6% of bulk Li)
of light Li (—6.0%0 to —2.8%0) is carried by the Al/Fe-associated phase in seawater-contacted
sediments, whereas this portion of Li is relatively smaller (5.3% to 16.3% of bulk Li) and heavier

(—2.3%o0 to 0.1%o) 1n alluvial sediments. This clearly shows that the Li in the phase associated with

171



Chapter 4: “Reverse weathering” reactions: insights from Si and Li isotopes at a paleo-detaic
environment

Fe and Al are controlling the light Li isotope composition, as also suggested by the concentration

relationship between Li content and Al+Fe content (Fig 4.4).

Similarly, the §°°Si is lighter in marine sediments than in alluvial sediments. This can be
caused either by the loss of heavy Si or by the incorporation of light Si. No significant variations
of the Si content can be observed between alluvial and marine sediments. Field studies on DSi
(Bien etal., 1958; Conley and Malone, 1992; DeMaster, 2002) and global Si cycle models (Tréguer
and De La Rocha, 2013; Frings et al., 2016) suggest that estuarine and deltas are sinks for Si. Our
observations are thus compatible with an influx of light Si into detrital particulates in such deltaic

environments.

Another potential candidate to modify the 8’Li composition of detrital sediments is the Li
sorption onto mineral surfaces. Pistiner and Henderson (2003) showed that Li sorption onto
metallic (oxy)hydroxides (gibbsite and ferrihydrite) leads to significant §’Li fractionation in the
ambient solution whereas Li sorption onto smectite does not. Similar sorption experiments have
been performed with kaolinite in this work and a remarkable 8’Li fractionation has been observed
in the fluids (Chapter 3). This effect could potentially cause an apparent fractionation between
alluvial and marine sediments, and the possibility for this process can be examined through the
water rinsing experiment. Indeed, although at a very small degree (less than 1% of Li is rinsed out
by 3 times water rinsing), more Li is rinsed out from marine sediments than alluvial sediments,
suggesting the capacity of Li being taken up through adsorption by detrital sediments in marine
environment. Nevertheless, the amount of this rinseable Li (0.15—0.87%) is too small to induce a
significant effect on the bulk sediment §’Li. Additionally, this rinseable Li is isotopically heavier
than the bulk Li isotope composition, showing that if the adsorption effect was governing the

marine sediment diagenesis, the §’Li of bulk marine sediments would be higher than that of alluvial
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sediments, which is opposite to our observations.

The remaining explanation for the observed difference (lighter Si and Li composition in
marine sediments) is therefore the formation of new phases in samples that have interacted with
seawater. In this case, the lower §’Li signature of marine sediments can be seen as counterintuitive
as the seawater 8’Li composition is heavy compared to continental waters today (Huh et al., 1998;
Misra and Froelich, 2012; Dellinger et al., 2015; Henchiri et al., 2016), with modern seawater
having a §’Li being spatially homogeneous at 31%o. Experimental studies have allowed for the
estimation of isotope fractionation factors (ALissin/ruia = 8" Livin — 8 Lirmia) during fluid-mineral
partition between seawater and various minerals. For example, at low temperature (25°C),
A"Lismectite/seawater 15 ~ —10.9%o (Vigier et al., 2008). In general, the experimental and field data
suggest that A’LipinFuia is <0, meaning that marine authigenic clays having 8’Li lower than
seawater &’Li. In addition, it should be reminded that the water that has reacted with the marine
sediments in the Ainsa Basin might have had a 8’Li signature different from that of the modern
ocean for different reasons. First, the seawater 8’Li has changed through geological times. For
example, it increased by 9%o from the Palaeocene to present times. During the formation of
Sobrarbe delta complex under study here (approximately 42 Ma ago) the seawater §’Li was
estimated at ~24%o by Misra and Froelich (2012), about 7%o lower than present-day seawater.
Second, it should also be noted that the water that has interacted with sediments in the costal
context of Ainsa is not “pure” seawater but a mixture between open ocean water and continental
water. Finally, the formation of the proposed new phase could also take place in sediment column,
such that Li could be taken up from porewater which can have §’Li lower than that in seawater

(Tomascak et al., 2016).

In addition, according to Misra and Froelich (2012), the variation of 8’Li in seawater was
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mostly due to changes in the style of continental weathering, which in turn affected the global
riverine Li flux to the ocean. Most authors have indeed suggested that the global riverine dissolved
8’Li was low ca. 60 Ma ago (Li and West, 2014; Wanner et al., 2014). The local river dissolved
8’Li might also have been significantly different from the average riverine 8’Li. A few constrained
can be obtained by investigating the alluvial sediments. Compared to modern large river sediments
(Dellinger et al., 2014; Dellinger et al., 2017), the 8’Li values of the alluvial sediments studied
here are relatively high (Fig 4.10). The Ainsa alluvial sediments are consistently ~4-5%o heavier
in §’Li across the grain size range compared to modern river sediments from Amazon, Mackenzie,
Congo, and Ganga-Brahmaputra rivers (Dellinger et al., 2014), which suggests that (1) the source
rock of the Sobrarbe formation had a heavier §’Li signature than that of the average crust derived
by the large rivers listed above; and/or (2) the contribution of Li carried by the secondary minerals
to total detrital Li is low, reflective of highly erosive regimes (Dellinger et al., 2017). A lower
degree of clay formation at high erosion rates would indeed result in river §'Li being lower than
for example global present-day riverine 8’Li, in line with Misra and Froelich (2012)’s findings that
the global river water 8'Li increased from the Eocene to the present-day. Nevertheless, this
interpretation is still difficult to confirm as our sediment samples only represent local conditions,

and as no constrains on the source rock 3’Li signature at Ainsa is available.
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Figure 4.10 §’Li vs. Al/Si ratios for alluvial sediments at Ainsa basin and for sediments from
modern large rivers (Dellinger et al., 2014; Dellinger et al., 2017).

The experimental study of Michalopoulos and Aller (2004) shows that BSi grains are coated
by metals and/or replaced by authigenic clays during diagenesis. Therefore, the Si isotope
composition of authigenic clays should depend on the BSi §*°Si. Today, BSi formed in the marine
environments usually have §*°Si heavier than detrital sediments (Frings et al., 2016). Assuming
the §*°Si of Eocene seawater from Sobrarbe is not different from today, then the 5*°Si of BSi should
be heavy, and if no §°°Si fractionation is associated with the formation of authigenic clays, then

the marine sediments should have a heavier 8°°Si than that of alluvial sediments. This is
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contradictory with our results where §*°Si in sediments contacted with seawater is slightly lighter
than alluvial sediments. Two possible reasons can both explain our observation: (1) As for Li, the
53%Si of the Eocene costal water at Sobrarbe could be lower than present-day seawater 6°°Si, and
the formation of BSi consequentially have lower 8°°Si; (2) A fractionation of 3°°Si is associated
with authigenic formation from BSi. Although lacking solid evidence from experiments, we would
suspect the formation of authigenic clays following the same logics as for clay formation on land:
the conversion of BSi to authigenic clays involve Si dissolution from BSi to porewater/seawater,
and then precipitation of authigenic clays from porewater/seawater to solids. As for the formation
of secondary minerals during weathering, the formation of authigenic clays could also
preferentially take up light Si isotopes, such that eventually the marine sediments should be
characterized by a lighter 5°°Si.
4.5.2 Coupling between Si, Li, and Fe cycles in deltas

Given the chemical species expected to be produced by reverse weathering (e.g. clays and
oxides, equation 4-1), reverse weathering should mostly affect the finest fraction of sediments.
However, low 8°°Si and §’Li compositions (Fig 4.7 and Fig 4.8) do not only characterize fine
grains, but also grains of intermediate Al/Si values. This finding is in support of the experimental
results of Michalopoulos and Aller (1995), who observed that authigenic clay formation takes

place when coarse quartz grains are present in the incubation mixture.

This relative independence of reverse weathering processes on detrital sediment grain size
can be attributed to the role of Fe in estuaries and deltas. River estuaries and deltas act as a major
sink of riverine dissolved Fe. When river water passes through these environments, dissolved Fe
is incorporated into sediments due to colloidal flocculation and adsorption onto particles, and a

significant fraction (~90%) of dissolved Fe is removed into sediments (Sholkovitz, 1976; Boyle et
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al., 1977). The dissolved Fe transported through subterranean aquifers is also removed due to the
redox change (Slomp and Van Cappellen, 2004; Rouxel et al., 2008). This scavenged Fe might
play an important role on the formation of authigenic clays at river deltas. Indeed, a common
feature of authigenic minerals from experimental results (Michalopoulos and Aller, 1995;
Michalopoulos and Aller, 2004) and field studies (Ku and Walter, 2003) is that those clays are Fe-

rich.

During continental weathering, the precipitation of amorphous Si is a precursor reaction to
clay formation (Oelze et al., 2014; Oelze et al., 2015; Geilert et al., 2014). This may be similar for
the formation of authigenic clays in marine environment as well, such that mobile Si is required to
be present in pore waters. In sediments, Si supply is limited (Michalopoulos and Aller, 1995; Aller,
2014), and the redissolution of BSi is considered as an important source for Si in the pore water
(Van Cappellen and Qiu, 1997; Michalopoulos and Aller, 2004; Aller, 2014). In the deltaic
environments, Si supply to solution can be facilitated due to the presence of Fe, as the dissolution
of BSi can be promoted by iron oxides (Mayer et al., 1991), and the dissolution of quartz can be
enhanced by the redox cycling of Fe (Morris and Fletcher, 1987). Actually, at Ainsa, low §°°Si
values in marine samples are found where Si/Fe ratios are also low, suggesting the presence of Fe

aids in (Fig 4.11) preferentially taking up lighter Si.
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Figure 4.11 Relationship between 8°°Si and the Si/Fe in Ainsa sediments.

During continental weathering, low 8’Li values associated with Fe-rich horizons have been
observed in weathering profiles on continents too (Kisakiirek et al., 2004). In a deltaic environment,
with the presence of iron oxyhydroxides, a rapid process of Li sorption (Pistiner and Henderson,
2003) would preferentially take up °Li. Over larger time scales, early diagenesis allows for the
formation of oxides and iron rich aluminosilicates, which could incorporate Li too, as Li" (59 pm,
4-coordinate; 76 pm, 6-coordinate; 92 pm, 8-coordinate) and Fe?* (63 pm, 4-coordinate; 78 pm, 6-

coordinate; 92 pm, 8-coordinate) share similar ionic radii (Shannon, 1976).

This involvement of Fe in marine environments provides a suitable explanation of the
potential decoupling between 8’Li and grain size in marine sediments (Fig 4.7). During continental

weathering, secondary aluminosilicates formation is the major way to incorporate light Li isotopes
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in the solids, leading to a correlation between 8’Li and the Al/Si ratio, which reflects the clay
content. In the marine deposits, Fe incorporated into the sediments as iron oxyhydroxides provides
another pathway for Li to enter the solids. As shown previously, the Li content in our samples is
related to the amount of Al and Fe (Fig 4.4). The control of Al and Fe on §’Li is shown by the
relationship between 8’Li and the Li/(Al+Fe) ratio (Fig 4.12a). This relationship is stronger for
marine sediments and more scattered for non-marine sediments. No significant differences
between alluvial and non-alluvial sediments were observed when only considering the relationship
between §’Li and the Li/Al ratio (Fig 4.12b), which may be due to the fact that Al is mostly
immobile in the estuaries, leading to a lower variation of Al compared to Fe. Additionally, a clear
distinction is observed between marine sediments and alluvial sediments when investigating the
relationship between §’Li and Li/Fe ratios (Fig 4.12¢), which is visible for marine sediments only.
Such an observation strongly suggests that Li is incorporated and isotopically fractionated by Fe-

bearing phases in marine environments.

179



Chapter 4: “Reverse weathering” reactions: insights from Si and Li isotopes at a paleo-detaic environment

Y @ Allwial e o o o
(D! @ ® % (O Delta plain (@] ® C@ %.
Marine
o @ ¢ 2. ] @ o ® ¢ % .. 0
[ ) [ ]
o G ©C o 2 8
o féoo ' o e o ® & ©
O 9]
@ @ e T ege e ?;f:xb@@- o
e Y S S
® i o%w’ o
© ® ° ¢ %
[ ] @ L J
® o [ ] L J [ J
A B C
U.UE}UZ 0.0604 0.0606 0.0608 U.UEHD 0.0612 D.UE]CM D.D[‘JDE D.UEJUS 0.0610 U.U[‘J12 0.0&]14 U.DEHS D.UIUW U.[;DE D.U‘US U.UI[M D.C‘PDE
Li/(Al+Fe) Li’Al Li/Fe

Figure 4.12 Relationship between 8’Li and the Li/(Al+Fe), Li/Al, and Li/Fe ratios in Ainsa sediments.
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Such process is further supported by the HCl-leaching experiment results. A significant fraction
of Li was leached out from the solids, together with major metal elements such as Al and Fe (Fig
i.2, 1.3, and i.4). The analyses of 8’Li shows that this portion of Li is enriched in °Li (Fig 4.9).
Although this observation is valid for both marine and alluvial sediments, the difference between
the 8'Li of leached, Fe-associated Li, and the bulk §’Li are greater in marine sediments than in
alluvial sediments which could be due to differences in the “source” dissolved &’Li, and/or in the
isotope fractionation factor (A" Liyin/ruid) associated to continental and marine processes. Note that
this relationship between 8’Li and Fe content can also be observed from results reported in some
other studies on marine sedimentary rocks and marine sediments dominated by detrital sediments
(Fig 4.13). Combining the relationship between 8’Li and Li/Fe, and the observation that marine
sediments having lower §’Li than alluvial sediments, we suspect that the formation of Fe-Si rich
phases ( using Si released from BSi dissolution and Fe scavenged at deltaic environments or Fe
released from redox reactions in the sedimentary column) is the cause for the observed spatial

variation in 8’Li and 6°°Si at Ainsa.
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Figure 4.13 Relationship between 8'Li and Li/Fe in marine sediments (Chan et al., 2006) and
marine sedimentary rocks (this study and Qiu et al., 2009).

However, one contradiction remains: on the one hand, the studies on dissolved Li in estuaries

(Stoffyn-Egli, 1982; Brunskill et al., 2003; Pogge von Strandmann et al., 2008; Murphy et al.,

2014) suggest a conservative behaviour of Li; on the other hand, §’Li and Li content in particles

do not show the same conservative pattern (Pogge von Strandmann et al., 2008; Murphy et al.,

2014). However, it is of importance to point out that the seawater Li concentration is approximately

~100 times greater than the riverine Li concentration. Therefore, in deltas it might be difficult to

detect variations in Li concentration outside of those due to mixing. In particular, if dissolved Li

is taken up into sediments, the effect of such processes on the Li concentration in the estuarine
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zone could be invisible as such variation is small compared to the seawater end-member which
has a relatively homogenous Li concentration of 26uM.
4.5.3 Contribution of deltaic processes to the oceanic cycles of Si and Li

At Ainsa, the offset of 8’Li and §°°Si between marine and alluvial sediments show that light
Si and Li are incorporated into marine sediments, which implies in turn that the remaining

estuarine/deltaic water is elevated in 6°°Si and §’Li before entering the open ocean.

For Si, although we are unable to determine the degree of this influx from DSi into sediments,
the important implication is that riverine DSi is partially removed at deltas and the remaining DSi
is expected to be elevated in terms of §°°Si. This implication qualitatively agrees with the observed
behaviour of DSi in the field (Delvaux et al., 2013; Weiss et al., 2015), and further supports the
assumptions employed in Si ocean cycle models (e.g., Frings et al., 2016). Furthermore, the
marginally lower §°°Si in marine sediments suggest that, if the source of Si for the formation of
authigenic clays are BSi, Si isotopes are fractionated which could be occurring during the partial

dissolution of BSi or the formation of authigenic clays.

In terms of Li, at this stage, it is still difficult to quantify the effect of the deltaic processes
on the global open ocean. However, we can still evaluate the potential effects of these processes
based on observation (Section 4.4.3, marine sediments are isotopically lighter than alluvial
sediments) and our hypothesis (Section 4.5.3, Li incorporation into authigenically formed Fe-rich
aluminosilicate). We can assert that the suspected formation of authigenic clays preferentially
takes up light Li isotopes from ambient water and elevate the 3'Li of seawater. As suggested in
Chapter 3, the adsorption of Li onto detrital clays such as kaolinite can effectively elevate 8'Li in
seawater. Based on our observations at Ainsa (marine sediments having lighter 8’Li than alluvial

sediments, and only <1% Li is rinseable in marine sediments), we can state that the effect of
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authigenic clay formation on bulk sediment is greater than that of Li adsorption.

Regardless of the process involved in Li incorporation into sediments, we can propose a
first-order estimate of its effect on the global ocean §’Li signature. Interestingly, Murphy et al.
(2014) reported that in an estuarine context dissolved Li was conservative across the mixing zone
in terms of concentration but not in terms of isotope signature. This was interpreted as "exchange"
between dissolved Li and sediment in the estuaries, with no net effect on the Li fluxes (dissolved
vs. particulate) but entailing isotope fractionation. In such a scenario, a simple mass balance on Li
fluxes and isotope composition yields that:

i - (S % % A
diss i

diss

where A](fiiss is the difference in §’Li between dissolved Li in seawater and dissolved Li in the river
(before it enters the estuary); Al‘eidis the difference in 8’Li between particulate Li in seawater and

Li
diss

particulate Li in the river; f i, 1S the fraction of total Li transported through the estuary as solutes,
which goes unchanged through estuarine processes as observed by Murphy et al. (2014); and @is
the fraction of total sediments subjected to the exchange process. For example, assuming that at
Ainsa, when the delta formed, £ was equal to 0.8 (as inferred for the Eocene by Misra and

Froelich, 2012, for the global scale from a mass balance model and the seawater 8’Li), and noting

that Al‘eld from our measurements of alluvial and marine sediments from the paleo-delta, we can

calculate that the seawater would become elevated only by Aﬁiiss = 0.75%0 compared to river water

ifg=1.
This calculation can be applied for the present time and at a global scale, in order to estimate
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the conditions under which an effect such as that observed by Murphy et al. (2014) (exchange of
Li at estuaries with no net Li flux effect) could explain the high 8’Li of seawater. Today Af{iiss is

about 8%o and in modern rivers /i = 0.2 (Misra and Froelich, 2012). If estuarine/deltaic exchange

is controlling the seawater §’Li signature elevation (A](;iiss= 8%o), the minimum &’Li difference
between modern alluvial and marine sediment can be calculated as A;fd = 2%o if all riverine Li is
subjected to this exchange process (¢ = 1). Nevertheless, such effect is not being observed in
modern marine sediments (Bouman et al., 2004; Chan et al., 2006). Therefore, the involved process

need to induce a net flux of Li from the dissolved load to the sediments to explain the Li isotope

cycle in the ocean - reverse weathering and adsorption could offer such a flux.

Lastly, the isotope effect of reverse weathering effect observed here would be stronger than
previously estimated from an oceanic-scale mass-balance only (Misra and Froelich, 2012). Indeed,
during the formation of the studied paleo-delta at Ainsa during the Eocene, seawater §’Li was
around 24%o; at steady state, the authigenic clays would have a 8’Li signature ~8%o, (16%o lower
than seawater; Misra and Froelich, 2012), hence heavier than the observed alluvial sediments from
the paleo-delta. However, we have observed that marine sediments are lighter than alluvial
sediments at Ainsa (Fig 4.7), which suggests that the apparent fractionation between seawater and

this authigenic clays is much larger than 16%eo in deltaic environments.

4.6 Conclusion

Although we cannot put definite constraints on the Li ocean cycle yet, our results indicate
that estuaries play a significant role in regulating the riverine Si and Li isotope signatures delivered

to the ocean. We suggest that a significant sink of Li exists in estuarine environments, and that it
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is coupled with the scavenging and the diagenesis of Fe in deltaic environments. During the

formation Fe-rich authigenic silicate minerals, light Si and Li isotopes are preferentially taken up.

Our results of Si and Li isotope compositions in marine sediments being lighter than in
alluvial sediments suggest the formation of Fe-rich authigenic clays. A simplified chemical

equation corresponding to this process could be:

SiO, + Fe?" + 2HCO;= FeO-SiO; (Fe-Si rich phase) + H,O + 2CO> (Equation 4-2)

There are two points that need to be emphasised. First, to form these Fe-Si rich phases, the sources
of Si and Fe are needed. The original concept of reverse weathering (Mackenzie and Garrels, 1966)
was solely established from the seawater chemistry mass balance, leading to the first-order concept
where the authigenic clays were formed directly from dissolved cations in the ocean. Recent
studies (Van Cappellen and Qiu, 1997; Michalopoulos and Aller, 2004; Aller, 2014; Rahman et
al., 2016) have given better constraints on the source of Si, showing that the source of Si is BSi.
Iron can be supplied by the dissolution of detrital iron oxides during the redox changes
(Michalopoulos and Aller, 2004), and possibly through the scavenging of Fe at deltas. Second, this
formation of Fe-Si rich phases, in spite of poor constraints, requires the consumption of alkalinity

and produces CO».

Our work opens a gate for future studies: in shallow marine environments, sampling along
(1) a trajectory from river channel before the mixing zone all the way to the ocean would provide
better constraints on Li behaviour in deltas; (2) in the marine environment, deltas are potentially
sites for the formation the authigenic silicates due to the abundance of Si (high BSi productivity)
and Fe (detrital supply). If the Si and Fe supplies are the prerequisite, then areas where
hydrothermal activities take place can also be good candidates for the occurrence of reverse

weathering: Fe can be discharged by hydrothermal vents and Si can be provided in the form of
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both BSi (radiolarian) or inorganic Si precipitation (DeMaster, 2002; Frangois and Chaussidon,
2006); (3) experimental studies focusing on clay and oxides interaction with Li are required; (4)

as the Li and Fe cycles are coupled, Li isotopes may be applied to better understand environments

subjected to redox changes and past geological oxic/anoxic events.
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Appendix i:

1. Water rinsing experiments

Table i.1 Extracted Li by water rinsing experiment (in % of bulk content).

Sample name 1 rinse 2" rinse 3"rinse . Total . 8’Li 2 s.d.
rinsed Li

SA3 0.10%  0.04%  0.03% 0.17%

SA4 0.17%  0.06%  0.04% 0.28%

SA6 0.23%  0.10%  0.10% 0.43%

SA9 0.13%  0.05%  0.05% 0.23%

SA11 0.16%  0.06%  0.05% 0.27%
SA15 0.11%  0.05%  0.04% 0.20%
SA22 0.12%  0.06%  0.04% 0.22%

SC4 0.24%  0.07%  0.04% 0.35% 10.57 0.02
SC11 0.09%  0.04%  0.02% 0.15% 12.34 0.10
SC21 0.15%  0.04%  0.03% 0.22% 12.84 0.13
SD3 0.68%  0.12%  0.07% 0.87% 2.15 0.07
SD7 0.39%  0.08%  0.05% 0.52% 1.91 0.17
SD21 0.23%  0.06%  0.03% 0.32% 2.71 0.11
SD23 0.33%  0.10%  0.05% 0.48% 7.50 0.13

STS 029%  0.17%  0.11% 0.57% 12.14 0.21
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Figure i.1 Relative amount of Li extracted after 3 water rinsing steps (all combined). Across all
samples, less than 1% of total Li was extracted with this step. Sediments from marine
environments contain the highest fraction of rinseable Li, and no relationship is observed with
grain size.
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Figure i.2 Example of the stepwise extraction of Li, Fe, Al, and Ca by HCI (sample SD3, a
marine deposit sample). The amount of Ca extracted decreases whereas the Li, Al, and Fe
extracted amounts were higher after extractable Ca was exhausted.
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Table i.2 Extracted cations by HCI leaching experiment (in % of bulk content).

Sample Li Na Al K Ca \Y Cr Mn Fe Ni Cu Zn Ga Ge As Rb Sr Y Mo Sb GCs
SA3A 04 14 00 09 316 00 00 220 00 05 04 04 01 03 01 02 330 08 1.8 02 00
SA3BB 0.1 02 00 04 326 00 01 231 00 10 02 102 03 13 04 01 312 16 31 01 0.0
SA3C 02 19 00 02 229 00 00 172 00 02 07 17 06 32 03 01 244 50 12 01 0.0
SA4A 05 31 00 09 519 00 00 266 00 04 0.1 1.0 01 03 03 01 478 09 17 01 0.0
SA4B 05 04 00 04 371 00 01 230 00 12 02 15 01 04 04 01 265 25 1.8 0.1 0.0
SA4C 58 08 34 09 44 27 29 54 31 104 102 133 50 263 22 04 50 261 00 00 0.1
SA6A 1.1 34 00 09 228 00 0.1 191 0.1 1.7 10 66 02 09 02 04 276 15 36 0.7 0.1
SA6B 05 06 00 03 183 00 01 166 01 28 03 83 03 09 04 01 197 20 57 1.1 0.0
SA6C 09 33 00 03 180 00 0.1 133 0.1 1.0 10 90 14 55 03 02 192 76 29 06 07
SA9A 06 2.8 0.0 05 463 0.1 00 364 0.1 12 1.1 20 09 75 12 02 449 66 31 05 0.1
SA9B 06 1.7 00 02 346 01 02 191 00 23 04 768 08 48 1.1 01 344 62 28 06 0.0
SA9C 163 15 48 06 116 128 145 76 165 394 588 294 130 66.7 79 09 121 359 1.0 0.1 09
SA11A 05 39 00 1.0 455 01 00 321 00 04 04 28 03 15 03 02 556 28 45 03 0.1
SA11IB 03 09 00 04 409 01 02 265 00 10 03 196 02 07 02 01 357 24 95 03 00
SA11IC 74 26 38 09 160 62 63 116 60 138 408 143 101 496 56 12 124 389 -07 00 05
SA15A 02 00 00 14 423 01 01 238 00 09 03 18 00 00 04 01 437 02 129 06 0.1
SA15SB 00 06 00 11 32 00 -0.1 46 00 01 03 92 02 05 -02 00 -85 16 -88 05 0.1
SA15C 53 18 32 08 107 55 40 93 44 126 284 139 69 390 48 05 72 248 -02 01 02
SA22A 04 432 00 08 370 00 00 167 00 02 01 08 01 02 01 01 810 06 1.0 01 00
SA22B 02 24 00 03 285 00 00 162 00 05 01 35 00 00 02 00 387 01 23 01 0.0
SA22Cc 04 15 00 03 278 00 00 192 00 05 01 -05 01 09 02 00 126 23 05 00 0.0
SD3A 1.2 93 00 16 523 00 00 277 00 72 00 68 02 1.1 01 07 497 19 37 0.7 03
SD3B 06 27 00 05 363 00 00 201 00 40 01 67 03 15 02 03 288 35 37 05 0.1
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Sample Li Na Al K Ca \Y Cr Mn Fe Ni Cu 7n Ga Ge As Rb Sr Y Mo Sb Cs

SD3C 166 2.6 53 18 112 93 104 100 134 339 31 530 97 288 33 22 91 254 1.0 0.0 1.8
SD7A 100 24 21 12 83 45 41 516 97 304 189 451 58 361 126 10 664 332 26 0.5 0.6
SD7B 236 -03 43 09 40 47 85 86 161 306 90 380 93 140 70 15 35 39 49 0.4 2.0
SD7C 8.0 0.0 18 04 12 1.7 32 29 53 101 30 64 32 51 08 07 08 10 26 0.1 1.2
SD21A 0.7 9.1 00 13 354 00 00 164 01 21 0.1 1.7 02 00 02 03 306 1.1 1.6 0.6 0.1
SD21B 0.8 1.5 00 04 253 00 00 207 00 15 00 29 02 05 00 02 207 14 06 0.3 0.0
SD21C 14 1.7 01 03 215 00 00 198 06 22 03 44 1.1 39 04 01 188 79 03 0.0 0.0
SD23A 0.9 0.3 00 03 288 01 01 186 01 22 09 68 02 23 02 02 333 33 1.7 1.2 0.1
SD23B 0.3 -0.1 00 01 157 01 03 103 00 30 06 66 04 06 02 00 183 44 20 1.4 0.0
SD23C 0.7 0.2 00 01 246 00 00 154 0.1 12 -0.1 37 15 91 06 01 278 177 0.6 0.3 0.0
STSA 1.1 287 00 18 510 00 00 284 0O 58 08 49 02 1.1 02 07 533 28 54 2.1 0.2
STSB 0.7 1.6 00 05 357 00 00 253 00 54 07 310 02 12 01 04 305 20 46 1.3 0.1
ST5C  20.3 1.9 69 1.8 11.8 13.0 13.8 159 36.1 374 387 427 162 725 227 23 100 435 47 0.5 0.6
SC4A 0.7 3.6 00 11 343 00 00 172 00 04 09 06 00 01 05 02 575 05 13 0.3 0.0
SC4B 0.3 0.9 00 03 271 00 00 160 00 05 01 39 00 00 06 01 170 03 39 0.5 0.0
SC4C 0.6 1.7 00 03 275 00 00 218 00 14 08 -01 03 1.7 03 01 158 35 04 0.4 0.0
SCI1IA 0.2 1.3 00 10 240 00 00 195 00 05 02 08 01 01 04 02 241 08 7.7 0.4 0.0
SC11B 0.1 0.1 00 03 204 00 01 156 00 06 01 122 01 02 02 01 198 12 193 0.4 0.0
SC11C 0.1 0.8 00 03 207 00 00 153 00 02 01 09 06 32 08 01 192 44 -1.7 0.4 0.0
SC21A 03 1.3 00 08 346 00 00 198 00 04 05 06 00 04 01 01 427 06 15 0.1 0.0
SC21B 0.2 0.6 00 03 348 00 00 220 00 07 02 62 00 00 02 01 249 07 13 0.1 0.0
SC21C 44 0.8 29 08 209 35 36 193 38 141 360 174 56 365 22 04 140 405 0.1 0.0 0.1

1. The letter (A, B, and C) after the sample name represent the Leachate # 1, 2, and 3.
2. All the numbers are in the unit of % of bulk concentration, representing the fraction of extracted cations in bulk content, and negative numbers are caused
by instrumental errors.
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Sample  Ba La Ce Pr Nd Sm Fu Gd Tb Dy Ho Er Tm Yb ITu Hf Ta W Tl Th U
SA3A  11.1 05 02 02 02 02 09 03 03 03 03 03 03 03 04 00 01 50 03 0.0 4.3
SA3B 8.4 13 07 06 07 06 1.1 08 08 06 07 07 07 05 06 00 01 58 04 00 2.9
SA3C 4.5 32 19 1.7 19 16 23 26 25 22 25 23 23 1.5 20 00 00 31 02 0.0 1.1
SA4A 3.7 05 03 03 03 03 07 04 04 04 04 04 03 03 03 00 00 41 01 00 3.4
SA4B 2.8 .1 05 04 05 05 10 10 09 09 10 10 09 06 07 00 02 40 03 0.0 -0.2
SA4C 161 11.2 139 164 193 281 29.0 279 297 275 244 218 212 182 190 01 00 20 09 68 5.3
SA6A 141 08 04 03 03 03 09 04 05 05 06 07 05 04 07 00 03 315 12 0.0 6.3
SA6B 25 17 09 07 07 05 07 08 08 08 09 09 06 07 07 01 02 254 27 0.0 3.0
SA6C 1.9 63 38 31 29 23 28 35 37 37 42 36 39 27 34 00 00 172 48 02 2.7
SA9A 143 58 35 32 32 26 40 41 34 35 35 34 27 24 26 00 02 136 05 0.0 9.2
SA9B 24 5 33 31 32 27 32 42 36 34 35 32 24 22 24 01 03 113 13 00 7.7
SA9C 20 173 21.8 26.1 29.0 38.7 404 42.0 441 440 387 365 351 325 327 02 -0.1 51 22 194 121
SAI1IA 149 22 12 10 1.1 09 20 14 11 12 13 13 1.1 1.0 09 00 01 96 04 0.0 6.9
SA1IB 130 16 07 06 07 06 16 1.1 09 09 11 10 08 07 08 00 02 127 1.1 00 4.2
SAI1C  20.8 19.6 224 256 29.0 38.0 427 410 436 429 383 356 331 316 298 02 00 28 26 103 6.8
SAISA 5.8 61 01 01 01 00 07 01 00 01 01 0.1 25 01 28 01 04 376 01 00 4.8
SAI5B 0.0 10 05 04 04 04 06 07 11 06 10 06 78 04 89 00 00 09 21 0.0 2.3
SAISC 162 113 132 159 174 253 349 265 441 259 338 219 334 189 437 01 -01 16 67 62 4.3
SA22A 117 03 02 02 02 02 08 03 03 03 03 03 02 02 02 00 01 43 01 00 4.9
SA22B 8.3 00 00 00 00 00 05 00 01 00 00 o0.1 00 01 00 00 01 30 04 00 4.7
SA22C 4.0 10 05 04 05 05 09 10 09 09 11 09 07 06 08 00 00 1.8 00 0.0 0.5
SD3A 1.5 10 06 05 06 06 07 08 09 08 1.0 09 10 06 1.0 00 01 45 08 00 7.3
SD3B 0.8 20 13 12 12 12 13 17 19 16 18 14 1.7 09 14 00 04 34 15 0.0 3.5
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Sample Ba La Ce Prr Nd Sm FEu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta w Tl Th U

SD3C 1.3 10.6 135 16.0 18.1 257 29.1 26.7 329 268 278 226 313 190 285 02 -01 13 32 142 5.8
SD7A 24 99 120 154 194 336 380 389 391 385 330 296 259 248 233 02 03 78 1.7 95 15.6
SD7B 0.5 12 14 18 22 35 40 40 49 51 49 48 45 40 42 00 00 25 32 199 4.6
SD7C 0.1 07 08 09 10 12 14 12 14 14 13 1.1 1.1 1.1 09 00 00 20 05 36 1.3
SD21A 1.0 14 07 05 06 04 04 06 05 04 05 05 04 03 04 00 07 96 08 0.1 6.4
SD21B 0.4 16 09 07 07 05 05 07 06 06 06 06 0.5 04 05 00 01 15 20 0.1 1.4
SD21C 0.5 70 47 40 39 3.0 32 48 45 43 45 40 34 29 30 00 00 28 -02 0.0 0.6
SD23A 0.8 1.8 08 07 07 07 07 10 10 13 15 1.6 1.3 1.3 1.5 01 02 226 08 0.0 14.0
SD23B 0.3 30 15 13 13 1.0 10 16 15 17 20 20 1.8 17 20 01 03 164 22 0.1 7.9
Sp23C 04 108 69 58 59 47 50 77 72 80 90 94 8.1 73 7.7 01 01 62 -01 0.0 9.0
STS5A 2.8 1.5 09 08 08 09 09 13 12 12 13 12 09 08 08 00 01 46 1.1 0.0 6.0
ST5B 1.6 13 08 07 07 06 06 10 08 09 08 07 0.5 05 05 00 02 21 14 0.0 0.4
STSC 24 202 257 304 354 469 480 500 504 503 450 396 352 330 302 02 00 09 29 323 15.2
SC4A 23 03 01 01 02 01 03 02 02 02 02 03 02 02 02 00 01 36 0.1 0.0 5.6
SC4B 1.0 02 01 01 01 01 01 01 01 01 01 0.1 0.1 0.1 0.1 00 00 35 06 0.0 5.5
SC4C 0.8 24 14 13 15 12 13 20 16 15 16 14 1.1 07 09 00 00 01 0.1 0.1 -0.2
SC1t1A 220 04 02 02 02 02 13 04 03 03 04 03 0.3 03 04 00 01 51 01 0.0 6.1

SC11B 6.0 08 04 04 04 04 06 06 05 05 06 06 04 05 05 00 01 38 08 0.0 3.5
SC11C 3.0 34 22 19 20 15 19 25 22 20 22 19 1.7 1.3 1.5 00 00 02 00 0.1 2.7
SC21A 3.8 02 01 01 02 02 05 03 02 02 03 02 02 02 02 00 00 40 00 0.0 4.6
SC21B 34 04 02 02 02 02 05 04 03 03 03 02 02 02 02 00 00 28 04 0.0 3.1

SC21C 9.9 145 182 20.7 244 372 436 406 434 405 353 312 282 263 242 02 00 -01 04 49 6.2

1.

The letter (A, B, and C) after the sample name represent the Leachate # 1, 2, and 3.
2. All the numbers are in the unit of % of bulk concentration, representing the fraction of extracted cations in bulk content, and negative numbers are caused
by instrumental errors.
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In all samples, the amount of Li extracted before the Ca exhaustion was relatively small
compared to the Li being leached after the Ca exhaustion and was of the same magnitude as the

“rinseable” Li fraction.
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Figure i.3 Extraction of Li, Ca, Al and Fe from continental sediment samples. The first, second,
and last leachate are colored by black, grey, and dark grey colors.
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Figure i.4 Extraction of Li, Ca, Al and Fe from marine sediment samples. The first, second, and
last leachate are colored by black, grey, and dark grey colors.

Table i.3 Li isotope composition of “Ca-associated” and “Al/Fe associated” Li

Sample &’Li (Ca associated Li) 2s.d 8’Li (Al/Fe associated Li) 2 s.d.

SA 4 3.68 0.24 -1.73 0.20
SA9 5.52 0.13 -2.28 0.21
SA 11 2.60 0.07 0.13 0.24
SA 15 4.61 0.10 -0.45 0.26
SD 3 -0.55 0.09 -6.01 0.14
SD 7 -6.32 0.08 -3.53 0.27
ST 5 2.88 0.22 -4.67 0.37
SC 21 6.16 0.37 -2.83 0.30
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Chapter 5: “Source-to-sink-to-source” effects on the Si isotope
composition of detrital sediments

Julien: “The Chinese character ¢)!|” means river, right?”.

Xu: “Yep, because it looks like a river, ancient Chinese emoji. But not all characters are
pictogram, sometimes it’s the combined meaning of all elements composing that character. For
example, ‘I, it means sea and the combined meaning of its elements means ‘every drop of

299

water’”.

— 26°34'31.8"N 101°42'32.4"E, Panzhihua, China
11/09/2017
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5.1 Introduction

Detrital sediments are the solid products of erosion and weathering and are continuously
transported from continents to ocean. The geochemistry of suspended sediments thus archives the
integrated history of chemical weathering and erosion (Allégre et al., 1996; Dupré et al., 1996;
Millot et al., 2004; Dosseto et al., 2006; Viers et al., 2008, 2009; Dellinger et al., 2014), and of the
past evolution of the Earth’s surface. As the upper continental crust (UCC) is dominated by silicate
minerals, silicon (Si) is the second most abundant element in the Earth crust, after oxygen (Taylor,
1964). The interest to study the behaviour of Si during silicate weathering is severalfold. First, at
geological time scales, the weathering of silicate rocks is a pivotal process, which in particular
governs the CO;-climate feedbacks (Walker et al., 1981; Berner et al., 1983). Second, Si is also an
essential and regulating nutrient for phytoplanktonic organisms playing an important role in global
biogeochemical cycles. For instance, Si-bearing diatoms represent up to half of the marine primary
productivity (Egge and Aksnes, 1992; Tréguer et al., 1995; De La Rocha et al., 1998; Mann, 1999;
Conley and Carey, 2015). The ultimate source of the dissolved silica (DSi) in the ocean, which is
the source of Si for marine ecosystems, originates from the dissolution of silicate minerals by
weathering on the continent. Last, Si also provides information of the evolution on the Earth’s
lithosphere. For example, DSi released to the ocean by silicate weathering is thought to have been
a relatively small flux during the Archean whereas it is a dominant input to the ocean today (Ding

etal., 2017).

A powerful approach to study the behavior of Si at the Earth surface is to investigate its
stable isotope fingerprints, as these fingerprints can be used to trace the sources of Si and depict
the processes behind its transformation during Earth surface processes. Si has three stable isotopes

(De Biévre and Taylor, 1993; Poitrasson, 2017): 2Si (92.23%), *°Si (4.67%), and *°Si (3.10%).
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The isotope variations of Si are relatively small, as this element is not subjected to redox changes.
At the Earth’s surface, Si always occurs in the form of SiO4 tetrahedra in solids, and orthosilicic
acid (H4Si04) and its conjugating species in aqueous environments (Poitrasson, 2017). The advent
of multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) with high mass
resolution compared to older generations of techniques, and the improvement of Si purification
procedures using cation exchange resins (Georg et al., 2006), have enabled the use of the stable
isotope composition of Si as a robust geochemical tracer. The Si isotope composition is expressed
in 0-notation in the unit of %o, related to a reference material, the National Bureau of Standards 28

Sand Quartz (NBS-28, or also called NIST RM-8546):

X (xSi/ZSSi)sample
0 Si= [z—=——-1]| x1000, where x=29 or 30.
(S Si)\ps.28

Only mass dependent fractionation of Si isotopes has been reported, to date, for Earth surface
materials, such that the relative variation of the 2°Si/?®Si ratio can be determined from the relative
variation of 3°Si/?Si ratio. Therefore, for the rest of this chapter, the Si isotopic composition is

expressed as §°Si.

In the environment, the isotopic fractionation of Si from abiotic processes favors the
incorporation of its lighter isotopes in solid materials whereas heavier isotopes are enriched in the
dissolved phase (Ziegler et al., 2005a,2005b; Georg et al., 2006, 2007; Bern et al., 2010; Opfergelt
et al., 2010, 2011, 2012; Cornelis et al., 2014; Ameijeiras-Marifio et al., 2017). However,
theoretical calculations and experimental results show that equilibrium fractionation in fact favors
lighter Si isotopes in aqueous solutions (Dupuis et al., 2015; He et al., 2016). These findings
suggest that Si isotopes fractionation in natural weathering systems is controlled by kinetic

processes, especially during the formation of secondary weathering products (Oelze et al., 2014,
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2015).

Silicon is also an essential trace nutrient for many life forms including diatoms and plants (De
La Rocha et al., 1998; Sun et al., 2008; Opfergelt et al., 2008; Tréguer and De La Rocha, 2013),
and biogenic Si (BSi) is an important component of the Si cycle. At the Earth surface, BSi displays
the largest range of variation of §3°Si due to kinetic effects during the uptake of Si (Frings et al.,
2016). On the continents, the estimated annual production of BSi (~84x10'2mol/yr) is greater than
the riverine flux of Si (~6.3x10'2mol/yr) to the ocean (Opfergelt and Delmelle, 2012; Frings et al.,
2016). The uptake of Si by plants favors light Si isotopes from the ambient soil solutions, which
is what has been observed so far in terrestrial plants including corn, wheat, banana, bamboo, and
rice (Ziegler et al., 2005a; Opfergelt et al., 2006; Ding et al., 2008a,b). Processes associated with
BSi formation and dissolution are of fundamental importance for the DSi in the ocean, such that
the shallow seawater DSi content and its 5°°Si are both largely controlled by diatom activity (De
La Rocha et al., 2000; Cardinal et al., 2005; Reynolds et al., 2006; De Souza et al., 2012; Fripiat
et al., 2012; Grasse et al., 2013; Tréguer and De La Rocha, 2013; Holzer and Brzezinski, 2015).
Nevertheless, with the notable exception of Savage et al., (2013), who proposed that marine
derived BSi could influence the Si isotope signature of some sedimentary rocks having high §*°Si
values, the long-term role of biological activity on the Si signature solids at the Earth surface, in

particular in the sedimentary record, has been poorly addressed.

The potential of using Si isotopes in river sediments as a tracer of weathering process has
been suggested by Opfergelt and Delmelle (2012). On the one hand, a major fraction of Si in rivers
sediments is inherited from the parent rock via physical erosion. On the other hand, Si released in
solution by weathering reaction can be taken up during secondary mineral formation. The bulk Si

isotope composition of river sediments thus results from a mixture between these two components
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and should be related to the erosion and weathering conditions prevailing in the sediment surface

areas.

Recently, Bayon et al. (2018) measured the Si isotope composition of sediments from large
rivers for different size fractions including silts (4—63 um) and clays (<4 pum), and reported a
negative relationship between the 3°°Si and Al/Si ratios for the clay fraction of global river
sediments. The authors attribute this relationship to climate, with river basins currently subjected
to warmer and wetter climate having a lower §°°Si (and a higher Al/Si ratio) in their sediments’
clay-sized fraction. However, it should first be pointed out that river sediments have a much longer
residence time at the Earth surface than the time scale of the current climatic parameters such as
annual temperature and precipitation, and climatic variation takes place at a range of time scales
(Thompson et al., 2002; Mayewski et al., 2004). This could be a reason why for some large rivers
(the Mackenzie River for example) the clay §°°Si signature cannot be explained by climatic
parameters (Bayon et al., (2018). In addition, the global effect of lithology on the §°°Si of large
river sediments might have been overlooked, as suggested by the shale data of §*°Si (Savage et al.,
2013) and by the lithological observations from Bayon et al. (2018) for individual basins of
relatively homogeneous climate (Northern Ireland & Congo). In other words, the interpretation of
the 3°°Si of river clays needs to address the question of when these clays were produced: during
the current weathering episode ("soil-hosted" clays) or during ancient weathering episodes ("shale-

hosted" clays)?

Indeed, Nd isotopes in sedimentary rocks (Veizer and Jansen, 1979, 1985; Allegre and
Rousseau, 1984) show that detrital sediments are largely cannibalistic, meaning that that their
source material is already partially sedimentary, or "recycled". During recycling, sedimentary

rocks form from the deposition of products from ancient weathering episodes, are uplifted, re-
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exposed at the Earth surface, and subjected to erosion/weathering again. Nowadays, more than two
thirds of the Earth surface is covered by sedimentary rocks (Amiotte Suchet et al., 2003; Wilkinson
et al., 2009; Dellinger et al., 2014). More specifically, a previous study on lithium (Li) isotopes by
Dellinger et al. (2014) suggests that lithology, and in particular the presence of recycled, already
weathered rocks such as shales or sandstones, strongly influences the Li isotope composition of
river sediments. To some extent, Li has isotope properties similar to those of Si at the Earth surface.
Li is exclusively hosted in silicate rocks (Kisakiirek et al., 2005; Millot et al., 2010; Dellinger et
al., 2014), and the variation of Li and Si isotopes follow similar logics, in which the dissolved
species are enriched in heavier isotopes, whereas the lighter isotopes are preferentially
incorporated into the solid phase (Huh et al., 1998, 2001; Tomascak et al., 2016) — although it
should also be noted that differences exist between the two systems as Li is a trace element and is
not significantly involved in biological activity. Dellinger et al. (2014) use the isotopes of Li in
large river sediments (from the Amazon, Mackenzie, and Ganges-Brahmaputra rivers) as a tracer
of erosion and weathering processes. In particular, this study shows that the “weathered”
component of large river sediments is a mixture of solids derived from both (a) the erosion of
modern soils which are products of present-day weathering processes and (b) the erosion of detrital
meta-sedimentary rocks such as shales, which are products of previous weathering episodes.
Therefore, it could be expected that the Si isotope composition of river sediments is also the result
of both ancient and modern weathering episodes. Interestingly, Dellinger et al. (2014) made use
of the inverse relationship between the Li isotope signature and Al/Si ratio in river sediments,
Al/Si being used as a grain size proxy (Bouchez et al., 2011; Lupker et al., 2011; Dellinger et al.,
2014). Such relationship is similar to that reported for Si in shales by Savage et al. (2013), who

showed that the 5°°Si of shales is negatively correlated to their Al/Si ratio. The low §*°Si and high
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Al/Si values of some shale samples were suggested to be due to intense or prolonged weathering
of the source material, and the high §*°Si and low Al/Si values of some other shale samples were
suggested to be due to the addition of marine-derived Si such as BSi. Regardless, these studies
suggest that lithology, in particular through the prevalence of meta-sedimentary rocks over most
of the continental surface, could play a yet unexplored role on the &°°Si signature of detrital
sediments, which might obscure signals pertaining to present-day weathering (Dellinger et al.,

2017).

One possibility to address source effects on the isotope composition of detrital sediments is
to examine the coarse fraction of these sediments, which is less affected by modern weathering
processes (Dellinger et al., 2014). To improve our understanding of the influence of modern
weathering (in other words, processes) vs. ancient weathering (in other words, sources) on the Si
isotope composition on global river sediment, here we use a range of bulk sediment samples
differing in their grain size distribution, ranging from coarse material (River Bed Sediments, RBS)
to relatively fine sediments (surface Suspended Particulate Materials, SPM). We use sediments
sampled from the world’s largest rivers (42 rivers) to answer the following questions: Is biological
activity affecting the Si isotopic signature of river sediments? Is the reported variability of §°°Si in
shales a manifestation of weathering? Can Si be used as a tracer of modern weathering processes,
or does it rather indicate the past weathering processes? More generally, what are the major
controls on detrital sediment 5°°Si and how we can use this tracer to retrieve information on Earth

surface processes?

5.2 Sample material

In this study, we conduct a detailed examination of Si isotope variations over river sediment
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“depth profiles” (from channel surface to bed sands) from various sampling locations over the
Amazon and Mackenzie basins. Additionally, we also investigated channel surface suspended
sediments and bed sands from other world’s large river systems, covering various distinctive

geological, climatic, and biological settings (Fig 5.1).
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Figure 5.1 Map of rivers whos sediments were investigated in this study. The basins are colored by their geological characteristics:
subduction zone (red), sedimentary and cratonic (blue), sedimentary and collisional (purple), loess plateau (yellow), deccan traps
(orange), and the Amazon and Mackenzie basins where river depth-profiles were collected are colored in green.
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5.2.1 River depth profiles: Amazon and Mackenzie rivers

In order to obtain a representative view of the geochemistry of large river sediments and to
address both source and process effects on their isotope signatures, it is necessary to sample the
whole range of sediment grain size, which can be accessed through depth profiles. In large river
channels, sediments are sorted along the water column by hydrodynamics, resulting in finer
particles being enriched near the surface and coarse particles enriched towards the bottom, such
that this sorting effect causes variations in the properties of sediments along a given depth profile,
including systematic geochemical and isotopic variations (Bouchez et al., 2011; Lupker et al., 2011;
Dellinger et al., 2014). In particular, it has been shown that the Si concentration in sediments
increases from surface sediments towards RBS (Bouchez et al., 2011). We note that in the study
of Bayon et al. (2018), samples from different rivers were collected from a diversity of
geomorphological settings, such as river banks, river channels (at unknown depth), or estuaries
and submarine deltas, possibly making the interpretation of clay §*°Si because of undocumented
mineralogical enrichment effects. This issue does not arise with depth profiles, which represent a

mineralogical continuum of a given river at a given time.

Being the world’s largest river regarding basin area (6,300 x 10° km?) and discharge (6,300
km?/yr), the Amazon River has a sediment flux of 1,200 x 10° t/yr to the ocean (Milliman and
Farnsworth, 2013). The headwaters of the Amazon drain the Andes on the west side of the basin;
the low-relief Central Amazon plain, largely underlain by sediments and covered by the Amazon
rainforest; and two crationic shields (the Guyana and Brazilian shields) are located in the north
and south of the basin. The Andes is the main source of sediments to the Amazon River, mainly
through two tributaries: the Solimdes and Madeira rivers (Gibbs, 1967). Both rivers drain the

Andes where sedimentary rocks (shales and sandstones mostly) form the largest contributor to the
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outcropping rocks. The Andean part of Madeira tributary system is dominated by sedimentary
rocks, such as Ordovician-Silurian shales and Cretaceous-Cenozoic terrigenous sediments (Putzer,
1984). The Andean part of Solimdes system also drain ancient sedimentary rocks (Paleozoic-
Cenozoic); however, the Solimdes basin also features an arc-type igneous bedrock component
derived from relatively recent magmatism (Basu et al., 1990), and an active volcanic belt is present

within the basins of the Napo and Pastaza rivers (Moquet et al., 2011).

The Mackenzie River is located in the Arctic-sub Arctic area of North America, and
discharges 310 km®/yr of water to the Arctic Ocean from a basin area of 1,800 x 10° km?, with a
sediment flux of 100 x 10° t/yr (Milliman and Farnsworth, 2013). In terms of suspended particulate
flux to the Arctic Ocean, it is the largest Arctic river. The Mackenzie River system is characterized
by a Cordillera to the West (Rocky and Mackenzie Mountains), a plain in the center (Mackenzie
Interior Platform), and a cratonic shield to the East (Canadian Shield). In the Mackenzie River
basin, igneous rocks are sparse, and the lithology is dominated by sedimentary rocks (Reeder et
al., 1972; Millot et al., 2003). Because of lower temperature and runoff, the chemical weathering

intensity and rates are lower than that of the Amazon (Millot et al., 2003; Dellinger et al., 2014).

Samples from these two major river basins include SPM and RBS for the Amazon (Table
5.1) and Mackenzie basins (Table 5.2). Details about the samples and the sampling procedures are
reported in previous publications (Dosseto et al., 2006; Bouchez et al., 2011; Wittmann et al., 2011;
Dellinger et al., 2014). It is noteworthy that sediments from the Napo and Pastaza rivers used in

this study were sieved at 125 pm (Wittmann et al., 2011).
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Table 5.1 Silicon isotope composition of river sediments from the Amazon Basin

S:Z’}S ée River Location Type DZZ” oSi  2sd. 0¥Si  2sd.  AUSI
AMO6 01  Solimdes Manacapuru RBS -0.25 0.03 -0.14 0.03  0.06
AMO6 02  Solimdes Manacapuru RBS -0.22 0.07 -0.11 0.12  0.09
AMO6 03  Solimdes Manacapuru RBS -0.19 0.08 -0.13 0.01  0.08
AMO6 04  Solimdes Manacapuru RBS -0.06 0.03 -0.04 0.03  0.06
AMO6 05  Solimdes Manacapuru RBS -0.20 0.12 -0.11 0.03  0.13
AMO6 06  Solimdes Manacapuru RBS -0.27 0.06 -0.16 0.05  0.08
AMO5 04  Solimdes Manacapuru SPM 28 -0.29 0.04 -0.15 0.05 0.22
AMO5 06  Solimdes Manacapuru SPM 14 -0.42 0.04 -0.20 0.04 0.29
AMO6 07  Solimdes Manacapuru SPM 20 -0.30 0.06 -0.17 0.03  0.22
AMO6 09  Solimdes Manacapuru SPM 0 -0.63 0.07 -0.33 0.03  0.37
AMO6 10  Solimdes Manacapuru SPM 22 -0.38 0.04 -0.22 0.01 0.31
AMO6 11  Solimdes Manacapuru SPM 15 -0.39 0.05 -0.20 0.05 0.32
AMO6 12 Solimdes Manacapuru SPM 10 -0.40 0.06 -0.20 0.07  0.31
AMO6 13  Solimdes Manacapuru SPM 5 -0.47 0.03 -0.23 0.02  0.37
AMO6_14  Solimdes Manacapuru SPM 0 -0.62 0.06 -0.32 0.04 0.39
AMO6 15  Solimdes Manacapuru SPM 25 -0.36 0.04 -0.18 0.09  0.27
AMO6 16  Solimdes Manacapuru SPM 18 -0.49 0.06 -0.24 0.05 0.33
AMO6 17  Solimdes Manacapuru SPM 12 -0.61 0.11 -0.33 0.07 0.37
AMO6 18  Solimdes Manacapuru SPM 6 -0.51 0.09 -0.25 0.03 0.38
AMO6 19  Solimdes Manacapuru SPM 0 -0.59 0.07 -0.31 0.04 044
AMO5 20  Madeira Foz Madeira SPM 28 -0.05 0.09 -0.03 0.06  0.09
AMO5 24  Madeira Foz Madeira SPM 21 -0.38 0.04 -0.20 0.04 0.23
AMO06 44  Madeira Foz Madeira RBS -0.20 0.07 -0.09 0.04  0.06
AMO5 15  Madeira Foz Madeira SPM 23 -0.40 0.02 -0.20 0.03 038
AMO5 17  Madeira Foz Madeira SPM 12 -0.68 0.08 -0.37 0.08  0.40
AMO5 18  Madeira Foz Madeira SPM 8 -0.66 0.10 -0.33 0.05 044
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Sample

Depth

wame River Location Type (m) o%'Si 2s.d. 0¥Si  2sd.  AlUSI
AMO06 33  Madeira Foz Madeira SPM 12 -0.38 0.05 -0.20 0.04 022
AMO6 34  Madeira Foz Madeira SPM 6 -0.41 0.06 -0.20 0.04  0.29
AMO06 36  Madeira Foz Madeira SPM 15 -0.49 0.08 -0.24 0.08 0.28
AMO06 37  Madeira Foz Madeira SPM 10 -0.40 0.07 -0.22 0.07  0.28
AMO06 39  Madeira Foz Madeira SPM 11 -0.48 0.06 -0.24 0.08  0.30
AMO06 43  Madeira Foz Madeira SPM 0 -0.63 0.06 -0.31 0.05  0.36
AMO5 44  Amazonas Obidos RBS 42 -0.23 0.07 -0.11 0.07  0.08
AMOS5 46 Amazonas Obidos RBS 51 -0.23 0.13 -0.11 0.14  0.07
AMOS5 35 Amazonas Obidos SPM 58 -0.36 0.08 -0.19 0.03  0.20
AMO5 36 Amazonas Obidos SPM 45 -0.35 0.06 -0.17 0.07  0.21
AMO06 55 Amazonas Obidos SPM 55 -0.31 0.07 -0.15 0.06 0.21
AMO06 58 Amazonas Obidos SPM 10 -0.46 0.03 -0.23 0.04 0.33
AMO06_60 Amazonas Obidos SPM 35 -0.52 0.04 -0.26 0.06 0.29
AMO06_63 Amazonas Obidos SPM 45 -0.42 0.06 -0.23 0.10 031
AMO0O6 64 Amazonas Obidos SPM 20 -0.52 0.06 -0.26 0.01  0.36
AMO06 65 Amazonas Obidos SPM 0 -0.45 0.05 -0.27 0.03 042
AMO7_05 Beni Rurrenabaque RBS -0.19 0.04 -0.09 0.05  0.10
AMO1-14 Beni Rurrenabaque SPM -0.55 0.01 -0.27 0.08 0.42
AMO7 01 Beni Rurrenabaque SPM 4.5 -0.24 0.12 -0.14 0.08  0.17
AMO7 02 Beni Rurrenabaque SPM 3 -0.41 0.12 -0.22 0.05 031
AMO07 03 Beni Rurrenabaque SPM 1.5 -0.44 0.06 -0.22 0.05 0.32
AMO7 04 Beni Rurrenabaque SPM 0 -0.39 0.06 -0.22 0.02 0.33
AMO7_06 Beni Riberalta SPM 7 -0.27 0.04 -0.16 0.03  0.20
AMO7_07 Beni Riberalta SPM 5 -0.31 0.04 -0.17 0.01 0.19
AMO7_08 Beni Riberalta SPM 2.5 -0.34 0.06 -0.16 0.03  0.23
AMO7_09 Beni Riberalta SPM 0 -0.42 0.09 -0.20 0.02 0.28
AMOS 14  Ucayali Jenaro Herrera RBS -0.16 0.04 -0.06 0.03  0.13
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Sample

Depth

wame River Location Type (m) o%'Si 2s.d. 0¥Si  2sd.  AlUSI
AMOS 10  Ucayali Jenaro Herrera SPM 23 -0.40 0.06 -0.20 0.04  0.28
AMOS 13 Ucayali Jenaro Herrera SPM 0 -0.43 0.09 -0.22 0.08 0.31
AMO8 17  Ucayali Jenaro Herrera SPM  Medium -0.35 0.06 -0.15 0.03  0.19
AMO8 37 Pastaza Embouchure RBS -0.19 0.07 -0.09 0.14  0.27
Napo 3 Napo RBS -0.27 0.03 -0.15 0.05 035
Napo 4 Napo RBS -0.03 0.04 -0.01 0.01 0.34
Cocal Napo RBS -0.48 0.05 -0.22 0.04 033
AMO8 36 Pastaza Embouchure SPM 0 -0.40 0.07 -0.22 0.01 0.39
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Table 5.2 Silicon isotope composition river sediments from the Mackenzie Basin

Sample

Depth

e River Location Type m) oSi  2s.d. 0%Si 2s.d. AlUSi
CANO09 49 Red Arctic Tsiigehtchic RBS -0.23  0.08 -0.13 0.01 0.15
CANO09 53 Red Arctic Tsiigehtchic RBS -0.28 0.08 -0.14 0.03 0.15
CANO09 50 Red Arctic Tsiigehtchic SPM 4 -0.39  0.07 -0.20 0.03 0.31
CANO09 51 Red Arctic Tsiigehtchic RPM 2 -0.40  0.05 -0.22 0.04 0.31
CANO09 52 Red Arctic Tsiigehtchic SPM 0 -0.54  0.06 -0.26 0.05 0.31
CANO09 11 Liard Fort Simpson RBS 0.00 0.08 0.02 0.06 0.08
CANO09 12 Liard Fort Simpson RBS -0.24  0.04 -0.15 0.02 0.13
CAN10_50 Liard Fort Simpson RBS 0.01 0.09 0.03 0.03 0.07
CANI10 51 Liard Fort Simpson RBS -0.11 0.08 -0.04 0.04 0.10
CANO09 01 Liard Fort Simpson SPM 6 -0.22  0.03 -0.11 0.03 0.15
CANO09 02 Liard Fort Simpson SPM 4 -0.39  0.04 -0.21 0.02 0.23
CANO09 03 Liard Fort Simpson SPM 2 -0.27  0.07 -0.14 0.04 0.19
CANO09 04 Liard Fort Simpson SPM 0 -0.36 0.03 -0.18 0.11 0.24
CANI10 46 Liard Fort Simpson SPM 48 -0.16  0.06 -0.11 0.08 0.11
CAN10 48 Liard Fort Simpson SPM 1.5  -0.10  0.08 -0.05 0.04 0.16
CANI10 49 Liard Fort Simpson SPM 0 -0.28  0.10 -0.10 0.02 0.28
CAN11 03 Liard Fort Simpson SPM 65 -023  0.03 -0.11 0.01 0.20
CAN11 04 Liard Fort Simpson SPM 5 -0.13  0.07 -0.06 0.04 0.19
CANI11 05 Liard Fort Simpson SPM 35 -037  0.11 -0.12 0.04 0.20
CAN11_06 Liard Fort Simpson SPM .5 -032  0.09 -0.20 0.03 0.21
CAN11_07 Liard Fort Simpson SPM 0 -0.39  0.01 -0.20 0.05 0.22
CANO09 54 Mackenzie Tsiigehtchic RBS -0.06 0.06 -0.03 0.03 0.13
CANO09 43 Mackenzie Tsiigehtchic SPM 19.8  -0.43 0.07 -0.22 0.03 0.29
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Sample

Depth

wame River Location Type (m) oSi  2s.d. 0%Si 2s.d. AlUSi
CANO09 44 Mackenzie Tsiigehtchic SPM 15 -0.28 0.03 -0.11 0.06 0.28
CANO09 45 Mackenzie Tsiigehtchic SPM 10 -0.37 0.05 -0.18 0.03 0.30
CANO09 46 Mackenzie Tsiigehtchic SPM 5 -0.38 0.06 -0.21 0.07 0.29
CANO09 47 Mackenzie Tsiigehtchic SPM 0 -0.25 0.10 -0.14 0.01 0.30
CANI11_65 Mackenzie Tsiigehtchic SPM 13 -0.07 0.06 -0.02 0.02 0.13
CANI11_66 Mackenzie Tsiigehtchic SPM 10 -0.25 0.08 -0.17 0.03 0.17
CANI11_67 Mackenzie Tsiigehtchic SPM 5 -0.26 0.06 -0.13 0.10 0.21
CAN10 23 Middle Channel Inuvik RBS -0.13 0.04 -0.07 0.06 0.18
CANI10 27 Middle Channel Inuvik RBS -0.23 0.05 -0.10 0.07 0.10
CAN10 22 Middle Channel Inuvik SPM 15 -0.23 0.06 -0.07 0.01 0.21
CAN10 26 Middle Channel Inuvik SPM 0 -0.36 0.07 -0.17 0.01 0.33
CAN10 28 Middle Channel Inuvik SPM 19 -0.25 0.06 -0.16 0.01 0.21
CAN10 29 Middle Channel Inuvik SPM 17 -0.42 0.05 -0.23 0.03 0.31
CAN10 30 Middle Channel Inuvik SPM 12 -0.47 0.05 -0.23 0.05 0.32
CANI10 31 Middle Channel Inuvik SPM 6 -0.42 0.04 -0.22 0.06 0.32
CANI10 32 Middle Channel Inuvik SPM 0 -0.30 0.07 -0.13 0.05 0.38
CANI10 34 Middle Channel Inuvik SPM 8 -0.51 0.05 -0.22 0.08 0.27
CANI10 35 Middle Channel Inuvik SPM 6 -0.48 0.11 -0.19 0.02 0.26
CAN10 36 Middle Channel Inuvik SPM 3 -0.23 0.08 -0.10 0.02 0.28
CAN10 37 Middle Channel Inuvik SPM 0 -0.52 0.07 -0.24 0.06 0.35
CANO09 32 Peace Peace Point RBS -0.36 0.10 -0.14 0.02 0.16
CANO09_33 Peace Peace Point RBS -0.22 0.07 -0.10 0.01 0.10
CANO09 31 Peace Peace Point SPM 0 -0.37 0.03 -0.18 0.04 0.31
CANO09 41 Peel Fort McPherson RBS -0.13 0.07 -0.06 0.01 0.12
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Sample

Depth

wame River Location Type (m) oSi  2s.d. 0%Si 2s.d. AlUSi
CANO09 42 Peel Fort McPherson RBS -0.40 0.10 -0.20 0.01 0.18
CAN10 07 Peel Fort McPherson RBS -0.19 0.06 -0.09 0.01 0.09
CANO09 37 Peel Fort McPherson =~ SPM 9 -0.36  0.03 -0.18 0.03 0.25
CANO09_38 Peel Fort McPherson ~ SPM 6 -0.44  0.04 -0.22 0.02 0.26
CANO09 39 Peel Fort McPherson =~ SPM 3 -0.33 0.08 -0.18 0.04 0.26
CANO09 40 Peel Fort McPherson =~ SPM 0 -0.49  0.05 -0.26 0.04 0.30
CAN10 03 Peel Fort McPherson =~ SPM 85 -034 0.02 -0.22 0.03 0.19
CAN10 04 Peel Fort McPherson ~ SPM 55 -044  0.06 -0.25 0.03 0.26
CAN10 05 Peel Fort McPherson ~ SPM 25 -048  0.03 -0.25 0.06 0.27
CAN10 06 Peel Fort McPherson ~ SPM 0 -0.43  0.10 -0.15 0.03 0.27
CAN11 77 Peel Fort McPherson ~ SPM 6 -0.14  0.05 -0.09 0.03 0.20
CANI11 78 Peel Fort McPherson ~ SPM 3 -0.35  0.07 -0.16 0.03 0.21
CANI11_79 Peel Fort McPherson ~ SPM 0 -0.41 0.05 -0.21 0.03 0.27
CANO09 30 Slave Fort Smith RBS -0.18  0.07 -0.07 0.06 0.09
CAN10_66 Slave Fort Smith RBS -0.06  0.09 0.03 0.02 0.09
CANO09 28 Slave Fort Smith SPM 0 -0.22  0.06 -0.08 0.04 0.28
CANI10_65 Slave Fort Smith SPM 0 -0.21 0.08 -0.09 0.02 0.28
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5.2.2 Sediments from other large rivers

In this study we also report and interpret the 5°°Si of sediments (both channel surface SPM
and RBS) from other rivers. These samples (Table 5.3) provide complementary information on the
Si isotope cycle in various geological settings, which likely result in different patterns because of
distinctive source materials (e.g. igneous vs. sedimentary rocks), and/or varying weathering
intensity. These settings include subduction zones (Stikine and Fraser rivers, and small rivers of
the volcanic island of Guadeloupe), large igneous provinces (rivers draining the Deccan Trap:
Tapti, Purna, and Narmada rivers), Chinese loess plateau (Huanghe), sedimentary basins and
cratonic settings (Congo, Niger, Lena, and Seine rivers) or collisional zones (Brahmaputra, Ganga,
Orinoco, Irrawady, Salween, Mekong, Red, Xijiang, and Changjiang rivers). These samples are
from the sample repository of the Institut de Physique du Globe de Paris (IPGP). We note that
sediments from small rivers in Guadeloupe were sieved, and only the clay fraction (<63um) is

used in this study.
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Table 5.3 Silicon isotope composition of river sediments across the world

Sample

Sample name River ope %Si  2sd  0¥Si  2sd AUSI Setting
JAVA19 Java SPM -042  0.09 -0.19 0.02 0.38 Subduction
LEZARDE  lezarde Clay -1.07 015 -05 003 056 Subduction
(Guadeloupe)
Capesterre  Capesterre 096 007 .04 003 046 Subduction
10/9/2007  (Guadeloupe)
116?91;581(;37 ( GE: d};ifpe) Clay -0.70 0.1 -037 002 042 Subduction
CAN99-39 Stikine SPM -0.16 0.15 -0.08 0.04 023 Subduction
CAN99-21 Fraser SPM -0.34  0.03 -0.14 0.06 0.30 Subduction
G0211691 Congo RBS -0.04 0.09 -0.07 0.06 0.01 Cratonic / Sedimentary
C89-65 Congo SPM -1.06 0.11  -0.58  0.03 0.57 Cratonic / Sedimentary
C89-63 Congo SPM -1.19  0.08 -0.63  0.07 0.54 Cratonic / Sedimentary
PK520 Congo RBS -0.10 0.05 -0.05 0.07 0.01 Cratonic / Sedimentary
KASAI2 Congo RBS -0.14  0.11  -0.06  0.06 0.01 Cratonic / Sedimentary
StanleyPool Congo RBS -0.10 0.08 -0.06 0.06 0.00 Cratonic / Sedimentary
SANGHALI Congo RBS -0.15  0.09 -0.05 0.02 0.01 Cratonic / Sedimentary
LENA94-17 Lena RBS -0.13 0.11 -0.06  0.03 0.15 Cratonic / Sedimentary
BP37 Seine SPM -0.56  0.11 -0.31 0.01 0.32 Cratonic / Sedimentary
NIGERS95 Niger SPM -0.80 0.05 -0.39 0.10 0.42 Cratonic / Sedimentary
NIGERM95 Niger RBS -0.13 0.06 -0.07 0.07 0.05 Cratonic / Sedimentary
91M-1 Mississippi RBS -030 0.16 -0.16 0.06 0.16 Cratonic / Sedimentary
IND98-8 Tapti SPM -0.80 0.07 -0.37 0.03 0.35 Decan Trap
IND98-18 Purna SPM -045 0.02 -025 0.05 0.35 Decan Trap
IND98-28 Namarda SPM -0.78 0.10  -0.35 0.05 0.37 Decan Trap
CAN96-31  Yellowknife RBS -0.11  0.07 -0.05 0.03 0.17 Glacial flour
CH93-5 Huanghe RBS -0.19 0.15 -0.06 0.03 0.19 Loess plateau
CH94-5 Huanghe SPM -025  0.08 -0.15 0.04 0.29 Loess plateau
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Sample

Sample name River ope 'Si 2sd  6PSi 2sd AUSI Setting

CH93-6 Huanghe SPM -0.31 0.05 -0.17 0.05 0.34 Loess plateau

CH94-6 Huanghe SPM -020 0.07 -0.12  0.02 0.31 Loess plateau
VIET92-1 Mekong SPM -0.28 0.11  -0.15  0.05 0.28  Collisional / Sedimentary
OR46 Orinoco SPM -043  0.03 -023  0.02 0.24  Collisional / Sedimentary
BIR99-3 Irrawady RBS -0.27  0.11 -0.12  0.04 0.19  Collisional / Sedimentary
BIR99-1 Salween SPM -0.43 0.11 -0.23  0.04 0.32  Collisional / Sedimentary
IND99-20M  Brahmaputra  SPM -0.30 0.07 -0.19  0.05 0.29  Collisional / Sedimentary
IND99-20S  Brahmaputra  RBS -025 0.02 -0.14 0.02 0.21  Collisional / Sedimentary
IND99-19M Ganges SPM -040 0.10 -0.19 0.04 0.35  Collisional / Sedimentary
IND99-19S Ganges RBS -0.26  0.08 -0.13  0.03 0.11  Collisional / Sedimentary
CH93-1 Chang Jiang SPM -0.45  0.07 -0.2 0.08 0.36  Collisional / Sedimentary
CH94-1 Chang Jiang SPM -0.41 0.07 -0.2 0.01 0.35  Collisional / Sedimentary
CH93-4 Chang Jiang SPM -0.35 0.04 -0.16 0.04 0.32  Collisional / Sedimentary
CH94-3 Chang Jiang SPM -040 0.08 -0.18 0.06 0.37  Collisional / Sedimentary
CH97-2 Jinshaliang SPM -0.44  0.03 -0.19 0.04 0.35  Collisional / Sedimentary
CH97-13 Dadu He SPM -0.33 0.08 -0.16 0.03 0.27  Collisional / Sedimentary
CH93-3A Jialing Jiang SPM -0.29  0.08 -0.14 0.06 0.26  Collisional / Sedimentary
CH94-2 Jialing Jiang SPM -0.27  0.06 -0.14  0.08 0.26  Collisional / Sedimentary
CH93-3 Jialing Jiang RBS -0.27 0.06 -0.17 0.11 0.34  Collisional / Sedimentary
CH94-4S Xi Jiang RBS -0.25 0.16 -0.13  0.06 0.09  Collisional / Sedimentary
CHY94-4 Xi Jiang SPM -0.44  0.10 -0.2 0.05 0.37  Collisional / Sedimentary
YenBai DaRiver = gpni 043 007 023 004 037 Collisional / Sedimentary

(Vietnam)

VIET92-5 Red River SPM -036 0.13 -0.17 0.06 0.34  Collisional / Sedimentary
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5.3 Analytical methods

The precise measurement of the §°°Si signature of river sediments involves four steps:
sample digestion, Si concentration determination, Si purification, and §°°Si measurement. We
adopted the alkaline fusion method (Savage and Moynier, 2013; Savage et al., 2013; Pringle et al.,
2013a, 2013b, 2014, 2016) to digest the sediments and a modified version of the protocol from
Georgetal., (2006) to purify Si from the matrix. Only a summary is provided here as these methods
have been widely employed and discussed elsewhere. Sediment samples were firstly grinded in a
mortar. Approximately ~200 mg of NaOH were added as a flux to ~10 mg of each powdered
samples in a silver crucible, which was heated at 720°C for 12 minutes afterwards. The fused
samples were then cooled to room temperature and transferred into ~15 ml MQ-water in 30 ml
Teflon beakers, and were allowed to settle overnight. Afterwards, the samples were sonicated and
transferred to pre-cleaned PE bottles, and then further diluted and weakly acidified to ~100 ml 1%
(v/v) HNOs solution. The Si concentration of the sample solutions were analyzed using ICP-OES
(Amazon samples) or Q-ICP-MS (all other samples) at IPGP. Before isotope measurements, Si
was purified via column chromatography using 1.8 ml cationic resin (BioRad, AG50W-X12, 200—
400 mesh). Twenty pg of each sample were loaded onto the column, followed by an elution step
with 5 ml MQ water. The final solution was diluted to a Si concentration of 2 ppm and acidified

to 0.2 N HNO; for isotope analyses on a Thermo Fisher Neptune Plus MC-ICP-MS at IPGP.

The quartz sand reference material NBS-28 was used as the bracketing standard and the well
characterized basalt reference material BHVO-2 was used as an external standard to check the
accuracy of the protocol. These two reference materials were treated before analyses following the
same protocol described above as for samples. The silicon isotope composition of sediments from

large river systems, relative to NBS-28, are reported in Table 5.1, 5.2, and 5.3. Mass-dependent
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fractionation is indicated by the linear relationship between §°°Si and §*°Si across all samples, with
a slope value of 0.5025 (Fig 5.2). At the current resolution of our measurements, we are unable to
distinguish whether our results indicate kinetic fractionation (slope = 0.5092) or equilibrium
fractionation (slope = 0.5178). The long-term §°°Si of BHVO-2 from this study (—0.29+0.07%o,
n=72) is in agreement with previously reported values (Zambardi and Poitrasson, 2011; Savage et

al., 2011, 2013; Pringle et al., 2016; Bayon et al., 2018).

0.1

- Amazon rivers

- Mackenzie rivers

I:I World rivers

8%Si (%o)

- This study
——— Kinetic fractionation
— — Equilibrium fractionation
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Figure 5.2 "Three-isotope plot" (6°°Si against §°°Si) showing the mass dependent fractionation
in large river sediment samples. The measured slope (0.5025) is undistinguishable from the
theoretical kinetic (0.5092) and equilibrium (0.5178) relationships.

5.4 Results
Depth-profiles of §°°Si depict a stratification in most of the studied rivers (e.g. Solimdes and
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Red Arctic, Fig 5.4), whereas in a few rivers it remains invariant along river channel depth.
Consistently with the results from Dellinger et al. (2014) for Li, a negative relationship is found
(Fig 5.5) between 5°°Si and the grain size of sediments, using Al/Si as a grain size proxy (Bouchez
etal., 2011; Lupker et al., 2011; Dellinger et al., 2014). In the finer portion of river sediments (high
Al/S1), lighter Si isotopes are enriched. In the coarse portion (low Al/Si), there is a significant
enrichment of heavier Si isotopes. Notably, this finding is also consistent with the observation
from Savage et al. (2013) and Bayon et al. (2018) that the §°°Si value of shales decreases with

increasing Al/Si values.
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Figure 5.3 Sediment 5°°Si in large river depth-profiles: stratification of 6°°Si as a function of
relative river depth in the water column, d/H — ratio of sampling depth (d) to the river channel
depth (H).

For both Si and Li isotope systems, RBS are systematically enriched in heavy isotopes compared
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to SPM. In the case of Li, RBS samples plot on a binary mixing trend between igneous rocks and
shales (Dellinger et al., 2014). However, RBS have a relatively homogenous §*°Si signature
(except for one sieved RBS sample from the Napo river; Fig 5.3). In the following section, we will
examine the potential causes for the variations of §*°Si in river sediments and their plausible

implications.

The RBS from the world’s largest rivers have §3°Si values within the range of the Upper
Continental Crust (UCC) composition (—0.25 £ 0.16 %o; Fig 5.4), which was estimated by Savage
et al. (2013) from a weighted average of the four major units composing UCC: sedimentary rocks,
felsic intrusive rocks, metamorphic rocks, and gabbros (Wedepohl, 1995). The mean &°°Si value
of RBS (excluding the sieved Napo-Pastaza samples) is —0.19 = 0.19 %o (n=44, 2 s.d), matching
the mean Si isotope composition in the silt fraction of world river sediments (8°°Si=—0.21=£ 0.19 %o,
Bayon et al., 2018). The Napo-Pastaza samples have greater Al/Si values compared to other RBS
samples, similar to the silt samples from Bayon et al. (2018), because the Napo-Pastaza samples
used in our study were sieved at 125 pm (similar to the silt samples used in Bayon et al. (2018),
which were sieved at 4-63 um), such that the coarse component of those samples, which is
dominated by quartz whose Al/Si ratio is 0, was discarded. Therefore, these samples plot at higher

Al/Si values but still exhibit 5*°Si values in a range comparable with that of other RBS.

The §°°Si values of SPM samples are lower than that of RBS samples and UCC. Compared
to the clay fraction of river sediments from Bayon et al. (2018) (and considering only the non-
marine sediments, as the sediments collected from marine environments may have been subjected

to authigenic clay formation, see Chapter 4), SPM have lower Al/Si ratios and higher §*°Si values.
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Al/Si
0.0 02 0.4 06 0.8 1.0

0.4 1 L L L L

0.2

0.0

-0.2

0.4 . Amazon

06 d |:| Napo-Pastaza rivers

] . Mackenzie

37987 .
R [] world rivers
- -1.0 1
£ 127 [] mrBS
w144 O IPM

1.6 = ‘ Silt

1.8 4 > Cay

-2.0 +

2.2 +

24 4

-2.6

1.4

T T T T T
0.0 a1 0.2 03 04 05 0.6

AlSi

Figure 5.4 Large river sediment 5°°Si as a function of their Al/Si ratio, used here as a grain size
proxy. Samples with low Al/Si values are river bed sands (RBS, squares) while those with higher
Al/Si values are suspended particulate matter (SPM, circles). The grey box in the inset represents

the average upper continental crust composition with Al/Si=0.23 £ 0.02, §°°Si=-0.25 £ 0.16 %o

(Savage et al., 2013). Silt (filled diamonds) and clay (open diamonds) fractions of river
sediments are from Bayon et al. (2018).

Compared to Li, the Si isotope composition of large river sediments exhibits a relatively narrow
range (Fig 5.3), from —1.2%0 (SPM from Congo river) to 0.0%0 (RBS from the Liard river,
Mackenzie system). By contrast, the Li isotope composition of the SPM from the same rivers
varies from —6.2%o to 4.1%o (Dellinger et al., 2014, 2017). The relative mass difference between
®Li and "Li (1/6) is approximately 2.3 times that between 2*Si and 3°Si (1/14). However, the
absolute range of ’Li in SPM (10.3 %o) observed in river sediments in this study is nearly 9 times

larger than that of §*°Si (1.2 %o). Considering that both elements are not sensitive to redox changes,
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and that Si is more strongly involved in biological processes than Li, the limited range of isotopic
variation in river sediment of Si compared to Li demands further examination. Meanwhile, §*°Si
in the clay fraction of river sediments (8°°Siciay) also exhibits a greater variation (—0.11%o to
—2.16%o, Bayon et al., 2018), approximately twice the range of §*°Si values in bulk sediments,

suggesting that Si geochemistry in river sediment is at least partially controlled by mineralogy.
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Figure 5.3 Relationship between the 5°°Si and &’Li in river sediments from the Amazon (except
Napo-Pastaza), Napo-Pastaza, Mackenzie, and world rivers (Ganga-Brahmaputra and Congo
rivers). The grey box represents the average UCC with °°Si=—0.25 + 0.16%o (Savage et al.,
2013) and 8’Li=0 = 2%o (Teng et al., 2004).
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5.5 Discussion

Our results clearly show that the 8°°Si of sediments carried by the world’s largest rivers is
variable, with samples with coarser grain size (lower Al/Si) having higher °°Si than finer samples
(higher Al/Si). This finding is in agreement with the relationships previously reported between Li
isotopes and grain size of large river sediments (Dellinger et al., 2014). The relationship between
53%Si and Al/Si ratios also agrees with the observations made from &°°Si in the clay fraction of

river sediments (Bayon et al., 2018) and in shales (Savage et al., 2013).

The departure of the SPM &°°Si signature from that of the UCC is due to the fact that during
silicate weathering, the partitioning of Si between the solid and dissolved loads entails an isotope
fractionation (Ziegler et al., 2005a, 2005b; Georg et al., 2007; Opfergelt et al., 2009, 2011, 2012;
Bern et al., 2010; Opfergelt and Delmelle, 2012), and to the enrichment of secondary solids in
relatively fine SPM. As a consequence, the §*°Si of SPM from the studied rivers are lower than
that of the average global riverine DSi (1.28%o, Frings et al., 2016). Lastly, the comparison
between bulk SPM and separated clays from Bayon et al., (2018) suggests that the presence of
relatively coarse, unweathered primary minerals in SPM has a strong influence on Si isotope
composition in bulk river sediments.

5.5.1 Negligible biological effects on the 6°°Si of river sediments

We can first dismiss the influence of biological activity on the §°°Si variation in SPM. First,
the BSi fraction in river sediments is small. Frings (2014) estimated that only ~0.6% of the global
river SPM is amorphous silica (ASi), which contains some significant proportion of BSi. Second,
despite of the fact that Si (unlike Li) is taken up by continental and marine biota, the isotopic
variations of Si and Li are broadly correlated (Figure 1.5) with coarser sediments being enriched

in heavier isotopes and finer sediments enriched with lighter isotopes, although with smaller
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variability for Si than for Li.

However, it should be emphasized that the biological uptake of Si from DSi and the
formation of BSi is able to affect the concentration and isotope signature of continental DSi, for
example in lake environments where freshwater diatoms sequestrate a significant fraction of influx
of DSi (Harrison et al., 2012; Frings et al., 2014b), such that there may be an indirect effect of
biological activity on secondary mineral §°°Si that would form from this DSi. The Si isotope
signature of the secondary mineral end member is discussed below in this paper (see Chapter 5.5.3).
5.5.2  &°°Si and §"Li variations in large river bed sands

The fact that biological activity has little effect on the °°Si of river sediments makes the
53%Si and 8’Li systems comparable. Both isotopic systems are fractionated during weathering
processes due to the partition between solids (lighter-isotope enriched) and solution (heavier-
isotope enriched). In a 8°°Si—8’Li diagram (Fig 1.5), the trends depicted by SPM and RBS samples
are distinct. In SPM, §°°Si and §’Li are positively correlated, whereas RBS have a homogeneous
53%Si signature comparable to that of the UCC, while their §’Li displays a large variation from

—1.5 %o to 4.1 %eo.

At the Earth surface, the isotopic variation of an element can be attributed to different source
rock signatures, and/or to chemical transformation on its way from the source rocks. Dellinger et
al. (2014) have shown that there is a source effect on §’Li variation in river sediments, which is
displayed in particular by different Li isotope composition of RBS from different rivers. Silicon is
contained in all silicate rocks, thus the distinct §°°Si signatures of different parent rocks might
explain part of the observed variation in bulk sediment *°Si. The main contrast between potential
source rocks is observed (1) between different types of igneous rocks, which have a limited

variation in terms of °°Si (—0.4%o < §*°Si < —0.1%, Poitrasson., (2017) and references therein;
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for instance the average 6°°Si value of granites is §°°Si = —0.23 + 0.15 %o (Savage et al., 2012));
(2) between igneous sedimentary rocks such as shales which exhibit a greater variation of §°°Si
towards lower values (—0.8%o < 8°°Si < 0%o, Savage et al., (2013)). Due to its mobile nature and
its diffusive behaviour during magmatic processes, Li shows a large 8’Li variation in UCC-type
rocks (—5%o < 8’Li < 15%o0) and in continental volcanic rocks (-10%o < 8’Li < 10%o) (Tomascak et
al., 2016). In addition, sedimentary rocks display a large range of 8’Li values (—8%o < 8’Li < 15%o),
towards low values (Tomascak et al., 2016). Altogether, these differences in source rock isotope
composition variability could explain the fact that 8’Li displays a larger range than §°°Si in RBS.
In addition, the major mineral carrier of Si in most rock types is quartz, which is thought to have
a limited range of variation whatever the hosting rock is (—0.20%o, Savage et al., (2013)) and thus
would tend to “buffer” variations in 3°°Si across a range sediments of relatively coarse grain sizes.
In other words, if a river basin was strongly affected by the erosion of meta-sedimentary rocks
(shales and sandstones), this would have a strong effect on the 3'Li of RBS exported by this basin
(through the erosion of Li-rich, low- 8’Li shales), while this effect would be muted for the §*°Si
of RBS (through the erosion of quartz-rich sandstones, quartz having a homogenous &°Si

composition).

By contrast, the §*°Si—8’Li positive of SPM relationship is likely due to weathering, as during
rock-water interactions both systems follow similar logics of fractionation. We discuss below how
weathering at all time scales might control the §**Si composition of river sediments.

5.5.3 Mineralogical controls on the §*°Si of large river sediments

After dismissing the contribution of biological effects, the viable candidates to cause the

53%Si variations in large river sediments are: (1) a source effect resulting from different bedrock

sources (chiefly from the contrast between primary rocks and the products of previous weathering
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episodes, i.e. metasedimentary rocks; see section 5.5.2) having different 5°°Si values; (2) present-
day weathering processes through the formation of secondary minerals. It should be noted that
both the “source” and “process” isotope effects result from erosion/weathering processes, the
question being the time scale (10°-10° yrs vs. 10%-10° yrs) over which weathering effects are

integrated within the Si isotope signature of river sediments.

In general, weathering processes dissolve primary minerals such as feldspar and form
secondary minerals such as clays. This pattern can be shown when investigating the sodium (Na)
content of large river SPM. The most important Na-bearing mineral is feldspar, as Na can only
exist as a trace element in clays, and as in quartz there is virtually no Na. The “croissant-shaped”
relationship observed between the Na content (expressed as Na/Si) and grain size (Al/Si ratio) for
the Solimdes River and its tributaries draining terranes in the northern part of the Amazon Basin
with a significant contribution of igneous rocks shows that feldspars are enriched in intermediate-
Al/Si sediments there (Figure 5.6). This Na/Si “peak” is much lower for rivers draining the
southern side of the Amazon Basin (Beni River for example), which almost exclusively drains

sedimentary rocks, showing the scarcity of feldspar grains in the SPM of these rivers.
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Figure 5.4 Relationship between Na/Si (proxy for feldspar content) and Al/Si (proxy for grain
size) for Amazon river sediments.

Given the relationship that exists between Al/Si and Na/Si ratios, our large river sediments
53°Si data set (Fig 5.7) can thus be interpreted in terms of a mixing array amongst three
mineralogical endmembers: quartz, weatherable primary minerals (feldspar but also in some

settings mafic minerals such as pyroxene), and clays.
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Figure 5.5 Relationship between 6°°Si and grain size (Al/Si) for sediments from the world’s
large rivers showing the solid weathering products as a mixture among three end-members:
quartz, feldspar+pyroxene, and kaolinite. See Table 5.4 for explanations about the end-member

values.

Whereas previous studies provide constraints on the composition of the quartz and

weatherable primary mineral end members, the composition of the clay end member is of particular

interest as it is the one which is likely to carry a weathering signal (e.g., Dellinger et al., 2017).

We use a simple mass balance based on the mineralogy of river sediments to estimate the 5*°Si of

this clay end-member, assumed to vary from river to river. First, for a given sediment sample, the

Si budget is composed of three end-members:

f Weatherable T f Quartzt f Clayszl (Equation 5-1 )

With fweatherabie s fouartz, and fciays representing the fraction of Si carried by weatherable minerals

(feldspar and pyroxenes), quartz, and clays, respectively.

Additionally, we can establish the mass balance of the Al/Si ratio:
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Al Al A

1 Al
[E ]Bulk: [E ]WeatherablexfW"i_ [ Si ]Quartz XfQuartz++ [ E ]Clays XfCZays (Equation 5-2)

Moreover, the same relationship can also be applied on the Na/Si ratio:

[ N—? |Buic= | N—é Vweatheraviex furt [ N—? ouarez % fouar++ [ N—? | ctays X feiays  (Equation 5-3)
Si Si Si Si
With these three equations, fweasherable » fouarzy and fciays can be calculated. For the quartz end-
member, a value of 0 is assigned to both Al/Si and Na/Si. For the clay end-member, we use the
kaolinite stoechiometry (Al>Si20s(OH)4) because kaolinite is the Si-bearing mineral representative
of the terminal stage of aluminosilicate clay formation during weathering. Further desilication
"beyond" kaolinite, would lead to the formation of Si-free phases, such as gibbsite, which would
not influence the mixing array of Figure 1.7. This yields an Al/Si ratio of 0.96 and a Na/Si ratio of
0 for the clay end member. It is more difficult to constrain the Al/Si and Na/Si ratios of weatherable
minerals end-member, as relative amounts of different types of feldspars (in particular Na-bearing
vs. K-bearing) or of weatherable minerals (e.g. feldpsars vs. pyroxenes) (Fig 5.1) might vary from
one river system to another. Therefore we use a range of plausible Na/Si ratios for this end member,
ranging from the maximum Na/Si ratio observed in each corresponding river depth-profile to 0.274
(stoechiometry of pure Na-feldspar, Table 5.4). As both Al and Si are relatively insoluble, we
assume that the Al/Si ratio of the weatherable end-member remains relatively stable during
weathering, and we adopt an Al/Si value of 0.34 derived through mass balance using the UCC
5*%Si value and normative composition (Table 5.4). Results are presented in Appendix ii Table ii-
1. More than 50% of sampled river sediments have a quartz contribution to the Si particulate

budget over 40%, showing the prevalence of quartz in setting the bulk §*°Si composition of river
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detrital sediments, and as expected, RBS (low Al/Si) have higher fquart and lower fciay, whereas

fine SPM (high Al/Si) have lower fquartz and higher fqQuartz.

Then, the 5°°Si value of the clay end-member of each river can be estimated by extrapolating
the depth-profiles 8*°Si vs. fcuys trends of to fc = 1. For each river, we obtain a range of §°°Si
values for the clay end-member as a range of Na/Si were used for the weatherable mineral end-
member (Fig 5.8). Given the resulting uncertainties, it is difficult to observe any significant
difference in §*°Siciys between different rivers, that could be linked to the prevailing weathering
conditions on lithological sources in each basin. Therefore, we use a global average value of
53%Siclay=—1.60 £ 0.20%o. The range of measured kaolinite §°°Si is around —2.2 + 0.1%o for field
data (Ziegler et al., 2005b) and —2.0 = 0.1%0 from our own measurements of the well-studied
kaolinite standard KGa-2 (see Chapter 3), which is compatible with the inference derived from the
mixing model used here. The value of this end member is lower than that of the pristine continental
crust, but the fact that a unique global clay end member, independent from lithology and
weathering conditions across very different basins, can be defined in terms of &°°Si signature is
somewhat surprising. The possible reasons for this observation are discussed later in this

manuscript.

We note that although our approach involves some strong assumptions, extrapolating the
depth-profile 8°°Si vs. fouar- trends to foua=1 yield 8**Siquar values around —0.0 £ 0.1%o , which
is fully compatible with other estimates of this end member composition. Indeed, the §°°Si value
of the quartz end-member can also be determined through extrapolations of depth-profile data in
geochemical mixing diagrams (Fig 5.9). When a depth-profile trend of 8°°Si vs. Al/Si (or Li/Si)
for a given river is projected to 0, the intercept reflects the composition of the quartz (Li-and Al-

free) end member in the corresponding river system. We have tested this method using both Al
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(Fig 5.9a) and Li (Fig 5.9b) and both element extrapolations yield §*°Siquartz= 0.0 + 0.1%o for all
depth profiles considered here. Interestingly, this relative heavy Si isotope composition of quartz,
compared to UCC (—0.25 + 0.16%0; Savage et al., 2013), is in agreement with the observed
relationship between 6°°Si and SiO» concentrations in bulk igneous rock samples (Poitrasson, 2017,
and references therein) where §°°Si becomes heavier when SiO> concentration increases. The fact
quartz §*°Si is relatively heavier than average UCC, can also be an alternative explanation for some
heavy-5°°Si-low-Al/Si sedimentary rocks observed by Savage et al. (2013), who explained such
compositions by the incorporation of marine derived BSi. As explained above earlier, BSi most
likely plays a subordinate role on the §°°Si of global detrital sediments. We also emphasize that
some of the heavy-8°°Si rocks reported by Savage et al., (2013) could rather be termed as
“sandstones” rather than “shales”, as they feature a high abundance of quartz. Additionally, our
estimation of 8°°Siquarz based on river depth profiles is slightly heavier than the one Savage et al.
(2013) estimated from mineral-specific analysis (0.0 £ 0.1%o0 vs. —0.2%o), which would
consequentially generate a heavier average value for the sedimentary rocks, assuming sandstone
is only composed of quartz, in UCC (—0.19 £ 0.26%o vs. —0.31 + 0.26%o) using the same mass
balance relationship as in Savage et al. (2013). It’s unlikely that at Earth surface sandstones only
contain quartz, however we emphasize that sedimentary rocks §*°Si is controlled by the relative
abundance of sandstones and shales, which differs from Li whose isotope composition is barely

influenced by sandstones.

Finally, our inferred difference between §*°Siquariz and 6°°Siciays is comparable to the silicon
equilibrium isotope fractionation farcor between quartz and kaolinite at 300K, estimated at —1.6%o
by theoretical calculation (M¢éheut et al., 2007) and at —1.5%o by mass balance calculationd based

on field DSi 6°°Si data (Georg et al., 2007).
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Table 5.4 Si isotope composition and Al/Si ratio in primary minerals in Upper Continental Crust (UCC). Data from Taylor and

McLennan (1995)
Mineral Si content in Contribution to
Mineral Stoichiometry | abundance in UCC (%) total UCC Si Al/Si | §°°Si (%o)
UCC (%) ’ (%)
Quartz Si0; 16.1 7.5 24.3 0 0+0.1
Orthoclase KAISi:0s 20.1 6.1
Fe]dspar Albite NaAlSi30s 33 10.6 63.0
Anorthite CaAl>S120s 13.9 2.8 0.34 -0.3+0.1
Diposide MgCaSi20¢ 5.8 1.5
Pyroxene ; 12.7
Hypersthene (Mg,Fe)SiOs; 10.0 2.4
[Imenite FeTiO3 1 0.0 0.0
Total 99.9 30.9 100
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Figure 5.8 Estimation of the Si isotope composition of the clay end-member (8*°Siciays) for each
river using mineralogical mass balances over sediment depth-profiles. The grey area represents
the average value over all rivers, at §*°Si=—1.60=0.20%o.
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Figure 5.9 Estimation of the Si isotope composition of the quartz end-member (8*°Siguartz) using
sediment depth-profiles from the Amazon and Mackenzie rivers, by intercepting the 5°°Si value
at (a) Al/S1= 0 and (b) Li/Si = 0. The stippled lines indicate the linear best-fits for each depth-
profile.
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5.5.4 Interpretation of large river sediment §°°Si in terms of the geological context

These three endmembers can be placed in a §*°Si-Al/Si diagram, defining a mixing array
(Fig 5.7) that can be used to interpret the signature of present river sediments and detrital archives
in terms of geological context. At the top of this array, particulates are composed of primary
minerals, and contain no clays. Sediments resulting from physical erosion during the weathering
of igneous rocks (granite for example) can be found in this part of this array, and most large river
RBS and silt samples (Bayon et al., 2018) plot close to this limit. The right edge connects the end-
member of “weatherable” primary minerals (feldspars and pyroxenes) and the end-member of
clays. This area may be characteristic for the weathering of volcanic islands as quartz is sparse in
these settings, and other Si-bearing minerals of basaltic rocks such as olivine dissolve relatively
fast (Pokrovsky and Schott, 2000; Oelkers, 2001; Montserrat et al., 2017). We expect this type of
sediments to be present only in minor amounts in the sedimentary deposits as at large scales and
in particular in continental settings, quartz-free sediments are rare. Consequently, most bulk
sediment samples plot relatively “far” away from this limit, except for the sieved samples (quartz-
free) from the Napo-Pastaza rivers and the large rivers clays (Bayon et al., 2018). The bottom right
limit represents the “congruent” weathering of most rocks featuring the absence of “weatherable”
primary minerals, as sediments plotting there are only composed of quartz and clays. For example,
the SPM from Congo River plot in this area, illustrating that due to the high weathering intensity
of this basin (Gaillardet et al., 1995; Henchiri et al., 2016), weatherable primary minerals are

virtually absent.

Altogether, our analysis shows that 3°°Si and Al/Si can be used in detrital sediments to
retrieve information about the geological and weathering contexts of the sediment source areas.

However, we note that Savage et al. (2013) report that the shale §°°Si was not well correlated with
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indexes for chemical weathering. This might be due to the effects of "reverse weathering" (Chapter
4), where recycled detrital sediments might have taken up soluble cations during their interaction

with seawater before being turned into sedimentary rocks during diagenesis.

Whereas primary minerals such as feldspars are largely consumed during weathering, the
position of large river bulk sediment in the §*°Si-Al/Si diagram clearly shows that quartz dominates
the particulate Si budget to the ocean, due to its resistance during weathering. As quartz is usually
found as coarse grains, the prevalence of quartz should be reflected in the type of sediment
transport involved, with possibly a strong contribution of bedload to the total sediment flux of
larger rivers, which is discussed in the next section 5.5.5. Finally, the origin of the material forming
the third end member (clays) could be both present-day weathering and previous weathering

episodes. These possibilities are discussed in section 5.5.6.

5.5.5 Contribution of bedload transport to total sedimentary fluxes of large rivers from Si
isotopes

In the following we use a Si isotope mass balance to determine the relative contribution of
bedload and suspended sediment flux to the sedimentary export of the Amazon. Indeed, as the
Amazon river is the largest river in the world, the geochemical information it carries reflects the
integration of erosion and weathering processes over large continental areas. The following Si

mass budget can be established among DSi, SPM and RBS:
Josit fsem+ fres=1  (Equation 5-4)

where fpsi , fspm, and frps represent the fraction of Si carried as DSi, SPM, and RBS in total Si

budget. Additionally, for the Si isotope composition:

8°Sipsi Xfpsi+ 8°Sisear *fspu + 8°°Sirzs Xfres= 8*°Sicus: (Equation 5-5)
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Having two equations, we can determine two unknows: fspis, and fzps. To obtain a value for fps;,
we compile different global-scale estimates of dissolved and particulate Si fluxes to the ocean
(Table 5.5). We assign an approximate Si concentration in solids of 31% (Si abundance in the
UCC; Rudnick and Gao, 2003) to calculate the Si mass budget to the total sediment flux. The
global estimation yields an approximate fraction of dissolved Si (fps;) compared total Si (dissolved

plus particulate) flux ranging over ~2—5%.

Table 5.5 Dissolved and particulate Si fluxes to the ocean. Data from: a. Meybeck and Ragu
(1995); b. Milliman and Farnsworth (2013); c. Frings et al. (2016); d. Opfergelt and Delmelle
(2012); e. Tréguer and De La Rocha (2013); and f. Diirr et al. (2011)

Dissolved Si flux Particulate Si flux
209 x 10° T/year ? 5.89 x 10° T/year ®
177.24 x 10° T/year © 3.91 ~7.44 x 10° T/year ¢
202 x 10° T/year © 4.12 x 10° T/year *
Average 196.08 x 10° T/year 5.23 x 10° T/year

We assume at first-order that the average bedrock within the Amazon should be close to the UCC
composition, thus §*°Sicrust=—0.25%o (Savage et al., 2013). In the Amazon River, the 5°*°Sips; value
can be determined as 1.38%o from a weighted average 5°°Sips; of the Solimdes and Madeira rivers
(Hughes et al., 2013). For the value of §*°Sispu, a grain-size integrated estimate should be used.
The main two tributaries of the Amazon River, the Solimdes and Madeira Rivers, are responsible
for 55% and 45% of the total sediment flux to the Amazon mouth, respectively. The grain-size
integrated Al/Si was estimated as 0.25 for Solimdes and 0.34 for Madeira (Bouchez et al., 2012).
Using the relationship between §°°Si and Al/Si in the depth-profiles of these two rivers (Appendix
ii, Figure ii-1), the averaged §°°Sispu of the Amazon rivers can be then calculated at —0.44%o.

Finally, the §°°Siggs value of —0.20%o is taken as the average §°°Si values measured for RBS
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samples from the Solimdes and Madeira rivers. With these constraints we calculate that fspy=53.8%

and frps = 41.2%.

The sedimentary Si fluxes can also be expressed as a function of total sediment mass fluxes and

Si concentration in each flux:

(frBs ) _ [Si]rss*Fras
(fsenr ) [Si]spm>xFspm

(Equation 5-6)

Where [Si]spa and [Si]rss represent the Si concentration in SPM and RBS, and Fspy and Fras
represent the total mass flux of SPM and RBS. The [Si]zsscan be obtained from the average Si
concentration in Solimdes and Madeira RBS samples as 39.4%. For the [Si]spuy, the grain-size
integrated value (Appendix ii, Fig ii-2) is 31% for the Solimdes and 28% for the Madeira, with a
weighted average at 30%. Therefore, with equation 5-6, the relative sediment fluxes in the Amazon
River can also be estimated. In the Amazon River, the relative flux of bed sands is estimated as
37%. If we consider that bed load is composed of pure quartz (8°°Sigrss= 0%o; Fig 5.8; and [Si]zas
= 46.7%), the relative flux of bed sands s 16.6%. We note that these values are depend on the
source rock 5°°Si of the draining basin. If we assume a pure sedimentary basin and adopt the value
83%Sisedimentary= —0.19%o (quartz dominant, section 5.5.3) or 8>°Sisedimentary= —0.31%o (Savage et al.,
2013), the result of bed load flux will respectively become 28-63% (8°°Sisedimentary= —0.19%o) or 6-
14% (8°Sisedimentary= —0.31%o). The Amazon basin is the largest river basin in the world, hence we
consider its weight average bed rock §°°Si is close to UCC. The results of these calculations are

summarized in Table 5.6.

246



Chapter 5: “Source-to-sink-to-source” effects on Si isotope composition of detrital sediments

Table 5.6 Calculation of relative flux of sediments (RBS and SPM)

R — RBS SPM DSi
verage 1 (700 _
(Bedrock=UCC) O'z(ggi‘;j:z)or 0 —0.44 1.38
[Si] in sediments (%) 32';‘ gfé;lg ;‘:Zfagfé)"r 30.0
Relative Si flux (%) based on
field RBS data 4.2 53-8 >
Relative Si flux (%) assuming
RBS=quartz 22.5 72.5 5
Sediment flux (F/F:) based on
field data (%) 36.8 63.2
Sediment flux (F/Fi:) 16.6 R3.4

assuming RBS=quartz (%)

Relative RBS flux (F/F:) when §*°Sibedrock= —0.19%o: 28—63%

Relative RBS flux (F/F:) when 8*°Sibedrock= —0.31%o0: 6—14%

Overall, §*°Si signatures of detrital sediments over depth-profiles show that in the Amazon River,
about 16% to 36% of sediments are transported in the form of bed sands. Both results are higher
than previously proposed values (10%, Lane and Borland, 1951), but it should be emphasized that
direct measurements of bedload fluxes are scarce. Our estimation is similar to that made in a
previous study on the Ganges-Brahmaputra river (Galy and France-Lanord, 2001) using ratios of
major elements including Al, Si, and Fe.
5.5.6 The evolution of the river sediment Si isotope composition through continental recycling
We show above that the 8°°Si signature of fine sediments of large rivers carries information
about weathering processes; however, the signal is possibly derived from both long-term processes
such as recycling of sedimentary rocks, and relatively "short-term" processes such as modern-day
weathering and soil formation. We discuss these two possibilities in the following.
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Weathering processes are able to fractionate Si isotopes at two steps: during the release of
Si by mineral dissolution and during Si incorporation into secondary phases. We can dismiss the
impact of the first step (Frings et al., 2016; Poitrasson, 2017). For example, experimental studies
show that the dissolution of basalts preferentially release lighter Si isotopes into the aqueous phase
(Ziegler et al., 2005b), but also that this effect is mitigated after the initial steps of the dissolution
process. It should also be emphasized that such effect cannot explain field observations showing
that aqueous samples are exclusively enriched in heavy Si isotopes compared to solids (Frings et

al., 2016).

Significant Si isotope fractionation can occur during the formation of secondary weathering
products, clays for instance, which preferably take up lighter Si. Previous studies show that soils
have a large range of 6°°Si values (from —2.7 %o to —0.1%o); (Ziegler et al., 2005a; Opfergelt et al.,
2008, 2012; Bern et al., 2010; Steinhoefel et al., 2011; Opfergelt and Delmelle, 2012; Ameijeiras-
Marifio et al., 2017). In soils, most secondary Si is hosted by clays, the formation of which results
from a series of complex processes. Nevertheless, theoretical calculation and experimental results
(Dupuis et al., 2015; He et al., 2016) revealed that at isotopic equilibrium between aqueous H4SiO4
solution and kaolinite, lighter Si isotopes are enriched in aqueous phase. The contradiction between
the theoretical/experimental findings and field studies suggests that in the environment the
fractionation of &°°Si is of kinetic nature, which is probably associated with the precipitation of
amorphous silica as an “initial” secondary phase at early stages (Oelze et al., 2014, 2015; Geilert
et al., 2014). Sieved soil clays formed on volcanic islands or volcanic ashes (Ziegler et al., 2005a,
b; Opfergelt et al., 2010, 2011, 2012; Opfergelt and Delmelle, 2012), or clay fraction of river
sediments from Guadeloupe rivers (Table 5.3) have §°°Si signatures at, or even lower than, the

bottom range of the large river SPM §°°Si from this study (Fig 5.11a). The low §°Si observed in
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the products of weathering of igneous rocks indicates that the effect of present-day weathering is

capable to result in low §*°Si in solid weathering products.

To further explore this hypothesis, it is insightful to compare the 5°°Si in river sediments to
that of river water, because dissolved §*°Si is dominated by present-day weathering processes. All
our samples possess 5°°Si values distinctively lower than the average °°Si of riverine DSi (1.28 +
0.68%o, Frings et al., 2016). A compilation of 8°°Si in river sediments and in continental DSi
illustrates that during silicate weathering light Si isotopes are preferentially incorporated in the
solids whereas heavy Si isotopes enter the solution (Fig 5.10). An isotopically light counterpart
should thus be present in detrital sediments, as shown by SPM data, making our observations
compatible with a role of present-day weathering in setting the 8°°Si of large river sediments. The
proposed role of present-day weathering is also in line with the fact that the lowest 6°°Si values of

sediments are obtained for the clay-richest samples (highest Al/Si values).
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Figure 5.6 Compilation of 6°°Si in world’s river waters (De La Rocha et al., 2000; Alleman et
al., 2005; Ziegler et al., 2005a, b; Georg et al., 2006, 2007, 2009; Opfergelt et al., 2009, 2013;
Cardinal et al., 2010; Engstrom et al., 2010; Engstrom, 2010; Ding et al., 2011, 2014; Hughes et
al., 2011, 2012, 2013; Cockerton et al., 2013; Delvaux et al., 2013; Fontorbe et al., 2013; O.
Pokrovsky et al., 2013; Frings et al., 2014a; Mavromatis et al., 2016) and in bulk river sediments:
this study and other studies (Ding et al., 2011; Ding et al., 2014). The difference displayed
between §°°Si in solution and in solids shows that lighter Si isotopes are preferentially taken up
in the solid load whereas heavier Si isotopes are enriched in the dissolved load.
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However, low &°°Si value for high Al/Si samples could also be produced with fine clays
formed during ancient episodes of weathering and carried by rivers due to present-day erosion. In
addition, it should be reminded that the Si isotope composition of the clay end member seems to
remain constant from one large river to another (Fig 5.8), independently from the local conditions

in terms of weathering regime.

251



Chapter 5: “Source-to-sink-to-source” effects on Si isotope composition of detrital sediments

- Amazon
D Napo-Pastaza rivers
. Mackenzie
:{H—Eﬂ: D World rivers
i Eﬂ: +
- 124 + [ ] RBS
2 ] + ot (O sem
7 6 Tow+ v
£ +
-2.0 1 + EB: EB: + Soil clays
i + I (Cameroon)
-2.4 +
i .ﬂ. :ﬂ: Soil clays
-2.8 (Guadeloupe)
e + +
'32 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Al/Si
0.0 4
- Amazon
D Napo-Pastaza rivers
- Mackenzie
-0.4 :
- |:| World rivers
X
-’
;’7 [] RBS
@ (O sem
-0.8
ok Shale
-1.2 A <>
(b)
T T T T T

0.0 0.1 0.2 0.3 0.4 0.5 0.6

AV/Si

Figure 5.7 Large river sediment °°Si as a function of grain size (Al/Si), together with (a)
present-day products (clays) of the weathering of igneous rocks (Opfergelt et al., 2009, 2010);
(b) shales (Savage et al., 2013)
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To explore the role of recycling (or in other words of the weathering/erosion of meta-
sedimentary rocks) on the 8°°Si of large river sediments, we can examine the composition of
sedimentary rocks. As shown by Savage et al. (2013), shales (noting that the sample set from
Savage et al. (2013) also includes sandstones) exhibit a significant variation in §°°Si, correlated
with their Al/Si ratio. When comparing our results on presently transported river sediments with
the shale data of Savage et al. (2013) (Fig 5.11b), it is clear that both datasets overlap. If
sedimentary rocks (shales, for instance) are one of the lithological components of the considered
river basins, those already-weathered sediments are eroded and transported into river systems, and
sorting effects in the river channel allow these lighter and finer sediments (shale-derived) to be
preferentially transported at the surface of the water column, and heavier and coarser sediments
(sandstone-derived) enriched at the bottom. As a result, the depth-profiles of river sediments §°°Si
would result from a stratification of eroded grains as a function of their lithological provenance
(Bouchez et al., 2011), such that no present-day weathering effect would be required to explain
the §’°Si relation to grain size in large river sediments. Such as source rock control on §°°Si in
river sediments can explain the similar trends observed in depth profiles of the Mackenzie and
Amazon rivers (Fig 5.4), despite different climates prevailing in their respective drainage basins

(Bayon et al., 2018).

Nevertheless, if the §**Si variation is mainly reflecting the variation in source rock §*°Si,
meaning that the effect of present-day weathering is small, then how were the shales fractionated
from their ultimate source material (which should have had a igneous rock-type &°°Si) in the first
place? And why would the weathering of igneous rocks be the only geological possibility for
significant Si isotope fractionation? To answer these questions, we can suggest three possible

scenarios at this stage:
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(a) A cumulated effect of weathering across weathering cycles: the global §°°Si-Al/Si
relationship across river sediments (covering a large range of lithological conditions)
suggests that the §°°Si of bulk solid weathering products is only slightly different from that
of primary rocks. With recycling and repeated weathering cycles, it could be expected that
the effects of weathering on the solid 5°°Si becomes cumulative with lower and lower §*°Si
of the fine end-member corresponding to a greater degree of recycling. According to our
calculation based on modern weathering profiles, only a small fraction (<5%) of Si is
liberated from rocks to solution in a given episode of weathering, which is accompanied by
a relatively small decrease of 6°°Si in bulk residual solids. If we assume that the ancient
weathering episodes had effects similar to that of today, then it requires at least several
cycles to significantly lower the §*°Si of present fine river sediments.

(b) Diagenetic effects: after deposition, detrital sediments undergo diagenesis in contact with
seawater. The interaction between the seawater and secondary minerals may further
fractionate silicon isotopes; however, this process is still poorly understood (i.e.
Michalopoulos and Aller, 1995; Aller, 2014; Rahman et al., 2016). In Chapter 4, it has been
shown that in deltaic environments diagenetic effects would further lower the °°Si of

detrital solids, but the importance of this effect on the global Si budget has not been

recognized yet. However, the overlap between shales samples and river sediments (Fig 5.9b)

suggests that this process either has a similar effect as continental weathering, or that it is

not significant.

(c) A mineralogical sorting of secondary minerals during transport: as only a small fraction of

the total Si budget is lost to solution as shown above, bulk solid §°°Si is close to that of

source rocks, and only fine-grained secondary minerals carry a low §°°Si signature. Fine
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secondary minerals are likely to be transported further once delivered to the ocean and to
provide the source material for the formation of fine deep clay deposits, that will yield
shales after diagenesis and uplift. A hydrodynamic process of clay enrichment is the most
plausible scenario to explain the low §°°Si of the shales as only after a single erosion-

transport-deposition transfer, the decrease of °°Si in sediments could be observed.

Regardless of the exact explanation, we can propose a conceptual model for the evolution of
the Si particulate reservoirs across weathering cycles (Fig 5.12). During a so-called “first-cycle”
weathering of igneous rocks such as basalt or granite, there are no sedimentary rocks/minerals
being weathered. Here we use the example of the alteration of granite, as it is representative of the
igneous felsic fraction of the upper continental crust. In granite, there are two important Si-carrying
minerals: quartz and feldspar (Fig 5.12a). Therefore, here we only consider these two minerals in
our source rock. The bulk granite 3°°Si composition is estimated at —0.23+0.15 %o, with a higher
53°Si value for quartz than for feldspar (Savage et al., 2013 and Section 5.5.3 of this study). During
weathering, feldspar is more prone to be dissolved than quartz, such that in the particle sink, where
the deposition of weathering products occurs, feldspars will be depleted with respect to quartz
compared to the source rock. Additionally, Si released to solution during the weathering of granite
is precipitated into secondary weathering solids. Depending on the weathering regime, the type of
weathering-derived solids will vary. In regimes with moderate weathering intensity, clays with
lower Al/Si ratios (such as smectite or illite) are produced. In more advanced weathering regimes,
a greater loss of Si occurs and clays with greater Al/Si ratios, such as kaolinite, can be produced.
All these weathering products have §°°Si values lower than the source rock granite, as isotope

fractionation occurs during their formation, favoring the lighter isotopes in the secondary solids,
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and as the isotope fractionation during Si release to solution can be considered as negligible. The
Si fractionation in the products characterizing the more advanced weathering regimes (clays such
as kaolinite) is greater than that of the solids likely to be found in moderate weathering regimes
(clays such as smectite), as shown by theoretical calculations (Méheut et al., 2009; Méheut and
Schauble, 2014) as well as measurements in the environment (Ziegler et al., 2005a). In other words,
the 5°°Si values are thought to be higher in smectite than in kaolinite for a given DSi isotope
composition. As rivers integrate weathering processes over their entire basin, the mineralogy of
the sedimentary sink of rivers draining geological settings dominated by “first-cycle” weathering
is expected to be characterized by unaltered quartz (minor change of abundance), unaltered
feldspar (with a loss in abundance compared to parent rock, and the degree of which is dependent
on weathering regime), and neo-formed clays with various compositions including Al-rich clays
with Al:Si ratios up to 1:1. In the case of the weathering of mafic rocks such as basalts, the
mechanism is similar in spite of the difference of the source rock compositions. Notably, a major
difference exists between weathering of granite and basaltic rocks: quartz is absent in basaltic
rocks. As shown above (Fig 5.7), quartz has a heavy §*°Si signature and exhibits a strong control
on river sediments. Additionally, quartz is resistant to weathering. Therefore, during the
weathering of basaltic rocks, as the quartz end-member is not present, the 3°°Si in river sediments
theoretically has a greater potentiality, under the same weathering conditions, to be lowered
compared to source rock than during granite weathering. This effect is visible on the SPM from
rivers draining Deccan Traps (Table 5.3), the §°°Si signature of which is relatively low (—0.45%o
to —0.80%o) compare to SPM from other geological settings (Fig 5.7).

Tectonic processes not only allow for “source-to-sink™ transport from orogenic belts to

sediment depocenters, but also permits “sink-to-source” transfer via diagenesis, metamorphism,
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and uplift (Fig 5.12b). Here we define the weathering of sedimentary rocks as “secondary-cycle”
weathering. In such cycles, the source rock is composed of two parts: fragments of rocks that went
unweathered during previous cycles, and “recycled” clays. During this secondary weathering cycle,
the unweathered fragments have the same fate as in the first cycle: a loss of Si by the alteration of
“weatherable” minerals (feldspars) and a further accumulation of clays (to clays formed in
previous weathering episodes) as a result of secondary mineral formation. When comparing rivers
draining mostly sedimentary rocks with rivers draining igneous rocks (e.g. Madeira vs. Solimdes,

Fig 5.6), a loss of weatherable minerals is observed.
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Figure 5.8 Schematic evolution of the mineralogical composition of large river sediment during
“first” (a) and “secondary” (b) weathering cycle. The abundance of the primary minerals (quartz
and feldspar) and clays at the sediment deposition sites are represented by the size of the
polygons. During first cycle weathering (a), primary minerals, in particular feldspar, are
subjected to dissolution, and clays are added. During secondary weathering cycles (b), primary
minerals are dissolved and accumulation and evolution (e.g. from illite to kaolinite) of clays
further lowers the 5*°Si composition of bulk sediments.
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Regarding clays formed during previous weathering cycle(s), the moderately Al-rich and
53%Si-depleted clays such as smectite and illite may be able to be further weathered to kaolinite, if
they are subjected to stronger weathering conditions (longer fluid residence time, higher
temperature...) during the current weathering cycle. Therefore, in the secondary weathering cycles,
the manifestation of additional weathering on Si is that more primary minerals are weathered to
form clays, and low-weathering intensity clays from previous weathering cycle are potentially
further altered to form highly weathered products such as kaolinite (Fig 5.10b). The 5°°Si values
of the bulk of the sedimentary deposits produced from the erosion of areas dominated by
secondary-cycle weathering is further reduced compared to that of the first-cycle weathering
product. As very intense weathering leads to the release of Si from kaolinite, the bulk °°Si values
of solids cannot be lower than that of kaolinite. It is of importance to emphasize that quartz absolute
abundance remains almost unchanged during repeated weathering cycles, such that eventually the
bulk solids can be predicted to be dominated by only quartz and clays, and minerals like feldspars
to be exhausted. This situation, in fact, is observed in many river systems draining sedimentary

basins (Fig 5.6).

Large rivers drain basins underlain by both igneous and sedimentary rocks; the isotope
composition of their sediment thus depends on a combination of both first-cycle weathering and
secondary-cycle weathering. As the majority of our samples are from large rivers integrating large
portions of the upper continental crust, only a minor number of samples are from rivers draining
purely igneous basins, but we contend that such situation is representative of large-scale
continental weathering. As shown in Figure 5.7, river sediments are globally dominated by quartz
and clays due to the recycling of sedimentary rocks. This observation sheds light onto long term

changes in the influence of silicate weathering on the C cycle. The uptake of atmospheric CO»
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requires the presence of “weatherable” minerals containing Si and base cations, such as feldspars.
In a system where sediment recycling is important the ability of CO» uptake through silicate
weathering is reduced compared to the weathering of igneous rocks like basalt. This emphasizes
the importance of mafic rocks, rich in “weatherable minerals”, in regulating atmospheric CO; over
geological time scales (Louvat and Allegre, 1997)(Gaillardet et al., 1999).
5.5.7 Can we still use the §*°Si composition of detrital sediments to trace weathering regimes?
Bayon et al. (2018) suggest that the variation of Si isotope in large river clays is a result of
a climatic effect on present-day weathering, while our data indicate that the role of lithology and
sedimentary recycling cannot be neglected. However, for a given river, the lithological effect
might be cancelled out if differences in §*°Si between different grain sizes are examined. Here we
compare the Si isotope composition difference between surface SPM and RBS of a given river
with its weathering intensity proxy W/D (Fig 5.13), which is defined as the ratio of present-day
chemical silicate weathering rates (W; Bouchez and Gaillardet, 2014) and the rates of total
denudation (D, erosion plus weathering rates). As illustrated in Figure 5.7, weathering effects on
Si are shown in (1) enrichment of light §*°Si in the fine sediment fraction (high Al/Si) due to
secondary mineral formation; and (2) enrichment of heavy &°°Si in the coarse sediment fraction
(A1/Si1) due to an increased contribution of quartz resulting from the dissolution of “weatherable
minerals”. As shown in Figure 5.13, the difference between surface SPM §*°Si and RBS &°°Si
increases with increasing W/D. For example, samples plotting in the bottom-left corner of Figure
5.13b (such as the Huanghe River, draining the Chinese loess plateau) have a low weathering
intensity and their SPM §°Si (—0.25%o) is close to that of its RBS (—0.19%o), showing a limited
weathering effect. More generally, settings characterized as “cratonic” (e.g., Congo and Niger

rivers) and “collisional” (e.g., Ganges and Brahmaputra rivers) differ in their ability to produce
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SPM and RBS with different §°°Si signatures. Surface SPM from collisional settings exhibit a

small range in §°°Si (—0.44%o < §°°Si < —0.27%o), whereas surface SPM samples from cratonic

settings extends to lower §*°Si values (—1.19%0<5°Si<—0.30%o). As a consequence, the difference

between 6°°Si in SPM and RBS is larger in rivers draining cratons than in rivers draining collisional

settings.
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Figure 5.9 Relationship between weathering intensity (W/D) and difference in silicon isotope
composition between coarse (river bed sands, RBS) and fine large river sediments (suspended
particulate matter, SPM). The star represents a “no chemical weathering” scenario. Large river
W data from Gaillardet et al. (1999), D data from Milliman and Farnsworth (2013), and other
river W/D data from Dellinger et al. (2015).).
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These observations can be explained by the fact that erosion is strong when tectonics are
active, and under such conditions the §**Si in river sediments expected to be close to bed rocks
because secondary phases do not have enough time to develop, and result in fine sediments
dominated by small rock debris, as explained for Li in Dellinger et al. (2017). By contrast, in
cratonic basins, erosion is weaker, leaving more time for clay formation in soils, leading to a lower
5%Si of fine sediments, in this case dominated by clays. At high W/D, RBS is quartz-like and is
enriched with heavy Si isotopes, whereas surface SPM is clay-like and is enriched with light Si

isotopes.

While the §°°Si-Al/Si relationship is strongly affected by inheritance from previous
weathering episodes (Figure 5.11b), the present-day weathering effect drives the difference
between SPM and RBS §°°Si signatures. Therefore, considering both coarse and fine material of
detrital sediments opens new possibilities for the use of joint §°°Si measurements on
contemporaneous shale and sandstone formations, which can provide information on past

weathering regimes.

5.6 Conclusion and implications

Here we report the particulate §*°Si signature of the world’s largest rivers. §*°Si in sediments
are shown to decrease with increasing Al/Si values along sediment depth-profiles, which is a
manifestation of weathering over long time scales. Bulk §*°Si is ultimately controlled by the
relative abundance of quartz, clays, and “weatherable” minerals, which in detrital sedimentary
formations could be related to the geological setting prevailing in the sediment source area. We
also show that the global 8°°Si of river sediments is largely influenced by lithological effects, hence
sedimentary recycling, athough the relative contribution of "modern-day" weathering vs. ancient

weathering episodes (recycling), remains difficult to quantify. However, we suggest a way to use
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the difference in §°°Si signature of fine and coarse detrital sediments (e.g. in contemporaneous
shales and sandstones) to retrieve information about pas weathering conditions. Finally, we also
propose an estimate of the bed load flux (16-36%) to the total sediment flux of the Amazon River,

using a Si isotope mass balance.

The implications of this study are several folds. First, the range of 6°°Si in shales results
from long-term processes. Second, hydrodynamic sorting in rivers (and possibly in coastal
environments) physically separates clay and quartz, which allows us to observe variable §°Si
values across sedimentary rocks (sandstones vs. shales). The result at geological time scales is that
weathering of continental crust separates Si from igneous rocks into two major pools: quartz and
clays. Third, as weathering of primary minerals such as feldspar or pyroxene is faster than that of
clays, and as the difference in °°Si values between primary minerals and any type clays tends to
be greater than that between different types of clays, we suggest that under the same weathering
conditions, the §°°Si fractionation between source rock and bulk sediment is maximal during “first-
cycle” weathering. More specifically, we suggest that under the same weathering conditions, soils
developed over already-weathered materials, shales for example, will have a lower extent of §°°Si
fractionation than soils developed over igneous rocks such as basalts and granites. Altogether, Si
isotopes in large river sediments emphasize the importance of sedimentary recycling on our planet,
in particular through the long-term reduction in the ability of the Earth surface rocks to consume

atmospheric COa.
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Appendix ii

Table ii-1. Mineralogical contribution of quartz, weatherable minerals, and clays in bulk depth-profile sediments.
Respectively, fo, fw, and fc represent the calculated fraction of quartz, weatherable minerals, and clays. The suffix number
shows the results from different scenarios constraining the end-member of weatherable minerals: 1. Na/Si=0.27 (pure albite)
and Al/Si=0.35; 2. Na/Si=the highest Na/Si observed in the corresponding river and Al/Si=0.35; 3. Na/Si=0.12 (UCC) and
Al/Si=0.32; 4. Na/Si= the highest Na/Si observed in the corresponding river and Al/Si=0.32.

S’:’Z’nfg’ River AUSi Na/Si  fo-l fo2 fo3 fod fw-1 fw2 fw-3 fw-4 fol f£2 f-3 fd
AMO5_04 Solimoes 022 003 070 0.18 061 018 0.2 093 026 093 0.18 -0.11 0.3 -0.11
AMO5_06 Solimoes 029 0.03 062 007 052 007 012 097 027 097 026 -0.05 020 -0.05
AMO6 01 Solimoes 006 0.02 090 066 086 066 005 043 0.12 043 005 -0.09 002 -0.09
AMO6_02 Solimoes 009 002 085 049 079 049 008 064 018 064 007 -013 003 -0.13
AMO6_03 Solimoes 008 002 088 058 08 058 007 054 015 054 006 -0.11 003 -0.11
AMO6_04 Solimoes 006 002 090 0.65 086 065 006 044 012 044 005 -0.09 0.02 -0.09
AMO6_05 Solimoes 0.13 003 079 030 071 030 011 088 025 088 009 -0.18 005 -0.18
AMO6_06 Solimoes 008 002 087 055 08 055 007 057 016 057 006 -0.12 0.03 -0.12
AMO6_07 Solimoes 022 003 069 0.15 060 015 012 096 027 09 018 -0.12 0.13 -0.12
AMO6_09 Solimoes 037 0.03 055 007 046 007 011 085 024 085 035 008 030 0.08
AMO6_10 Solimoes 031 003 061 009 052 009 012 091 026 091 028 -001 023 -0.01
AMO6 11 Solimoes 032 003 0.60 009 051 009 011 090 025 090 029 001 024 001
AMO6_12 Solimoes 031 0.03 061 008 051 008 012 093 026 093 028 -001 023 -0.01
AMO6 13 Solimoes 037 0.03 055 009 047 009 0.10 082 023 082 035 009 030 0.09
AMOG6_14 Solimoes 039 0.03 053 008 045 008 010 081 023 081 036 011 032 0.11
AMO6 15 Solimoes 027 003 064 008 054 008 013 1.00 028 1.00 023 -0.08 0.18 -0.08
AMO6_16 Solimoes 033 003 059 0.12 051 012 011 084 024 084 030 004 026 004
AMO6_17 Solimoes 037 003 055 0.3 048 013 010 076 021 076 035 0.12 031 0.12
AMO6_18 Solimoes 038 003 054 0.3 047 013 009 074 021 074 036 0.13 032 0.13
AMO6_19 Solimoes 044 002 050 0.16 044 016 008 060 017 060 043 024 040 024
AMOS5 15 Madeira 038 002 056 -002 050 -0.02 007 097 016 097 037 005 034 005
AMOS5 17 Madeira 040 0.02 054 -002 048 -0.02 007 094 015 094 040 009 037 0.09
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Sample

name River Al/Si  Na/Si  fo-1 fo-2 fo-3 fo4 fw-1 fw-2 w3 fw4 f-1 -2 -3 f-4
AMOS5 18 Madeira 044 002 050 -0.10 044 -0.10 0.07 1.00 0.16 1.00 043 0.10 040 0.10
AMO5_24 Madeira 023 002 073 026 068 026 006 079 013 0.79 022 -005 0.19 -0.05
AMO06_33 Madeira 022 002 073 023 068 023 006 084 014 084 021 -007 0.18 -0.07
AMO06_34 Madeira 029 002 066 0.10 060 0.10 0.07 093 0.15 093 027 -004 025 -0.04
AMO06_36 Madeira 028 002 066 0.12 061 0.12 007 091 015 091 027 -003 024 -0.03
AMO06_37 Madeira 028 002 066 0.12 061 0.12 007 090 0.15 090 027 -003 024 -0.03
AMO06_39 Madeira 030 002 065 0.11 059 0.11 007 091 015 091 029 -002 026 -0.02
AMO06_43 Madeira 036 002 058 001 053 001 007 09 016 09 034 0.03 032 0.03
AMO06_44 Madeira 006 001 092 072 090 072 002 034 005 034 0.06 -006 0.05 -0.06
AMO5_35 Amazonas 020 003 074 019 067 019 009 094 020 094 0.17 -013 0.13 -0.13
AMO5_36 Amazonas 021 003 072 0.15 065 0.15 0.10 099 021 099 0.18 -0.14 0.14 -0.14
AMO5_37 Amazonas 024 003 069 011 061 0.11 010 1.00 022 1.00 022 -011 0.18 -0.11
AMOS 44 Amazonas 0.08 002 088 054 083 054 006 059 013 059 006 -0.13 0.04 -0.13
AMOS5_46 Amazonas 0.07 002 088 051 084 051 006 064 0.14 064 005 -0.15 0.03 -0.15
AMO06_55 Amazonas 021 002 072 023 066 023 008 086 0.18 086 0.19 -0.09 0.16 -0.09
AMO06_58 Amazonas 033 002 060 0.08 053 008 009 09 019 09 031 002 028 0.02
AMO06_60 Amazonas 029 003 064 0.08 056 008 009 097 021 097 027 -0.04 023 -0.04
AMO06_63 Amazonas 032 003 061 0.07 0534 007 009 094 020 094 029 -0.01 026 -0.01
AMO06_64 Amazonas 036 002 057 005 050 005 009 088 019 0.88 035 0.06 031 0.06
AMO06_65 Amazonas 042 002 051 0.04 045 0.04 008 081 0.17 081 041 0.15 038 0.15
AMO7 01 Beni 0.17 001 080 046 077 046 004 057 010 057 0.16 -003 0.14 -0.03
AMO7 02 Beni 031 002 064 0.09 058 0.09 007 092 016 092 029 -001 026 -0.01
AMO7 03 Beni 032 002 062 005 056 005 007 09 016 096 031 -001 028 -0.01
AMO7 04 Beni 033 002 061 002 055 002 008 1.00 0.17 1.00 031 -002 028 -0.02
AMO7_05 Beni 0.10 001 088 066 08 066 003 037 006 037 009 -003 0.08 -0.03
AMO7_06 Beni 020 001 075 033 071 033 005 072 012 072 019 -005 0.17 -0.05
AMO7_07 Beni 0.19 001 077 036 073 036 005 070 012 070 0.18 -0.06 0.15 -0.06
AMO7_08 Beni 023 002 073 027 068 027 006 077 013 077 021 -0.04 0.19 -0.04
AMO7_09 Beni 028 002 067 0.18 062 0.18 006 083 0.14 083 026 -001 024 -0.01
AMO8 10 Ucayali 028 004 062 0.11 052 0.11 0.13 092 028 092 025 -0.04 0.19 -0.04
AMOS8 13 Ucayali 031 004 060 0.07 049 0.07 013 094 029 094 027 -002 022 -0.02
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Sample

name River Al/Si  Na/Si  fo-1 fo-2 fo-3 fo4 fw-1 fw-2 w3 fw4 f-1 -2 -3 {4
AMOS8 14 Ucayali 0.13 003 079 032 070 032 012 086 026 086 0.09 -0.18 0.04 -0.18
AMO8_17 Ucayali 0.19 004 072 0.16 061 0.16 0.14 1.00 031 1.00 0.14 -0.16 0.09 -0.16
AMO8_36 Pastaza 039 006 044 0.14 026 0.14 023 0.70 052 070 032 0.16 022 0.16
AMO8_37 Pastaza 027 009 050 0.07 024 0.07 034 100 074 1.00 0.16 -0.07 0.02 -0.07

Napo 3 Napo 035 000 064 0.63 063 0.63 000 0.00 000 0.00 036 037 037 037
Napo 4 Napo 034 000 065 0.65 065 0.65 000 0.00 000 0.00 035 035 035 035

Cocal Napo 033 000 066 066 066 066 000 0.00 0.00 000 034 034 034 034
CANO09_49 Red Arctic 0.15 001 08 026 079 026 004 092 009 092 014 -0.18 0.12 -0.18
CANO09_50 Red Arctic 031 001 065 0.07 062 0.07 004 095 009 095 030 -002 029 -0.02
CANO09 51 Red Arctic 031 001 065 0.04 061 004 004 1.00 0.10 1.00 031 -004 029 -0.04
CANO09 52 Red Arctic 031 001 065 007 061 007 004 095 0.09 095 031 -001 029 -0.01
CANO09 53 Red Arctic 0.15 001 08 032 079 032 004 082 008 082 014 -014 0.13 -0.14
CANO09 01 Liard 0.15> 002 08 030 076 030 006 085 0.13 085 0.14 -0.14 0.11 -0.14
CANO09_02 Liard 023 002 072 024 068 024 006 080 0.12 0.80 022 -0.04 020 -0.04
CANO09_03 Liard 0.19 002 076 026 072 026 006 084 0.13 084 0.18 -0.10 0.15 -0.10
CANO09_04 Liard 024 002 072 023 067 023 006 082 0.13 082 023 -0.05 020 -0.05
CANO09 11 Liard 0.08 002 088 035 083 035 006 087 0.13 087 006 -023 0.04 -0.23
CANO09_12 Liard 0.13 002 082 027 077 027 006 092 0.14 092 0.11 -0.20 0.08 -0.20
CAN10_46 Liard 0.11 002 084 031 079 031 006 089 0.14 089 0.10 -020 0.07 -0.20
CAN10_48 Liard 0.16 002 080 031 075 031 006 082 013 082 014 -013 0.12 -0.13
CAN10_49 Liard 028 001 068 023 063 023 005 074 011 074 027 0.03 025 0.03
CAN10_50 Liard 0.07 002 08 033 084 033 006 093 0.14 093 0.05 -026 0.02 -0.26
CAN10_51 Liard 0.10 002 08 035 081 035 006 08 013 086 0.08 -021 0.05 -0.21
CAN11_03 Liard 020 002 074 0.15 069 0.15 007 099 0.15 099 0.19 -0.14 0.16 -0.14
CAN11_04 Liard 0.19 002 076 0.17 071 0.17 0.07 099 0.15 099 0.17 -0.16 0.14 -0.16
CAN11 05 Liard 020 002 075 0.17 070 0.17 0.07 097 015 097 0.18 -0.14 0.16 -0.14
CAN11 06 Liard 021 002 073 0.14 068 0.14 007 1.00 0.15 1.00 020 -0.14 0.17 -0.14
CAN11 07 Liard 022 002 073 013 067 013 007 100 015 1.00 020 -0.13 0.18 -0.13
CANO09_54 Mackenzie 0.13 002 08 031 078 031 006 087 012 087 012 -0.17 0.09 -0.17
CANO09 43 Mackenzie 029 001 067 0.17 063 0.17 005 083 012 083 028 0.00 026 0.00
CANO09 44 Mackenzie 028 001 067 0.18 063 0.18 005 0.82 0.12 0.82 028 0.00 0.25 0.00
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Sample

name River Al/Si  Na/Si  fo-1 fo-2 fo-3 fo4 fw-1 fw-2 w3 fw4 f-1 -2 -3 f-4
CANO09 45 Mackenzie 030 001 066 0.18 062 0.18 005 0.79 0.11 0.79 029 0.03 027 0.03
CANO09_46 Mackenzie 029 001 067 0.18 063 0.18 005 082 0.12 082 028 0.01 026 0.01
CANO09_47 Mackenzie 030 001 066 0.16 061 0.16 005 083 0.12 083 029 0.01 027 0.01
CAN11_65 Mackenzie 0.13 002 083 023 078 023 006 100 014 1.00 0.11 -023 0.08 -0.23
CAN11_66 Mackenzie 0.17 002 078 0.18 073 0.18 006 099 0.14 099 0.16 -0.18 0.13 -0.18
CAN11_67 Mackenzie 021 002 074 0.17 069 0.17 006 095 014 095 020 -0.12 0.17 -0.12
CANI10 22  Middle Channel 021 0.0  0.75 020 070 020 0.05 091 0.12 091 020 -0.11 0.18 -0.11
CANI10 23  Middle Channel 0.18 0.02 0.78 0.17 073 0.17 0.06 1.00 0.13 1.00 0.16 -0.17 0.14 -0.17
CANI10 26  Middle Channel 033 001 062 009 058 0.09 005 089 0.12 089 032 0.02 030 0.02
CANI10 27 Middle Channel 0.10 0.02 08 029 081 029 006 094 0.12 094 009 -023 0.06 -0.23
CAN10 28  Middle Channel 021  0.02 075 0.18 071 0.18 0.06 094 0.12 094 0.19 -0.12 0.17 -0.12
CAN10 29  Middle Channel 031 0.01 065 0.11 060 0.11 0.05 089 0.12 0.89 030 0.00 0.28 0.00
CAN10 30 Middle Channel 032 001 063 0.10 059 0.10 0.05 088 0.12 088 031 002 029 0.02
CAN10 31  Middle Channel 032 001 063 0.10 059 0.10 005 088 0.12 088 032 002 029 0.02
CAN10 32  Middle Channel 038 0.01 057 0.07 053 007 005 084 011 084 038 009 036 0.09
CAN10 34  Middle Channel 027 001 0.69 0.14 064 0.14 005 090 0.12 090 026 -004 024 -0.04
CAN10 35 Middle Channel 026 001 070 0.15 065 0.15 005 091 012 091 025 -0.06 023 -0.06
CAN10 36  Middle Channel 028 0.01 068 0.13 063 0.13 005 09 012 090 027 -003 025 -0.03
CANI10 37  Middle Channel 035 0.0 061 006 056 0.06 0.05 091 0.12 091 034 0.03 032 0.03
CANO09_31 Peace 031 001 065 030 062 030 004 059 010 059 030 0.11 028 0.11
CANO09_32 Peace 0.16 002 079 024 074 024 007 093 015 093 014 -0.17 0.11 -0.17
CANO09_33 Peace 0.100 002 08 025 079 025 007 100 0.16 1.00 0.08 -025 0.05 -0.25
CANO09_37 Peel 025 001 071 022 068 022 004 081 010 081 024 -003 023 -0.03
CANO09_38 Peel 026 001 071 023 067 023 004 079 010 0.79 025 -002 023 -0.02
CANO09_39 Peel 026 001 071 024 067 024 004 077 009 077 025 -001 023 -0.01
CANO09 40 Peel 030 001 066 0.18 063 0.18 004 081 010 0.81 029 0.02 027 0.02
CANO09 41 Peel 0.12 001 086 054 084 054 003 052 0.06 052 011 -0.06 0.10 -0.06
CANO09 42 Peel 0.18 001 079 024 075 024 005 089 011 089 0.16 -0.14 0.14 -0.14
CAN10 03 Peel 0.19 001 077 033 074 033 004 073 009 073 019 -006 0.17 -0.06
CAN10 04 Peel 026 001 070 0.19 067 019 005 085 010 085 025 -004 023 -0.04
CAN10 05 Peel 027 001 069 0.17 065 0.17 005 085 010 0.85 027 -002 025 -0.02
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Sample

name River Al/Si Na/Si  fo-1 fo-2 fo-3 fod4 fw-1 fw-2 w3 fw4 f-1 -2 f-3 {4
CAN10 06 Peel 027 001 069 0.18 065 0.18 005 0.83 0.10 0.83 027 -001 0.25 -0.01
CAN10_07 Peel 0.09 001 08 055 08 055 003 055 0.07 055 0.0 -010 0.07 -0.10
CAN11_77 Peel 020 001 076 024 072 024 005 085 010 085 020 -0.09 0.18 -0.09
CAN11_78 Peel 021 001 075 022 071 022 005 088 0.11 0.8 020 -0.10 0.18 -0.10
CAN11_79 Peel 027 002 068 0.08 064 0.08 006 1.00 0.12 1.00 026 -008 024 -0.08
CANO09_28 Slave 028 002 067 030 063 030 006 063 012 0.63 027 0.06 025 0.06
CANO09_30 Slave 009 002 08 026 078 026 009 1.00 020 1.00 0.06 -026 0.02 -0.26
CANI10_65 Slave 028 002 067 025 062 025 006 071 014 071 027 0.04 024 0.04
CANI10_66 Slave 009 002 08 035 080 035 008 088 0.17 088 006 -022 0.03 -0.22

279



Chapter 5: “Source-to-sink-to-source” effects on Si isotope composition of detrital sediments

Figure ii-1 Determination of integrated §*°Si in Solimdes and Madeira river sediments
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Figure ii-2 Determination of integrated §°°Si in Solimdes and Madeira river sediments
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In this thesis, we mainly investigate the coupled interaction between rock cycle and water
cycle at the Earth surface throughout geological time. More precisely, recall Figure 1.12, we
emphasize the importance of cannibalistic recycling of sedimentary rocks: detrital sediments
produced from weathering show great potential to remain at Earth surface if they can escape from
subduction zones, and these sediments can be recycled back to sub-aerial environment and
incorporated with water cycle to be weathered again. This effect tends to perpetuate the
geochemical nature of the Earth surface (Mackenzie and Garrels, 1971; Allégre and Rousseau,
1984; Veizer and Mackenzie, 2013). Moreover, we also highlight the effect of diagenesis and
reverse weathering processes, in-between weathering and sedimentary recycling, on the chemical
composition of seawater. These objectives were achieved by using non-traditional isotope systems
(Si and Li) through various approaches including a set of well controlled experiments, a field
examination of a paleo-deltaic system, and a global survey of sediments from world’s large rivers.

The main conclusions of this thesis are summarized below.

The experimental study showed the great capacity of highly weathered product clays such
as kaolinite to take up Li mobilised from the alteration of rocks, which can further regulate the Li
isotope composition in the ocean. The fractionation of Li isotopes by the adsorption of kaolinite
follows a Rayleigh-like fractionation, matching the results from a previous study (Zhang et al.,
1998). As the clay minerals produced during continental weathering can significantly elevate the
Li isotope composition in seawater, therefore the evolution of seawater 3’Li (Hathorne and James,
2006; Misra and Froelich, 2012) could be, at least partially, explained by the variation of clay
production on the continents. From Palaeocene, 8’Li in seawater has rose by 9%o (Misra and
Froelich, 2012), and meanwhile the global seawater level has been falling (Haq et al., 1987; Miller

et al., 2005). The falling of sea-level is able to expose the epicontinental land mass. Over these
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new surface, geological features such as alluvial plains could develop, and the residence time of
weathering would be prolonged. Consequentially, riverine dissolved §’Li could be elevated and
clays could be matured. The combined effect on dissolved Li and clays transported to the ocean

further elevate the 8’Li signature of seawater.

In the paleo-deltaic system in the Ainsa basin, a systematic difference of Si and Li isotope
signatures exists between sediments deposited in alluvial environment and in marine environment:
marine sediments have consistently lower 6°°Si and §’Li than alluvial sediments in intermediate to
fine grain size fractions. These differences are thought to be caused by the coupling of Si and Li
with Fe cycle in deltaic environment, where Fe-rich minerals (clays and oxides) can be formed.
During the formation of these minerals, lighter Si and Li are preferentially taken up. In terms of
Si, our data suggest a sink of light Si isotopes in deltas, confirming the results from mass balance
models (Frings et al., 2016). Regarding to Li, our observation shows that in delta environments,
the Li behaves similarly with that in continental weathering, and it is on contrary with results
suggested by Teng et al. (2004) that 8'Li in fine sediments increase during the interaction with

seawater.

The survey of world’s large rivers’ sediments showed that lithology has a primary control
on Si isotope composition. Globally, river sediments inherit the signature of §*°Si from the end-
member of sedimentary rocks. However, the weathering during “first-cycle” weathering is a main
contributor of the §°°Si variation as primary minerals such as feldspars have relatively higher 5°°Si
than that in secondary minerals such as clays. The effect of present-day weathering can be
investigated by examining both surface sediment and river bed sand, in those rivers with high
weathering intensities such as Congo. Using 8°°Si and depth profile, an estimation of bed sand

load in Amazon river is made to be 16 to 36% of total sediments transported to the ocean. Due to
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the cannibalism of sedimentary rocks, present-day sediments are dominated by quartz and clays,
suggesting that the source-to-sink-to-source cycle separate Si derived from igneous rocks into two
major Si pools. As Si in these two reservoirs, quartz and clays, are relatively stable during
weathering, thus at a sedimentary rocks-dominated Earth surface, atmospheric CO» uptake by

silicate weathering is chiefly achieved by the weathering of igneous rocks such as basalt.

In this thesis, we also raise some questions and give a few perspectives for future studies.
First, the status quo of the relationship between physical and chemical weathering is considered to
be positive: high chemical weathering rates is maintained by high physical erosion rates (Gaillardet
et al., 1999). This relationship is derived from dataset from present-day large rivers. On the one
hand, as shown in Li isotopes (Dellinger et al., 2015) in Amazon and Sr isotopes (Derry and
France-Lanord, 1996) in Himalayas, the weathering of large rivers are mostly taken place in their
low land areas such asa floodplains. On the other hand, as proposed in Chapter 3, during the
evolution of Earth surface topography a considerable fraction of the low land areas could have
been submerged under sea-level. Hence, if the weathering of large rivers are coupled between
weathering in the mountains (characterized by high erosion rates) and weathering in floodplains
(characterized by high chemical weathering rates), the variation of global sea-level could de-
couple these two processes by prohibiting the weathering in low land areas. Therefore, the question
becomes to which extend the correlation between physical and chemical weathering would be hold

valid?

In terms of process occurring at estuaries and deltas, our data clearly shows a manifestation
of Si and Li isotopes. Nevertheless, the exact mechanism is still unknown. To date, most studies
on dissolved Li show a conservative behaviour during mixing between river water and seawater.

However, errors could have been made since seawater has a much higher (~100 times) Li
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concentration than river water. Few studies have investigated the variation of Li concentration
from river transect to river mouth. Additionally, results from Chapter 3 and Chapter 4 shows that
the adsorption of seawater Li by detrital clay minerals and the formation of Fe-rich minerals both
can elevate the seawater Li isotope signatures, and the relationship between these two processes
are still unknown. In Ainsa, the isotope behaviour of Si and Li is thought to be coupled with Fe,
whereas in some rivers Fe can escape the scavenging in mixing zones (Powell and Wilson-Finelli,
2003; Opfergelt et al., 2017), such as Mississippi river. In the meantime, authigenic clay formation
can also take place in these areas (Presti and Michalopoulos, 2008), and the behaviour of Si and
Li isotopes there is unknown. Lastly, the compilation of §’Li and Li/Fe in sediments and
sedimentary rocks have shown that the coupling between the geochemical cycle of these two

elements, which may provide a new approach to study the anoxic/oxic changes.

Our results of Si isotope in world large rivers show the importance of both source effect and
present-day weathering, nevertheless, these two effects are not well resolved. More precisely, the
accumulation effects of previous weathering episodes were at different degrees (e.g. shales display
a §°°Si range of —0.80 to 0%o) and the present-day weathering profile of world rivers varies (e.g.
Congo vs. Huange). In both cases, the key factor is the residence time: how long a particle has
been weathered in the past and now. In order to understand the relationship between ancient
weathering and present-day weathering, it is necessary to obtain the information of both bedrock
and river sediment. Moreover, as indicated in Chapter 5, rivers draining basins characterized by
basalts has a pivotal role regulating atmospheric CO>. We are still lacking knowledge on
parameters controlling these rivers. For example, whether the mineralogical chemistry of Si is
more important than temperature and climate? A systematic study of this type of rivers such as

Yenisei (Siberian traps), Columbia (Columbia traps), Parana (Parana large igneous providence),
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and Tapti (Deccan traps) may be insightful.
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