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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

Ocean and Earth Sciences

Thesis for the degree of Doctor of Philosophy

TEMPORAL VARIATIONS IN CONTINENTAL WEATHERING PROCESSES: INSIGHTS
FROM LI AND MG ISOTOPES

By David Mike Fries
Continental weathering delivers elements to the oceans via rivers, is responsible for soil and
landscape formation, and regulates the concentration of CO; in the atmosphere. There are multiple
controls on rates of continental weathering that can vary in both space and time. This study utilises
the lithium (Li) and magnesium (Mg) isotope composition (87Li and §2°Mg) of weathering products
to better understand the hydrological controls on weathering processes in different environmental
settings.
The effects of glacial weathering processes on the isotope signatures of Li and Mg delivered to the
ocean are assessed by analysis of fjord waters in Greenland at times of high and low ice melt. These
data demonstrate that glacial weathering is an insignificant source of both Li and Mg even when ice
melt is high. The influence of melt water input on &’Li and §*Mg can only be detected at very high
freshwater/seawater ratios (>5).
Although weathering rates in highly weathered tropical river catchments are typically considered
to be very low, analyses of weathering products from the Quiock Creek catchment in Guadeloupe
show that weathering processes can respond to short-lived rain events. The &’Li composition of the
Creek decreases after a storm event because of increased input of Li from soil solutions input that
have relatively low &7Li; however, there is little change in §2*Mg after rain events because most of
the Mg in the Creek is supplied by throughfall.
There are also significant differences in the &’Li value of the River Amazon between the high and
low water stages. &’Li values are 0.7 to 8.7%o higher in the wet season, which is attributed to
increased input of Li stored in floodplains. However, input of Mg from floodplains has little effect

on §%Mg.
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Chapter Il. Introduction

.1 Weathering

The Earth’s surface has been in constant evolution since its formation about 4.566 billion years ago.
A major driver of change at the Earth’s surface is the operation of its hydrosphere. Based on
evidence from the oxygen isotope composition of ancient zircons from Jack Hills in Western
Australia, the Earth’s hydrosphere formed around 160 million years after Earth accretion, when
temperatures became low enough to allow liquid water to be present at the Earth’s surface (Wilde

et al., 2001; Valley et al., 2002). Water cycle is the principal operator of weathering processes.
[.1.1 Definition and generalities

Alteration of the Earth’s surface by water and erosion is known as weathering. If the weathering
process changes the chemical composition of the original mineral or rock, this is called chemical
weathering, whereas breakdown of minerals or rocks without chemical modification is known as
physical (or mechanical) weathering. Weathering processes drive soil and landscape formation

(Figure 1-1), and they transfer dissolved solutes and particulate material from the continents to the

Figure I-1. Bryce Canyon (Utah, United States). Weathering processes have modified
the landscape forming arches. Chemical weathering dissolves the limestone, and frost
wedging shatters rocks apart. The rocks have a red /pink colour due to the presence
of iron oxides.
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ocean via rivers. Rates of weathering are determined by a combination of climate, tectonic,
biological and geological factors:

e Climate: Temperature and rainfall are a key control on weathering rates and processes. For
example in tropical areas, high temperatures and heavy rainfall promote faster chemical
weathering (Gaillardet et al., 1999a). On the other hand, in polar regions, freezing of liquid water
has the potential to widen cracks and push rocks apart because water expands in volume upon
freezing.

e Tectonics: In tectonically active landscapes weathering fluxes can be low due to short soil
residence time (Dixon et al., 2012). By contrast, due to low erosion rates, thick soils may develop in
tectonically inactive regions (Heimsath et al., 1997).

e Vegetation: Soils host a variety of plants, bacteria, fungi and other organisms that increase
chemical weathering by producing organic acids (Griffiths et al., 1994) as well as CO,, which acts to
increase the rate of chemical weathering (Eby, 2004). Additionally, tree roots have the capability to
retain and protect soils from being eroded, increase the rate of physical weathering by fracturing
and wedging the rock at different scales (rocks, minerals; Appendix A 1) and increase rate of
chemical weathering via moisture flux along roots and root channels (Pawlik et al., 2016).

o Lithology: The structure and mineralogy of the rock affects weathering rates. Minerals like halite
(NaCl) are readily soluble in water whereas quartz (SiO,) is more resistant to dissolution. Similarly,
igneous rocks like granite are less susceptible to cracking and fragmentation than sedimentary rocks
like sandstone or limestone. Table I-1 lists common minerals in terms of their resistance to
weathering (Berner and Berner, 1996; Eby, 2004). The length of time the rocks are exposed to the
atmosphere/hydrosphere is also a major control of weathering rates. In old soils (~1 million years)
weathering rates were found to be three to four orders of magnitude lower than in soils at an initial
development stage (Egli et al., 2014). The longer rocks are exposed at the Earth’s surface, the longer

their interactions with water have the potential to modify the structure and mineralogy of the rock.
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Table I-1 Resistance of various minerals to weathering from the less stable to the

most stable.
) . Resistance to
Minerals Composition .
weathering
Halite NaCl Less stable
Gypsum, Anhydrite CaS0, 2H,0 CaSO,
Pyrite FeS,
Calcite CaCoO;
Dolomite CaMg(CO;),
Volcanicglass (not a mineral) Ca,Mg,Na,K,Al,Fe-silicate
Olivine (Mg, Fe)Si0,
Ca-Plagioclase CaAl,Si,0g
Pyroxenes (Mg,Fe)SiO;, Ca (Mg,Fe)Si,0f }
Ca-Na Plagioclase (Ca,Na)Al;Si;0q Incregs_,lng
Amphiboles Ca,(Mg, Fe)5Si0,,(OH)s stability
Na-Plagioclase NaAlSi;Og
Biotite K(Mg, Fe)5(AlSi,0,5) (OH),
K-Feldspar KAISi;Oq
Muscovite KAISi;046(0H),
Vermiculite, Smectite (Mg,Ca),-(Mg,Fe,Al)¢(Al,Si)g0,,(0OH),.8H,0
(Na,Ca), 5(Al,Mg),Si,0,0(OH),.nH,0
Quartz Sio,
Kaolinite Al,Si,05(0H),
Gibbsite, hematite, goethite Al(OH)3, Fe,03, FeO(OH) Most stable

[.L1.2 Physical and chemical weathering

1.1.2.1 Physical weathering
Physical weathering is defined as the breakdown of rocks and decomposition of minerals without
chemical changes. These mechanical processes increase the surface area to volume ratio by

fragmenting of a rock/mineral (Figure I-2) so that subsequent chemical weathering is more

Surface area = 96 cm? Surface area = 192 cm?

Figure I-2. Fragmentation increases the surface area of a rock, providing a greater surface area
for chemical weathering.
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effective. Tectonics affect erosion rates by elevating terrain so that erosive agents gain potential
energy which tend to break fragments into smaller pieces, making them easier to transport by rivers
and glaciers (Molnar et al., 2007). The action of plant roots has a strong impact on the physical
properties of soils, depending of the size of the roots (Li et al., 2006). Crystallizing salts can also
affect rates of physical weathering as crystal growth, hydration or thermal expansion can
breakdown the soil matrix (Camuffo, 1995). In cold regions, rocks are subjected to freeze—thaw
action. When the temperature of the rock drops below freezing, freeze-thaw cycles develop, and

the pressure exerted by the growing ice crystals causes fracturing (Chen et al., 2004).
1.1.2.2 Chemical weathering

Chemical weathering is a surface process that takes place through interactions between water, air
and a rock/mineral. On the continents, chemical weathering reactions include dissolution,
precipitation, and oxidation-reduction mediated by an aqueous solution. These reactions alter the
mineral composition of the weathered material and produce solid material with a new chemical
composition (e.g. clay minerals, oxides and hydroxides) or transfer dissolved solutes into the fluid
phase. Most weathering reactions involve the exchange of protons (H*) or anions (OH), or the
exchange of electrons (e7) in the case of oxidation-reduction reactions (Bridge and Demicco, 2008).
Oxidation-reduction reactions are especially important for the weathering of Fe-bearing minerals.
Chemical weathering rates for specific minerals are mainly assessed by experimental studies in the
laboratory (Lasaga et al., 1994; White, 2002). Field weathering rates can be orders of magnitude
lower than those measured experimentally in the laboratory. This difference is mainly due to
uncertainty in the duration of chemical weathering in field conditions and laboratory simulations
that are too short to fully represent the natural system (White and Brantley, 2003). For instance, in
natural conditions, weathering reactions can be close to thermodynamic equilibrium compared to
highly unsaturated conditions during experimental reaction of a mineral, leading to variabilities of

weathering rates. Figure I-3 is a chart summarizing the factors that influence weathering.
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minerals)

contraction)

Amount of rainfall

More chemical and
physical weathering|
(e.g., more frag-
INCREASING AMOUNT OF RAINFALL mentation, erosion,
and mineral dissolu-
tion)

Less chemical and
physical weathering
(e.g., less fragmenta-

tion, erosion, and
mineral dissolution)

Duration of
weathering

More weathering
erosion, and soil
formation

Less weathering
[ erosion, and soil

formation

INCREASING TIME

Topography

More erosion,
less chemical
weathering

Less erosion,

more chemical

weathering

INCREASING SLOPE

Mineral composition
of parent rock

More weathering
[ (e.g., feldspar)

Less weathering
(e.g., quartz)

Figure I-3. Summary of different factors influencing weathering and erosion
(modified from Grotzinger and Jordan, 2014).

[.L1.3 Weathering regimes

Studies of large river systems (Gaillardet et al., 1999b), soil profiles (Riebe et al., 2001) and small,
well characterised catchments (West et al., 2005) have shown correlations between mechanical
erosion rates and chemical denudation. Two main weathering regimes have been characterized:
Transport-limited weathering regimes and kinetically-limited weathering regimes (Stallard and
Edmond, 1983; West et al., 2005). Transport-limited weathering regimes are characterized by low
erosion rates, such that the supply of fresh minerals is the limiting factor for chemical weathering
(Figure 1-4). By contrast, kinetically-limited weathering regimes are characterized by higher erosion

rates, such that chemical weathering is not limited by the supply of fresh minerals, but by water-
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rock interaction time (or kinetics) that, in turn, is regulated mainly by temperature and runoff

(Figure I-4 and Appendix A 2).

Supply-limitation Kinetic control

75

(0]
o

Total weathering rate (t.km2y?)

N
w

(%) uonoeuy uons|dap |eatway)d

0 100 200 300 400 500
Physical erosion rate (t.km=2.y?)

Figure I-4. Variation of weathering rate as a function of erosion rate (open
circles) based on the model framework of Ferrier and Kirchner (2008).
Supply-limitation refers to transport-limited weathering regimes (see
1.3.1). Kinetic control occurs when physical erosion high. Chemical
depletion fraction (or weathering intensity, see 1.3.1; open triangles)
decreases with increasing erosion rate reflecting the decreasing influence
of the supply of fresh minerals from soil production (Dixon et al., 2012).

.2 Weathering, climate and CO;

The atmospheric concentration of CO, moderates the response of global mean temperature to
Milankovich forcing (Petit et al., 1999). For instance, concentrations of CO; (and CHa) in air bubbles
trapped in the Vostok ice core over the last 300—400 kyr (thousand years) show a positive
association with air temperature in Antarctica (Appendix A 4; Petit et al., 1999).

On geological time scales, amounts of CO, in the atmosphere, hydrosphere and soils are
determined by processes such as carbon sedimentation (and burial), silicate weathering, and
volcanic and/or metamorphic release of CO, (Figure I-5; Garrels et al., 1975). The silicate weathering
time scale is thought to be between ~240 Kyr (range 170-380 Kyr; Colbourn et al., 2015) and >1
million year (Myr; Berner et al.,, 1983). Chemical weathering of silicates (Eg. I-1) consumes

atmospheric CO; according to the reaction (Walker et al., 1981; Berner et al., 1983):
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2C0, + 3H,0 + CaSiO; — Ca’t + 2HCO5 + H,Si0, Eqg. -1
In this reaction, CO,is converted to HCO5 (Eq. I-2) that is transported by rivers into the ocean, where

it is eventually stored as carbonate in ocean sediments:
Ca’t + 2HCO; + H,Si0, —» CaCO03 + Si0, + CO, + 3H,0 Eq. -2
Thus, silicate weathering results in net consumption of 1 mole of CO; for every mole of Ca (or Mg)

ions released (Eq. I-3). By contrast, weathering of carbonates results in no net consumption of CO;:

Weathering
_—
CaC03 + CO, + H,0, Ca®* + 2HCO;

Sedimentation
in oceans

Eq. I-3

To assess the linkages between weathering, CO, and climate, it is critical to better understand the
parameters that regulate weathering processes. The study of elemental concentrations and isotope
composition of lithium (Li) and magnesium (Mg) isotopes in the natural environment are promising
tools to this end because the behaviour of their isotopes are sensitive to changes in weathering

processes. Moreover, given that the compositions of both Mg and Li in seawater are principally

Burial

5 2+
2HCO, +Ca™ - CO, +H,0 + CaCO,

Figure I-5. Simplified scheme of the long-term carbon cycle. The weathering of silicates
minerals leads to the consumption of CO; from the atmosphere which is stored in seawater
as carbonate.
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regulated by riverine inputs, information on weathering processes and rates of silicate weathering

in the past can be determined from the marine sedimentary record.
.3 Lithium isotopes

Lithium (Li) has two stable isotopes, °Li and ’Li, with abundances, respectively, of 7.5% and 92.5%.
The large relative mass difference between these isotopes (¥16%) means that Li displays a wide
variation in ’Li/®Li under Earth surface conditions (Figure I-6). Lithium isotopes are a powerful tracer
of weathering processes, because:

e Lithium isotopes are fractionated during weathering processes (see section 1.3.1).

e Lithium is not an essential plant nutrient and therefore it is unaffected by biological processes
(Lemarchand et al., 2010; Clergue et al., 2015).

e The Li content of river water is principally (> 90%) derived from weathering of silicate rocks, even
in catchments with predominantly carbonate bedrock (Kisakurek et al., 2005).

e Lithium is widely distributed in the Earth’s crust, it is a fluid mobile element, and it is present only
in the +1 valence state (Li*), so its isotope composition is not influenced by redox reactions (Tang
et al., 2007).

Lithium is a conservative element in the ocean and [Lilsw = 26 pumol/kg (Morozov, 1968). It has a
residence time of ~1.2 million years (Misra and Froelich, 2012) which is long enough to allow a
complete homogenisation of the Li isotope composition of seawater (6’Lisw="~31%o; James and
Palmer, 2000a; Hall et al., 2005; Pogge von Strandmann et al., 2008b).

The Li isotope composition of natural samples is expressed as &’Li (Eq. I-4), which is given

(2
6Li sample
—1|x 103

7Li Eq. I-4
6Li
L-SVEC

The standard is conventionally the purified Li,CO; reference material L-SVEC (Flesch et al., 1973).

by:

§7Li =



Chapter |

Rain and throughfall

| —IIII>

| Ice |
River waters | ]

I Glacial rivers
! Eeesssssssssssm——  Estuaries
l I Sea water
! Foraminifera E—
Soil water
[ Marine pore waters I—
[ B High-T vent fluids
Suspended load I
I — Bedload

I Saprolite [

— Laterite
Clays

Carbonates (non marine) T
|— Dust
! IS Continental thermal fluids
| s MORB

Chondrites ———
s Loess and Shales
| D Basalts
Marine clastic sediments j————
Granites (I

W .F' I.I.Ippercont'lr}!entlalclrustI

-20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45
67Li (%)

Figure I-6. Isotope composition of lithium in major Earth surface reservoirs.Data sources: Rain and
throughfall (Millot et al., 2010a; Clergue et al., 2015) ice (Pogge von Strandmann et al., 2006) river waters
(Huh et al., 2001; Bottomley et al., 2003; Kisakurek et al., 2005; Pogge von Strandmann et al., 2006;
Lemarchand et al., 2010; Millot et al., 2010c; Pogge von Strandmann et al., 2010; Wimpenny et al.,
2010b; Dellinger et al., 2015), glacial rivers (Wimpenny et al., 2010b), estuaries (Pogge von Strandmann
et al., 2008b), seawater (James and Palmer, 2000a; Hall et al., 2005; Pogge von Strandmann et al.,
2008b), foraminifera (Hathorne and James, 2006; Misra and Froelich, 2012); soil water (Lemarchand et
al., 2010; Pogge von Strandmann et al., 2012), marine pore waters (James and Palmer, 2000b); High-T
vent fluids (Hathorne and James, 2006; Froelich and Misra, 2014) suspended and bedload load (James
and Palmer, 2000b; Kisakurek et al., 2005; Pogge von Strandmann et al., 2006; Pogge von Strandmann
et al., 2008b; Millot et al., 2010c; Pogge von Strandmann et al., 2010; Wimpenny et al., 2010b; Dellinger
et al., 2014)) saprolite (Teng et al., 2010) laterite (Kisakurek et al., 2004b; Clergue et al., 2015) clays,
carbonates and dust (Tsai et al., 2014; Clergue et al., 2015) Continental thermal fluids (Kisakurek et al.,
2005; Pogge von Strandmann et al., 2010) MORB, chondrites and marine clastic sediments (Tomascak,
2004) loess and shales (James and Palmer, 2000a; Millot et al., 2010c) basalts (James and Palmer, 2000a;
Kisakurek et al., 2004b; Wimpenny et al., 2010a; Pogge von Strandmann et al., 2013, Froelich and Misra,
2014) granites (James and Palmer, 2000a; Bottomley et al., 2003, Bryant et al., 2004, Kisakurek et al.,
2004a; Lemarchand et al., 2010) and Upper continental crust (Sauzeat et al., 2015).

[.3.1 Behaviour of Li isotopes during weathering

The natural range of &’Li values in river waters is large; but the mean value is 8’Li = ~23%o (Huh
et al.,, 1998) which is higher than all terrestrial rocks (Figure 1-6). As there is no (or little)
fractionation of Li isotopes during dissolution of primary minerals (Pistiner and Henderson, 2003;
Wimpenny et al., 2010a), this indicates that fractionation occurs during secondary mineral

formation: °Li is preferentially retained in the solid phase whilst "Li goes into solution (Huh et al.,
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1998; Huh et al., 2001; Rudnick et al., 2004; Kisakurek et al., 2005). As an example, &’Li values of
the dissolved load of the Orinoco River and its tributaries are higher than &’Li value of the

corresponding suspended load (Figure I-7).
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Figure I-7. &°Li values for river waters and suspended particulate
material of the major tributaries of the Orinoco river. The suspended
sediments (solid symbols) always have a lower &Li value than the
dissolved load (open symbols) because SLi is preferentially retained in
secondary minerals during weathering. The dissolved loads of Andean
tributaries (high relief, reaction limited) have a higher &’Li value than the
Shield tributaries (low relief, transport limited). After Huh et al., 2001.

Experimental and field studies have shown that the degree of fractionation (fractionation factor)
between a secondary mineral and the fluid phase, a, where o = (”Li/®Li)mineral/(’Li/®Li)solution Varied
depending on the mineral nature and of the temperature when the fractionation reaction occurred
(Vigier et al., 2008; Millot et al., 2010b; Dellinger et al., 2014; Wimpenny et al., 2015). The a values
available in the literature span a range from 0.972 to 0.999. For instance, the fractionation factor
for smectite is ~0.984 (Vigier et al., 2008), for marine clays it is ~0.985 (Hathorne and James,
2006), and for illites a =0.982- 0.989 (Williams and Hervig, 2005; Weynell et al., 2017). Li is
also incorporated in oxide minerals such as gibbsite (a = 0.986; Pistiner and Henderson, 2003)
and/or iron oxy-hydroxides (a = 0.980; Wimpenny et al., 2010a).

Early studies on the Li isotope composition of river waters showed that differences in the &7Li
of the dissolved load relative to the suspended load were principally a function of weathering

intensity. In the Nepalese Himalaya, for example, the difference between the &’Li values of
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the suspended load and the dissolved load in lowland rivers, characterised by more intense
weathering regimes (higher temperature and low discharge), is lower than the difference at
high elevations (that are likely to represent kinetically limited weathering regimes, Appendix
A 3; Kisakurek et al.,, 2005). A number of more recent studies have focused on better
quantifying the relationship between weathering intensity and 8’Li. Chemical weathering
intensity also called chemical depletion fraction (Figure I-4) is defined as the normalization of
chemical weathering rates by total denudation rates in a given catchment which is
independent of the drainage area (Brimhall and Dietrich, 1987; Riebe et al., 2003). Bouchez et
al. (2014a) define weathering intensity as the ratio between the silicate weathering rate (W)
and the total denudation rate (D) (W/D; range between 0 and 1). Using this terminology,
weathering-limited weathering regimes have low W/D due to high erosion rates, whereas
transport-limited weathering regimes have high W/D due to low denudation rates and
increased water-rock interaction time. A plot of 8’Li vs W/D for various rivers shows a
characteristic ‘boomerang’ shape (Figure I-8; Dellinger et al., 2015). If the weathering intensity
is high (W/D>0.1), then weathering tends to be congruent and the 6’Li value of the dissolved

load is low and close to that of the bedrock (Kisakurek et al., 2005; Millot et al., 2010c;
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Figure [|-8. The “boomerang” relationship between dissolved Li isotope
composition corrected for the composition of the bedrock & Ligiss -8 Lirock VS.
silicate weathering intensity, expressed as W/D. After Dellinger et al., 2015.
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Dellinger et al., 2015). Similarly at low weathering intensity (W/D<0.01) &’Li values are low
because silicate weathering rates are low so rivers are undersaturated with respect to
secondary minerals. By contrast, 6’Li values are highest at intermediate weathering intensities
(W/D = 0.01-0.10). This is because rates of secondary mineral formation tend to be high

relative to the rate of primary mineral dissolution.
1.3.2 Records of past changes in riverine &’Li

Over geological timescales, weathering of silicate rocks has continuously released ions into the
hydrosphere which have subsequently been delivered to lakes or oceans. When the residence time
of a chemical element is longer than the ocean mixing time (~200 to 1800 years; Stommel and
Arons, 1959), the concentration and/or isotope composition of that element in the ocean is
homogeneous. This is the case for lithium, and riverine fluxes account for ~34% of the total lithium
input into the oceans (Figure 1-9; Misra and Froelich, 2012; and references therein). Changes to the
sources and fluxes of Li to/from the oceans have the capability to change the lithium concentration
and isotope composition of seawater. Records of &’Li in foraminifera (for example Orbulina

universa; Hathorne and James, 2006; Hall et al., 2005), are representative of seawater 6’Li and can

- Subduction
: Blvers Hydrothermal fluids refluxed
6’Li = 23%o &7Li = 8.3%o lithium
67L| = 15%0
13x10°
10x10° 6x10°
Seawater
Li concentration = 26 pmol/kg
35x10° mol
67L| = 31%0
29x10°

Silicate reverse weathering
Low temperature basalt alteration and sediment diagenesis

67L| = 15%.

Figure 1-9. Box model representing the global Li cycle. Total
quantity of Li in seawater is given in mol; fluxes between
reservoirs are in mol/yr. After Misra and Froelich, 2012.
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be used to detect past variations. Figure 1-10 shows the evolution of the Li isotope composition of
seawater over the last 68 Myr (Misra and Froelich, 2012). An increase in seawater &8’Li from ~22%o
since ~55 Ma to the ~31%o today coincides with a reduction in global mean temperature (Froelich
and Misra, 2014). Misra and Froelich (2012) suggest that this increase is due to an increase in both
the weathering flux, due to higher rates of mountain building, as well as increased weathering
incongruency. By contrast, Vigier and Godderis (2015) suggest that the rise in seawater &§’Li is linked
to an increase in the river flux of Li caused by a reduction in the amount of Li incorporated in clays.
Finally, a study of New Zealand rivers suggests that floodplains have high riverine &’Li due to
continued weathering of material transported from high altitude leading the authors to suggest
that increasing seawater 8’Li during the Cenozoic was the result of formation of large floodplains
associated with uplift (Pogge von Strandmann and Henderson, 2015). On the other hand, the lower

seawater &’Li that appears to coincide with the Early Eocene (Figure 1-10) has been attributed to an

| Miocene Oligocene | Eocene | Paleocene B
Neogene Paleogene K
32 pem— ettt
N Modern Seawater &7Li :
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- o Boundary
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Figure I-10. Cenozoic seawater Li records for the past 68 million years (Froelich and
Misra, 2014). The lithium isotope data are from both individual foram species and
from bulk foram samples.Variations in seawater &67Li suggest different silicate
weathering regimes with associated changes in CO, consumption. For instance,
the relatively low seawater &’Li of ~22%o in the late Paleocene is attributed to
low rates of silicate weathering compared to today, resulting in higher
temperatures because of a lower CO; weathering sink (Eq. I-1 and Eq. I-2).
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increased contribution of Li from intensively weathered (tropical) regimes (Dellinger et al., 2014;

Dellinger et al., 2015; Henchiri et al., 2016).

1.4 Magnesium isotopes as tracers of weathering processes

Magnesium (Mg), has three stable isotopes, **Mg, Mg and ?®Mg, with natural abundances,
respectively, of 78.99%, 10.00% and 11.01%. The relative mass difference between the isotopes is
large (~4 % between 2*Mg and Mg, and ~8% between 2*Mg and 2°Mg) so there are relatively large
variations in **Mg/*Mg and **Mg/*®*Mg ratios under Earth surface conditions (Figure I-11).
Furthermore, because Mg is a light element which has two of its three isotopes that are similar in
abundance, it is ideally suited to investigation of different mass—dependent fractionation
mechanisms that may operate in nature (Young and Galy, 2004).

The isotope composition of Mg is reported as 8*Mg (Eq. I-5), where x is equal to 25 or 26, relative

to the Mg isotope standard Dead Sea Magnesium 3 (pure magnesium metal DSM3; Galy et al.,

[<2ng> ]
4
| Mg sample |

< ng) —1|% 1000 Eq. 15
2481
Mg DSM3

The relationships between 2>Mg/**Mg and 2°Mg/**Mg are diagnostic of kinetic fractionation or

2001):

5 *Mg =

equilibrium fractionation (Eq. I-6). The fractionation factor a is given by:

N _ XMg / XMg
x/24 Mg . Mg ) Eq. I-6

Where a and b refer to either two different phases or two different materials and x is equal

to either 25 or 26. The different mass-dependent fractionation laws that relate ol2s/24 t0 026724

are characterized by B (Eq. I-7) in the expression:

A25/24 = (0‘26/24)B Eq. -7

B values of ~0.521 are indicative of equilibrium fractionation processes, whereas B values of

~0.511 are indicative of kinetic fractionation processes (Young and Galy, 2004).
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Magnesium is the fourth most abundant element in the ocean (Millero, 1974). Like Li, Mg is also a
conservative element, with [Mglsw = 53 mmol/kg (Carpenter and Manella, 1973), and §°Mg = -
0.82%0 (Young and Galy, 2004; Pogge von Strandmann, 2008; Foster et al.,, 2010). The

residence time of Mg in seawater is about 12.7 million years (Tipper et al., 2006b).

Rivers
6°*Mg = -1.09%.
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6*Mg = -0.82%.
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6%Mg = -2.6%o fractionation?

Figure I-11. Box model representing the global Mg cycle.
Total quantity of Mg in seawater is given in mol; fluxes
between reservoirs are in mol/yr. After Tipper et al., 2006b

I.4.1 Behaviour of magnesium isotopes during weathering

Magnesium is fluid mobile and does not undergo changes in its valence state under Earth surface
conditions. However, in contrast to Li, which is not an essential plant nutrient, Mg isotopes are
fractionated during uptake by vegetation (Black et al., 2008; Bolou-Bi et al., 2012).

Wheat (Triticum aestivum L.), for example, preferentially incorporates heavy magnesium
(Black et al., 2008), and bulk trees and grass from the Vosges Mountains (France) have
relatively high 62°Mg (-0.41 to -0.32%0) compared to the exchangeable fraction of the soil (-
0.92%o to -0.42%0) and rainwater (-0.65%o) (Figure I-12; Bolou-Bi et al., 2012). Highest §%°Mg
values are found in the roots, whereas the above ground parts of the tree (wood, leaves and

needles) have lower §%*Mg suggesting that the lighter Mg isotopes are translocated from the
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bottom to the upper part of the plant (Bolou-Bi et al., 2012). Soil solution §%*Mg values also

appeared to be affected by seasonal changes between May and September (by ~0.5 %o).
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Figure I-12. Magnesium isotope composition of rainwater, plants,
soil solutions, soil horizons, soil exchangeable fraction and stream
water as a function of depth measured in the Gentil Sapin catchment
(Bolou-Bi et al., 2012). The yellow and blue zones show the range of
6%°Mg soil solution in May and September respectively.

The mechanisms controlling Mg isotope fractionation during secondary mineral formation are
not well understood. Rivers tend to be enriched in light Mg isotopes relative to bedrock (Tipper
et al.,, 2006b; Brenot et al., 2008), and secondary minerals (clays, hydroxides) tend to have
higher §%*Mg values relative to solution, fresh rock or continental crust (Tipper et al., 2006a;
Brenot et al., 2008; Li et al., 2010; Teng et al., 2010; Ryu et al., 2016). Thus secondary minerals
tend to be enriched in heavy Mg and, in support of this, a comprehensive study of three soil
weathering sequences in Guadeloupe shows that the 6§2°Mg value of bulk soil and associated
clays is always higher than the §%°Mg value of the parent andesitic bedrock (Appendix A 5;
Opfergelt et al., 2012). However, some studies suggest that some soils can have lower §2°Mg
relative to their parent rock (Pogge von Strandmann et al., 2008a; Ma et al., 2015). The Mg

isotope composition of soils appears to be strongly controlled by the relative proportion of
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Mg present in exchange positions at the mineral surface (Figure 1-13; Opfergelt et al., 2012;
Ma et al., 2015). Formation of clay minerals results in trapping of aqueous Mg?* that has lower
52°Mg in interlayer positions in the clay mineral structure preventing exchange of Mg?* with
the surrounding solution (Ma et al., 2015). As a result, younger soils tend to have higher bulk

525Mg values than older soils (Figure I-13).
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Figure I-13. 6**Mg values of bulk soil against A. shale weathering timescales (Kyr) (Shale Hills

catchment, Pennsylvania) and B. the amount of exchangeable Mg in bulk soil (Guadeloupe,

France).Weathering durations are calculated from soil depth and regolith production rates

determined by U-series disequilibrium. The negative correlation between &*°Mg and
exchangeable Mg suggests a retention of lighter isotopes in the soil by adsorption (modified

from Opfergelt et al., 2012; Ma et al., 2015).

Carbonate rocks (magnesites, dolostones, limestones, speleothem) range in &%*Mg
composition from -1.1 to -5.2%o, which makes them them isotopically light compared to most
other reservoirs of Mg (Young and Galy, 2004). Experimental studies of carbonate minerals
(magnesite and calcite) have demonstrated that light Mg isotopes are preferentially incorporated
during precipitation (Pearce et al., 2012; Mavromatis et al., 2013), whereas clays and hydroxides
preferentially incorporate heavy Mg isotopes. Heavy Mg isotope enrichment during clay/hydroxide
precipitation is different from other stable isotope systems (lithium, boron, silicon, nickel, calcium,
strontium) that show preferential incorporation of light isotopes in secondary mineral phases.
Moreover, this behaviour is also in disagreement with surface kinetic effects, bond strength and

diffusion rate theories that argue in favour of enrichment of light isotopes in solids (Schauble, 2004;

DePaolo, 2011). Recent studies suggest that this effect can be attributed to the speciation of Mg in
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aqueous solution (Li et al., 2014; Schott et al., 2016). For instance, aqueous Mg carbonate and
bicarbonate complexes with a coordination number of 5 have a shorter Mg-O bond (2.055 A; Schott
et al., 2016) than aqueous Mg? Mg-O bonds (2.08 A, coordination number = 6; Pavlov et al., 1998)
leading to an enrichment of heavy Mg isotopes in phases with the shortest Mg-O bond distance
(Figure 1-14). On the other hand, Mg-EDTA complexes have relatively long Mg-O bonds (2.165 A;
Pozhidaev et al., 1974) compared to aqueous Mg?* Mg-O bonds, such that Mg-EDTA complexes are

enriched in light Mg isotopes (Figure 1-14).
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(e.g., Mg bicarbonate and (e.g., Mg-EDTA)
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Figure I-14. Behaviour of Mg isotopes in solution according to the presence of
different Mg aqueous species.

The processes that regulate the §2°Mg value of river waters are complex. Some studies suggest
that light Mg isotopes are preferentially released during dissolution of primary minerals at
least during the early stages of dissolution, which may be a kinetic effect (Wimpenny et al.,
2011; Fan et al., 2016). Dissolution of biotite also shows enrichment of *Mg in the leachate
solution (Ryu et al., 2016) although, by contrast, variations in §2Mg in the leachate solution
during dissolution of a granite are thought to reflect dissolution of different mineral phases
that have different §%°Mg (Ryu et al., 2011). Like Li, there is some evidence that the §%*Mg
value of river water may be controlled by weathering intensity. For instance, §2°Mg values of
river water in the Gentil Sapin catchment (France) appear to correlate with discharge (Figure
I-15; Bolou-Bi et al., 2012). At low flow, these authors suggest that high §2Mg values are due
to a strong contribution from mineral weathering from the deep saprolite (“supply-limited”
weathering regime) whereas at high flow, the contribution of overland flow that is influenced

by vegetation is suspected to contribute to the low §%°Mg. A similar increase of Mg in the
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fluids at low discharge has also been attributed to an increased contribution of Mg from
weathering from the deep saprolite in Guadeloupe and in Puerto Rico (Dessert et al., 2015; Chapela

Lara et al., 2017).
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Figure I-15. Variations of stream 6**Mg with discharge in the
Gentil Sapin catchment. After Bolou-Bi et al. (2012).

1.4.2 Records of past changes in riverine §°°Mg

The chemical composition of biogenic CaCO; minerals usually reflects the composition and the
conditions of the seawater in which the organisms lived (Delaney et al., 1985) and, as shown in
Figure I-11, rivers are the main source of Mg to seawater. However, there is a great deal of
uncertainty in the veracity of carbonates as recorders of seawater §2*Mg (Chang et al., 2004; Pogge
von Strandmann, 2008; Saenger and Wang, 2014; Wimpenny et al., 2014). The §2*Mg value of most
modern planktic and benthic foraminifera (~-4.7%o; Chang et al., 2004; Pogge von Strandmann,
2008), is significantly offset from seawater (~-0.82%.), but appears to be unaffected by
environmental and biological factors including temperature, calcite saturation state, shell growth
rate, the size or existence of an internally controlled calcium pool (Pogge von Strandmann, 2008).
By contrast, a review of Mg isotope variability in a variety of biogenic and abiogenic carbonates
suggests that there is a small temperature dependence on 6**Mg of ~0.01%02C* (Saenger and
Wang, 2014). The study also indicates that biological processes produce considerable differences

between 82°Mgcarbonates and 8%°Mgsotion in Many biogenic carbonates. Despite the complex
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behaviour of Mg isotopes in biogenic carbonates, there have been attempts to reconstruct the past
variation in seawater 5§%Mg by analyses of ancient foraminifera or pelagic carbonates
sediments where 90% of the Mg abundance also derived from foraminifera (Figure I-16; Higgins
and Schrag, 2015; Pogge von Strandmann et al., 2014). The §%*Mg of pelagic carbonates
measured in the Ontong Java Plateau (site 807 ODP) and Walvis Ridge (site 1265 ODP) are
similar despite differences in size fraction, location, and sedimentation rates. These values are
also isotopically similar to multiple species of cleaned core-tops foraminifera (Pogge von
Strandmann, 2008) consistent with the total Mg budget of the sediment being dominated by
foraminiferal calcite and arguing for a representative record of 52°Mg seawater in pelagic
carbonates. However, despite an increase in seawater Mg/Ca (by a factor of 2-3) over the
Cenozoic only small changes in §2°*Mg of pelagic carbonates have been recorded (Higgins and
Schrag, 2015) whereas an overall decrease in seawater §2°Mg value during the last ~15 million
years (Figure |-16) where measured on foraminifera of different species (Pogge von
Strandmann et al., 2014). This differences between 62°Mg from foraminifera and pelagic
carbonates clearly highlight different controls on the recorded 62*Mg of these materials. The
variations may also be attributed to inconsistent analytical protocols among laboratories with
different instrument conditions. However, these studies suggest together that changes of Mg
and 8%°Mg in the seawater over the Cenozoic are rather linked to a decline of the Mg sinks
than variation of Mg sources from continental weathering. Decrease of dolomite formation
flux or a reduction in removal of Mg from seawater in low-temperature marine clays are thus
considered to be the primary controls on seawater Mg concentrations and isotope ratios
(Pogge von Strandmann et al., 2014; Higgins and Schrag, 2015). However, a recent study of
Mg isotopes and Mg/Ca in fossil corals by Gothmann et al. (2017) found similar §Mg than
Higgins and Schrag (2015). This study suggests that the rise of Mg/Ca is most likely due to an
increase of silicate weathering or a decline in Mg uptake in marine silicate with carbonate

weathering having only a secondary importance in the control of past Mg variations.
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Figure I-16. Foraminifera and pelagic carbonates (size>250um) 6**Mg values
from the past 56.5 Myr.Foraminifera samples are from cores of the 1263 and
1264 Ocean Drilling Program (ODP) sites, pelagic carbonates are from the 807
and 1265 ODP sites. The open squares and triangles (solid line; Pogge von
Strandmann et al., 2014) vary during the last 15 Myr while the filled squares
and triangles (dashed line; Higgins and Schrag, 2015) are relatively
constant. Errors bar represent 25D analytical reproducibility of the
individual samples. The green band denotes the average §*°Mg value (with
2SD) for a range of modern foraminifera (Pogge von Strandmann, 2008).

.5 Thesis outline

The aim of this project is to develop the utility of Li and Mg isotopes as tracers of weathering
processes in the critical zone, to better constrain the links between weathering and climate.

In support of this, we have investigated the behaviour of Li and Mg isotopes in a West Greenland
fjord (Godthabsfjord; in Chapter 3), where meltwater volume and sub-glacial weathering processes
oscillate seasonally along with temperature. There is an important debate on the importance of
glacial environments as a regulator of atmospheric CO, (Sharp et al., 1995), some argue that glacial
environments induce no (or little) sequestration of CO, (Tranter et al., 2002). Li and Mg isotopes are
both potential tracers of weathering processes and can help to solve the debate, by giving
information on the chemical and physical weathering processes that operate in glaciated

catchments. This study also explores the behaviour of Li and Mg isotopes during freshwater and
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seawater mixing and assesses whether the terrestrial weathering signature is faithfully delivered to
the ocean.

Futhermore, we have determined the response of Li and Mg isotopes to rain events in a small,
highly weathered catchment (Quiock Creek) in Guadeloupe. Water samples (river, groundwater and
rainwater) were collected at exceptionally high temporal resolution (Chapter 4). Differences in the
behaviour of Li and Mg isotopes are interpreted in terms of plant uptake, secondary weathering
products formation and ion exchange.

Finally, we have undertaken a study of the variation of Li and Mg isotopes under different
hydrological regimes in the largest river in the world, the Amazon (Chapter 5). To date, there is
limited information on the relationships between discharge and &’Li and 6°Mg of river waters.
Discharge is lower in November (low water stage) than it is in June (high water stage), which
increases the residence time of water in the hydrological system and enhances the extent fluid-rock
interactions. Both lithium (Li) and magnesium (Mg) isotopes respond to changes in weathering
conditions such as the formation and dissolution of secondary minerals that are intimately linked
to these hydrological variations. | have determined the variability of the weathering processes
associated with discharge changes between the low and high water stage on Li and Mg isotopes in

the main stem of the Amazon, as well as its principal tributaries.
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Chapter Il. Analytical methodology

This Chapter provides an overview of the sample collection and analytical procedures used in these
studies. Water samples (including river waters, groundwater, soil pore waters) were collected
between May 2014 and November 2015 using a variety of different approaches. These were filtered
to separate the dissolved fraction from suspended particulate material, and generally preserved for
analysis back in the laboratory. The chemical composition of the samples was determined
principally by inductively coupled plasma mass spectrometry (ICP-MS), and Mg and Li isotope
compositions were determined by multicollector ICP-MS. An overview of the different procedures

and techniques is provided below.

II.1 Sample collection and preparation

[1.L1.1 Sample collection, preservation and field measurements

11.1.1.1 Greenland

Water samples were collected from Godthabsfjord in Greenland in May (spring) and August
(summer) 2014. To do this, an extendable plastic pole, fitted with a pre-cleaned 1 L LDPE bottle was

held over the side (approximately 2 m upstream) of the ship RV SANNA (Figure II-1). Temperature,

Figure II-1. Research Vessel SANNA in Nuuk. Photo: Josephine Nymand.
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turbidity (using an OBS, or Optical Backscatter Sensor), and salinity were measured directly in the
fjord using a CTD profiler (Seabird SBE 19plus equipped with a Seapoint turbidity sensor) at each
sampling station. The water was filtered on board the ship through 0.2 um polyvinylidene difluoride
(PVDF) filters, and stored in double bagged 1 L LDPE bottles. The bottles were refrigerated. On
shore, the water samples were acidified with 500 pL of thermally-distilled (TD) concentrated HCl to

prevent microbial activity and adsorption on the side of the bottles.
11.1.1.2 Guadeloupe

A total of 55 water samples comprising river water, groundwater, soil solution and throughfall were
collected in the Quiock Creek catchment in Guadeloupe over a period of 21 days in October 2015
(Figure 11-2). River waters (Quiock Creek) were collected on a daily basis while groundwaters, soil
solution and throughfall were taken when a sufficient amount of solution was available. Soil

solutions were collected from nested tension lysimeters (positioned between 61 and 1250 cm

A » : » A :
Figure II-2. Sampling in Quiock Creek catchment: A. Throughfall
collector; B. Sampling soil solution; C. Piezometers protected by
a plastic cover to prevent contamination by rainwater; D.
Quiock Creek: blue feature in the centre of the Creek is a venturi
flume that allows measurement of discharge.
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depth) equipped with porous ceramic cups. Groundwaters were collected manually using a vacuum
pump from 6 piezometers positioned along a transect perpendicular to the river. Throughfall was
collected in polypropylene bottles with a funnel located one meter above the ground in order to
avoid soil contamination.

Temperature, conductivity and pH were directly measured in the field with a combined pH and
conductivity probe (Hanna Instruments HI 98130). Fluid samples were filtered at 0.2 um through a
47 mm cellulose acetate filter, and collected in 250 or 500 mL acid-cleaned HDPE bottles for cation
analysis and in Milli-Q water (18.2 MQ cm™ H,0) washed 30 mL bottles for anion analysis. The cation
samples were acidified to pH = 2 with distilled nitric acid. Alkalinity was determined by titration

with 0.01 M HCl within 24 hours of sample collection.
11.1.1.3 Brazil

Samples were collected from the Amazon River basin during two research cruises in June (dry
season) and November (wet season) 2015. Water samples were collected using a 7 litre horizontal

Niskin-type sample bottle attached to a cable lowered at approximately 1 m depth into the river

Figure II-3. A. The boat Joao Felipe Il used to collect
the samples; B. The horizontal water sampler.
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from the boat Joao Felipe Il (Figure 1I-3). The bottle is opened at both ends in order to take a
representative sample at the depth of interest before being sealed off by a weighted trigger (or
messenger) from the surface. At two locations (Obidos and Manaus), water samples were collected
at discrete depths to obtain a vertical profile. On return to the surface, the water sampled was
poured into an in acid-washed polypropylene container. The water samples were then filtered at
0.45 um on board the boat using a plastic filtration unit fitted with a 142 mm membrane filter. All
samples for cations analyses were acidified after the filtration by adding concentrated HCI (to a pH
= 2). Filters were stored in plastic bags in a freezer. Temperature and pH were measured with a pH

meter using a subsample of the water freshly collected with the water sampler.
[1.1.2 Digestion of suspended sediments

Suspended sediment particles were digested using a procedure based on that of Phan et al. (2015).
Between 18 and 86 mg of suspended sediment was accurately weighed and placed into a weighed
acid-cleaned Teflon vial. To each sample, a minimum of 10 drops of 15M HNOs (or 10 drops per 50
mg of sample) was added. The samples were left to reflux on a hot plate at 130 °C for at least 12
hours and then removed from the hotplate and allowed to cool. Next, a mixture of 1 mL of Romil
HF and 1 mL of HCIO4 was added (per 50 mg of sample) and heated overnight at 130 °C. The solution
was then evaporated at ~130 °C before increasing the temperature step wise to a maximum of
180°C until no more white fumes were produced. 1 mL of HCIO, was then added to the residue and
heated overnight at 130 °C before being dried down as described above. Sufficient 6 M TD HCI (>2
mL) was added to the residue to re-dissolve it. If undissolved material remained, the sample was
dried down and treated with 15 M TD HNO3 and 12 M TD HCl until it dissolved. The digested sample
was then transferred to an acid-cleaned pre-weighed bottle and the Teflon vial was thoroughly
rinsed with 6 M TD HCI and Milli-Q to make the solution up to ~30 mL. At least one blank was
processed with each sample batch. The USGS standard reference material SCo-1 (Cody Shale) was
also digested with each batch of samples.

In 3 samples (MAN3.40 NOV, OB1.15 JUN and MAN3.55 JUN), tiny black particles remained even
after repeated acid attack. These particles were analysed by Scanning Electron Microscopy (SEM;

Figure 11-4), and were show to consist principally of C, O, F and Al, which is indicative of graphite.
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The uncertainty of the mass of these particles is +0.0005 g (due to very small sample sizes), which

means that the uncertainty in the elemental concentrations of these samples is up to £10%.

Figure II-4. A. Undissolved black particles in Teflon vial; B: SEM picture of particle in
MAN3.55 JUN; C. SEM picture of particle in MAN3.45 NOV.

1.2 Elemental analysis

[1.2.1 Anions

The concentrations of ClI, F, Br and SO in Guadeloupe waters were measured by ion
chromatography (Dionex ICS$2500), consisting of a Dionex IP25 isocratic pump, a AS40 auto-
sampler, a CD25 conductivity detector, and a LC25 chromatography oven. All waters were
measured undiluted, but the certified standard reference material (IAPSO seawater) was diluted
x1500 with Milli-Q water. Analyses were calibrated using a set of synthetic multi-element standards
prepared gravimetrically from high purity single element standard solutions. A drift monitor
solution and several blanks were measured periodically to assess the stability of the analyte signal
over time. The IAPSO seawater standard was analysed multiple times alongside the samples to
assess the accuracy and precision of the analyses (Table II-1). Concentrations of F* and Br are
considered to be semi quantitative because their concentration is extremely low in these samples.
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IAPSO seawater was analysed multiple times alongside the samples to assess the accuracy and

precision of the analyses which is less than 5% for Cl-and SO,

Table II-1. Comparison between measured and certified
concentrations of anions in IAPSO seawater. Standard
deviation is expressed as the 95% confidence limit of the
mean. Certified values are from Summerhayes and

Thorpe (1996).
Anions (mmol/kg)
Sample 5
ar s0,” Br F
IAPSO (n=7) 383.4 £ 123 17.7+£29 08 £0.2 0.02 £ 0.03
IAPSO (certified) 385.5 18.0 13 0.03

11.2.2 Cations

Cation concentrations were determined by inductively coupled plasma optical emission
spectrometry (ICP-OES) and ICP mass spectrometry (ICP-MS). Major cations (Na, Mg, Ca, K, B, Sr, Li)
and silicon in the fjord waters were measured by ICP-OES (Thermo-Scientific iCap 6000 series) at
the National Oceanography Centre Southampton (NOCS). To this end, the fjord waters were diluted
50 times with 3% TD HNOs, and analyses were calibrated against a set of synthetic multi-element
standards prepared gravimetrically from high purity single element standard solutions. A drift
monitor solution and several blanks were measured periodically to assess the stability of the
analyte signal over time. The IAPSO seawater standard was analysed multiple times as an unknown
alongside the samples to assess the accuracy and precision of the analyses which is less than 5%
(Table 11-2). Additionally, two samples were duplicated (Dup GF7 and Dup I/E), the agreement

between the two measurements was better than 3%.

Table 1I-2. Comparison between measured and certified concentrations of various
elements in IAPSO seawater. Standard deviation is expressed as the 95% confidence limit
of the mean. Certified values are from Summerhayes and Thorpe (1996) and Besson et al.

(2014).
Major cations (mmol/kg) Minor cations (umol/kg)
Sample - -
Na Mg Ca K B Sr Li Si
IAPSO (n=3) 497 + 9 55.0 £+ 1.0 10.7 £+ 0.1 108 + 0.2 460 £+ 16 927 + 0.4 266 £ 0.3 2.1 + 1.5
IAPSO (certified) 469 +5 53.1 + 2.8 103 £+ 0.6 10.2 + 0.3 416 90.2 25.1 2.8

However for Na and B, the values are different from the certified values which might be the result

of matrix effects that influence the analytical response (Murray et al., 2000). The low concentration
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of Siin IAPSO after dilution is very close to the lowest standard value (40 ppb) which highly increase
the uncertainty (>50%) of the measurements for IAPSO.

Major and minor elements in the river waters and suspended sediments from Guadeloupe and
Brazil were determined by ICP-MS (Thermo X-Series Il). All river waters were measured undiluted,
but the mother solutions of dissolved suspended sediment were further diluted by a factor of 100
with 3% TD HNOs. Analyses were calibrated using a set of synthetic multi-element standards
prepared gravimetrically from high purity single element standard solutions. A drift monitor
solution and several blanks were measured periodically to assess the stability of the analyte signal
over time. Two certified standard reference material (the river water SLRS-6 and Cody Shale SCo-1)
were analysed multiple times alongside the samples to assess the accuracy and precision of the

analyses which is less than 5% (Table II-3).

Table II-3. Accuracy of element concentration analysis by ICP-MS. Certified values for SLRS-6 are from
the NRC (National Research Council) of Canada online database and certified values for SCo-1 are
from the U. S. Geological Survey online database (Gladney and Roelandts, 1988).

Major cations (umol/kg) Minor cations (nmol/kg)
Na Ca Si Mg Al K B Fe Sr Li
SLRS-6(n = 8) 115 + 4 207 + 8 81 + 4 842+ 27 12 + 01 155+ 06 06+0.1 15 + 0.1 444 + 19 72 + 4
SLRS-6 (certified) 120 + 10 219 + 5 879+ 24 13 + 01 167+ 1.4 - 15 + 0.1 465 + 3
Major cations (weight %) Minor cations (ppm)
Na Ca Si Mg Al K B Fe Sr Li
SCo-1(n=3) 0.66 + 0.05 1.88 £ 0.31 - 1.65 + 0.06 7.25 + 0.14 2.37 + 0.08 - 3.64 = 0.07 170 + 12 45 + 1
SCo-1 (certified) 0.67 + 0.04 187 + 0.14 - 1.64 + 0.11 7.25 £ 0.11 2.30 + 0.07 - 3.59 + 0.13 170 + 16 45 + 3

1.3 Lithium isotope analysis

The lithium isotope composition of the waters and suspended particles was determined by
multicollector inductively-coupled plasma-source mass spectrometry (MC-ICP-MS; Thermo
Scientific Neptune Plus) after separation of Li from the sample matrix. All Li isotope work was
carried out in an over-pressurized clean laboratory at the NOC, Southampton. PTFE (Savillex)
columns and vials were cleaned in 50% TD HNO; at 120 °C overnight, and the vials were then
refluxed with 12 M HCI at 120 °C overnight. Acids were thermally distilled (TD) in Teflon stills, and
regularly checked for purity. Dilute acids were prepared from the TD acids by dilution with 18.2 MQ

cm® Milli-Q water, and standardised by titration against NaOH.
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[1.3.1 Separation of Li from the sample matrix

In order to make accurate and precise measurements of the lithium isotope composition of natural

samples, Li must first be separated from the rest of the sample matrix. This was done by cation

exchange chromatography. Acid-cleaned PTFE columns (6 mm in diameter, 30 mL reservoir, PTFE

frit) were loaded with pre-cleaned AG50W-X12 (Bio-Rad™) cation exchange resin (James and

Palmer, 2000a), to a height of 8.5 cm in 0.2 M TD HCI (Figure 1I-5).

Figure lI-5. Cation exchange columns filled with AG50-X12
used for purification of Li or Mg from a sample matrix.

Before starting the separation, an aliquot of each water or sediment sample equivalent to 20 ng of

Li was dried down at 120 °C. The column procedure is as follows:

1.

The columns were cleaned with 15 mL 6 M TD HCl and rinsed with 8 mL Milli-Q water.
The columns were equilibrated with 8 mL 0.2 M TD HCI and resin height was measured to
check it was 8.5 cm.

Samples containing 20 ng Li were dissolved in 200 pL of 0.2 M TD HCl and carefully loaded
onto the columns.

The samples were washed in with 2 x 500 pL of 0.2 M TD HCI.

21 mL of 0.2 M TD HCI was discarded.

The Li fraction was collected in 19 mL of 0.2 M TD HCl in Savillex vials.

The Li fraction was dried down on a hotplate at ~120 °C.
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8. The columns were cleaned with 30 mL 6 M TD HCl and rinsed with 30 mL Milli-Q water.

9. The columns were stored in 0.05 M TD HCI.
The total procedural Li blank associated with the column chemistry is 10 + 20 pg (n = 20; measured
by MC-ICP-MS) which is <0.1% of the amount of Li loaded onto the columns, and thus has a

negligible effect on &’Li.

[1.3.2 Column Calibration

To get a representative column calibration, a sea water sample (IAPSO), a lithium carbonate sample
(L-SVEC), an acid-digested basalt (JB-3) and shale sample (SCo-1) were used. Each sample contained
20 ng of Li, to which 2 ug of Li (2 pL of a synthetic 1000 ppm Li ICP-MS standard solution) was added,
and then dried down.

1. The columns were preconditioned by gently adding 4 mL of Milli-Q water and re-suspending
the resin, equilibrated by adding 8 mL of 0.2 M TD HCI, and then the resin height was
checked to be 8.5 cm.

2. The samples were re-dissolved in 200 pL of 0.2 M TD HCl and loaded onto the column.

3. The samples were washed in with 2 x 500 uL 0.2 M TD HCI.

4. 15 mLof 0.2 M TD HCl was added to the columns and then discarded.

5. The next 16 mL of 0.2 M TD HCl was collected in 2 mL or 4 mL fractions in separate vials.

6. The remaining cations were eluted with 30 mL of 6 M TD HCl and the column was then
rinsed with 30 mL Milli-Q water.

7. Each 2 mL column fraction was made up to 5 mL with 0.2 M TD HCI for ICP-OES analysis.
Each 4 mL fraction was directly analysed.

8. Synthetic multi-element standards were prepared, which contained Li (Aristar, 1000 ppm),
Mg (VWR Prolabo, 10000 ppm) and Na (Inorganic Ventures, 10000 ppm) ICP-MS standards.
A range of concentrations were used to bracket the upper and lower end of the anticipated
concentration.

9. ICP-0ES analysis of Li, Mg and Na was conducted. A wash solution of 0.2 M TD HCI was

used.
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The columns achieved good separation of Li from Na and Mg (Figure 1I-6). The yield of Li from the

columns is >98 %.
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Figure 1I-6. Li column calibration using a sea water, lithium carbonate, shale and
bedrock sample. Volume of acid eluted is plotted against element concentration in ppb.

11.3.3 Analysis of &’Li

11.3.3.1 Measurement of “Li/°Li

Lithium isotope ratios were determined by MC-ICP-MS, at the National Oceanography Centre,

Southampton. The Li fractions purified by cation exchange chromatography were re-dissolved in

3% TD HNOs to produce a solution with a concentration of 5 ppb Li (~4 mL). Aliquots of 1 mL were

taken from each sample for analysis. Before analysis, a dip test was conducted to ensure that

concentration of the sample was within £10% of the concentration of a 5 ppb L-SVEC Li isotope

standard (Flesch et al., 1973). The samples were analysed using a sample-standard bracketing

technique, whereby the mass bias is determined from analysis of the “Li/®Li ratio measured on the

L-SVEC standard, which is analysed before and after each sample. The ’Li and °Li intensity of the 3%

TD HNOs blank solution was determined prior to analysis of each sample and standard, and then
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subtracted. If the ’Li intensity of the blank solution became higher than 1% of the Li intensity of
the sample/standard, the analytical run was stopped and the cones were cleaned. Samples were
introduced to the plasma using a CETAC Aridus [I™ desolvating nebuliser system, and typical

parameters for Li isotope analyses are shown in Table II-4.

Table II-4. Settings for Li isotope analysis on the Neptune Plus.

Parameters Parameters
Average blank <70 mV Extraction voltage 2000V
Sample and sf:andard. H 5ppb Mass resolution Low
concentraton (in solution)
Tie 1V .
Average voltage ‘Li (5 ppb) (min 5V max 21V) Wash solution 3% HNO3
No. of measurments 20 Wash time after sample 7 min
Integration time 8.389s Wash time after blank 1min
Cone Skimmer f:cme Detector Faraday cup
(X cone; Nickel) 14 (°Li) and H4 ("Li)
Air sweep gas 6-8 L/min

11.3.3.2 Accuracy and reproducibility of Li isotope measurements

The Li isotope composition of a reference material and a blank were determined alongside every
batch of samples to ensure the efficacy of the column chemistry. In addition, a number of samples
were processed through the columns several times to ensure that the column chemistry was
reproducible.

The combined uncertainty on the “Li/®Li ratio of the two bracketing standards (Eq. Il-1), uisvec, is:

_ VWi_svec)? + Wi—svec)?
Up-svec = > Eq. lI-1

where uisvec1 is the standard error for 20 measurements of the ’Li/®Li ratio on the L-SVEC standard
run before the sample, and uisvecz is the standard error for 20 measurements of the “Li/SLi ratio on
the L-SVEC standard run after the sample. The combined standard deviation on the &’Li value of

the sample (SDinternal, EQ. 11-2) is:

771:/ 67 2 2
SD _ Li/ °Lisampir y ( UsAMPLE ) + ( Up-svEC )
internal — . _ - - _— ]

"Li/ ®Liy_sygc "Li/ ®LisampiE "Li/ ®Li,_gygc £q. 1I-2

Where Usample is the standard error on the “Li/%Li ratio of the sample. The typical internal uncertainty
is 0.1-0.2%o.
The external error of multiple measurements of a given sample or standard (SDexternal, EQ. 1I-3) is

given by the standard deviation (SD) of the replicate measurements:
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n
1 _
SDexternal = mz(xi —x)? Eq. II-3
i=1

Where n is the number of measurements, x; are the measured &’Li values and X is the mean value
of these measurements. The total uncertainty of the Li isotope measurements (Eq. lI-4) is given by

the combined uncertainty of the internal error and the external error:

2

20(internal+external) = \/ZSDexternal + ZSDiznternal Eq. -4

The accuracy (external precision) was determined by repeated measurement of IAPSO seawater, L-
SVEC (purified lithium carbonate Li,COs), SCo-1 and SLRS-6 (river water), the results are shown in
Table II-5. The measured value of IAPSO was 30.9+0.6%. (2SD, n = 27), which is in accordance with
values reported by other groups (Figure II-7). The variation of all standard values through time for

this study is shown in Figure 1I-8.
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Figure II-7. Li isotope composition of IAPSO published values measured with
thermal ionization mass spectrometer (TIMS) or MIC-ICP-MS. The value measured
in this study is highlighted by a grey shaded box. The green shaded box shows the
average of all the values along with an average of all the standard deviation.
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Table II-5. Li isotope composition of various standards
measured in this study.

Number of

Standard measurements 8'Li (%) 20
IAPSO (Seawater) n=27 309 0.6
L-SVEC n=28 0.0 0.5
SLRS-6 n=3 236 0.7
S$Co-1 n=7 0.8 0.6

The &’Li value of the Li isotope standard L-SVEC which has not been passed through columns was
regularly measured to monitor instrumental stability and reproducibility. The average &’Li value of

L-SVEC that had not been passed through columns was 0+0.5%o. (20, n = 101).
1.4 Magnesium Isotope Analysis

The magnesium isotope composition of the waters and suspended particles was determined by
MC-ICP-MS after separation of Mg from the sample matrix. All Mg isotope work was completed in
an over-pressurized clean laboratory at the NOC, Southampton. PTFE (Savillex) columns and vials
were cleaned in 50% TD HNOs at 120 oC overnight, and the vials were then refluxed with 12 M TD
HCl at 120 2C overnight. Dilute acids were prepared from TD acids by dilution with 18.2 MQ cm

Milli-Q water, and standardised by titration against NaOH.
[1.4.1 Separation of Mg from the sample matrix

In order to make accurate and precise measurements of the magnesium isotope composition of
natural samples, Mg must first be separated from the rest of the sample matrix. This was done by
cation exchange chromatography. Acid-cleaned PTFE columns (6 mm in diameter, 30 mL reservoir,
PTFE frit) were loaded with pre-cleaned AG50W-X12 (Bio-Rad™) cation exchange resin (Tipper et
al., 2006b; Pogge von Strandmann, 2008), to a height of 8.5 cm in 0.8 M TD HNOs (Figure 1I-5).
Before starting the separation, an aliquot of each water or sediment sample equivalent to 10 pg of
Mg was dried down at 120 °C. The column procedure is as follows:

1. The columns were cleaned with 4 mL4 M TD HNOs and rinsed with 4 mL Milli-Q water.

2. The columns were equilibrated with 4 mL 0.8 M TD HNOs and resin height was measured

to check it was 8.5 cm.
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3. Samples containing 10 ug Mg were dissolved in 200 pL of 0.8 M TD HNOs and carefully
loaded onto the columns.
4. The samples were washed in with 2 x 500 pL of 0.8 M TD HNO:s.
5. 50 mL of 0.8 M TD HNO3 was eluted and discarded.
6. The Mg fraction was collected in 18 mL of 2 M TD HNO3 in Savillex vials.
7. The Mg fraction was dried down on a hotplate at ~120 2C.
8. The columns were cleaned with 25 mL 6 M HCl and followed by 8 mL of Milli-Q water, then
cleaned with a further 8 mL 4 M TD HNOs followed by 8 mL Milli-Q water.
9. The columns were stored in 0.4 M TD HNOs.
To ensure good separation from all other elements, samples were passed through the columns two
times. The total procedural Mg blank associated with the column chemistry is 26 + 20 ng (n = 26;
measured by MC-ICP-MS), which is <0.01% of the amount of Mg loaded onto the columns, and thus

has a negligible effect on §*Mg.
[1.4.2 Column Calibration

The column procedure described above was adapted from Wright (2015). The main changes were:
(1) increasing the amount of Mg loaded onto the column from 2 pg to 10 pug, and (2) changes to the
wash procedure to ensure complete recovery of Mg and minimise contamination from elements
that cause isobaric interferences with Mg (Galy et al., 2001; Chang et al., 2003; Huang et al., 2009;
Wombacher et al., 2009; An et al., 2014). The most important isobaric interferences include *Ti*,
48Ca++' 12¢012¢+ g 24Mg, SOTi”, SOCr“, 12013¢+ g ZSIVIg, and 4°Ar12C+*, 52Cr*+, 12C14N+, 12C13CH* on ZeMg
(Huang et al., 2009). Several column calibrations were carried out, until a Mg yield of ~100% was
achieved and concentrations of all other elements were <5% of the Mg concentration. Columns
were calibrated using sea water (IAPSO), an acid-digested basalt (JB-3) and riverwater (SLRS-6).

A major difficulty is the quantitative separation between Ca and Mg. To this end, it was found to be
better to load a solution containing a larger amount of Mg (10 pg vs 2ug; Figure 11-9 and Figure
II-10). High levels of Ca were observed to shift §2Mg away from its true value (Figure 11-10).
However, if 10 ug of Mg were loaded onto the column, the Ca/Mg ratio of the Mg fraction was

much lower, and the measured §%*Mg value is equal to the expected value (Figure 11-10). The final
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column procedure gives a Mg yield of 100 + 5% and concentrations of all major elements were <5%

of the Mg concentration (Table 1I-6). A significant contribution of manganese (Mn, ~7%) was

measured in the Mg fraction of two replicates of the BCR-2 basalt standard reference material (BCR-

21 and BCR-22) but this had no effect on 6%*Mg.

Element] (ppb)
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1200 {1 JB-3 N IAPSO
1000 4 b
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Figure 1I-9. Column calibration using 2ug of Mg from a sea water, river water and
bedrock sample. Volume of acid eluted is plotted against element concentration in

ppb.

Table II-6. Matrix element contribution compared to Mg concentration for
different sample matrices.

Ca/Mg Na/Mg K/Mg Al/Mg Mn/Mg Total

Sample %

DSM-3 Pure Mg metal|| 0.2 0.4 01 0.0 - 0.8
IAPSO1  Seawater 0.9 01 02 01 - 1.3
IAPSO 2 Seawater 1.2 0.3 0.2 0.1 - 1.7
IAPSO 3 Seawater 0.3 0.5 0.5 0.0 - 1.4
BCR-21 Basalt rock 0.8 02 02 01 7.3 8.6
BCR-22 Basalt rock 0.9 01 02 00 6.8 8.0
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Figure 1I-10. Comparison of isotopic shift between samples passed
with 10 ug and sample with 2 ug. The samples passed are IAPSO,
DSM-3 and BCR-2.

11.4.3 Analysis of §2°Mg and §**Mg

11.4.3.1 Measurement of *>Mg/?**Mg and *°Mg/?**Mg

Magnesium isotope ratios were determined by MC-ICP-MS, at the National Oceanography Centre,
Southampton. The Mg fractions purified by cation exchange chromatography were re-dissolved in
3% TD HNOs to produce a solution with a concentration of 600 ppb Mg. Aliquots of 1 mL were taken
from each sample and placed into autosampler vials ~10 minutes prior to their analysis to ensure
minimal evaporation which can significantly affect the Mg isotope ratio. Before analysis, a dip test
was performed to ensure that the Mg concentration of the sample was within £10% of the
concentration (600 ppb) of the bracketing standard DSM-3 (Galy et al., 2001). The samples were
analysed using a sample-standard bracketing technique, whereby the mass bias is determined from
analysis of the Mg/**Mg and *Mg/**Mg ratio measured on the DSM-3 standard, which is analysed
before and after each sample. The *Mg, 2°Mg and 2°Mg intensity of a blank solution (3% TD HNO3)
was determined prior to analysis of each sample and standard, and then subtracted. If the 2*Mg
intensity of the blank solution became higher than 1% of the 2*Mg intensity of the sample/standard,

the analytical run was stopped and the cones were cleaned. Samples were introduced to the plasma
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using the ThermoFinnigan stable introduction system (SIS) and typical parameters for Mg isotope

analyses are shown in Table II-7.

Table II-7. Settings applied during Mg isotope analysis on the Neptune

Plus.
Parameters Parameters
Average blank *Mg <60 mV Extraction voltage 2000V
Sample and standard M,
8 i . . 600 ppb Mass resolution Low
concentraton (in solution)
2 14V
Average voltage Mg . Wash solution 3% HNO,
(600 ppb) (min 5V max 26 V)
No. of measurments 30 Wash time after sample 5min
Integration time 8.389s Wash time after blank 1 min
Faraday cup

Jet sampler cone 24 25
M, M

Cone (H cone; Nickel) Detector L3 (“'Mg), (z:s( g) and
H3 (“Mg)

11.4.3.2 Accuracy and reproducibility of Mg isotope measurements

A standard reference material and a blank were processed with every batch of samples to ensure
the efficacy of the column chemistry. Several samples were also processed separately through the
columns at least twice to assess the reproducibility of the column chemistry.

The combined uncertainty on the 2Mg/**Mg ratio (or the 2>°Mg/**Mg) of the two bracketing

standards, upsm (Eq. 1I-5), is:

_ V Wpsu1)? + (Upsu2)?
Upsm = > Eqg. II-5

where upsm1 is the standard error for 30 measurements of the 2Mg/?*Mg ratio (or *Mg/**Mg ratio)
on the DSM-3 standard run before the sample, and upsmz is the standard error for 30 measurements
of the 2®Mg/?**Mg ratio (or »*Mg/**Mg ratio) on the DSM-3 standard run after the sample. The

combined standard deviation on the §°Mg value of the sample (SDinternal, EQ. 11-6) is:

X 24 2 2
SD _ “"Mg/**MgsampLE USAMPLE UDpsm
internal —

*Mg/**Mgpsm *Mg/**MgsampLE *Mg/**Mgpsu Eq. 1I-6
where X refers to either 25 or 26, Usample is the standard error on the *Mg/**Mg and 2®Mg/?**Mg ratio
of the sample. The typical internal uncertainty of the §2*Mg measurements was better than 0.03%o
and better than 0.02%o for the §2°Mg measurements.

The external error of multiple measurements of a given sample or standard (SDexternal, EQ. 11-7) is

given by the standard deviation (SD) of the replicate measurements:
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N
1 _
SDexternal = mZ(xi - X)? Eq. II-7
i=1

Where n is the number of measurements, x; are the measured Mg values and X is the mean
value of these measurements. The total uncertainty of the Mg isotope measurements (Eq. II-8) is

given by the combined uncertainty of the internal error and the external error:

20(internal+external) = \/ZSDerternal +25Di2nternal Eq. II-8

The accuracy of the measurements was assessed by analysis of IAPSO seawater, DSM-3 (pure
magnesium metal), SCo-1 (Cody Shale), SLRS-6 (river water) and BCR-2 (Columbia River basalt). The
measured value of IAPSO was -0.82+0.05%. (2SD, n = 18), which is in accordance with the values
reported by other groups (Figure 1I-11). A magnesium three-isotope plot (§*°Mg vs §%*Mg) of all

samples and the Mg standards defines a single fractionation line with a slope of 0.521 (Figure 11-12),
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Figure 1I-11. Mg isotope compositions of published values for IAPSO (solid blue circles),
BCR-2 (yellow squares) and SCo-1 (open brown circles).The values measured in this
study are highlighted by grey shaded boxes. The green shaded boxes show the average
of all the values along with an average of all the standard deviation.
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consistent with the theoretical value for equilibrium fractionation of 0.521 (Young et al., 2002;
Young and Galy, 2004).The variation of all standard §%*Mg values through time for this study is
shown in Figure 11-13. The §%®Mg value of the Mg isotope standards DSM-3 and CAM-1 (Cambridge-
1) which have not been passed through columns were regularly measured to monitor instrumental
stability and reproducibility. The average 8?*Mg value of DSM-3 that had not passed through
columns was 0+0.09%o (2SD, n = 155) and the average §**Mg value of CAM-1 that had not passed
through columns was -2.58+0.09%o. (2SD, n = 24) which is in agreement with published values

(6*°Mg = -2.61+0.05%0, n = 2387) (see An and Huang (2014) and references therein).

Table 1I-8. Mg isotope composition of various
standards measured in this study.

Numberof .

Standard measurements &67Mg (%) 20
IAPSO (Seawater) n=18 -0.82 0.05
BCR-2 n=2 -0.19 0.03
DSM-3 n=27 0.00 0.07
SLRS-6 n=>5 -1.22 0.03
SCo-1 n=3 -0.92 0.11

0.5
Greenland A Brazil y =0.521x
¢ Guadeloupe [ODSM-3
W IAPSO @ CAM-1
0.0 1 osLRS6 ASCo-1
$
= -0.5 -
[eTe}
=
Y
Je]
-1.0 +
-1.5 , . |
-3.0 -2.0 -1.0 0.0 1.0

526\ig (%o)
Figure 1I-12. Magnesium three isotope plot of all standards and
samples analysed in this study. CAM-1 was not passed through
columns.
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Chapter llI

Chapter lll. Seasonal variability in the behaviour of lithium
and magnesium in a Greenlandic fjord: Implications for

ocean chemistry

ABSTRACT

During glacial-interglacial cycles, differences in ice cover, ice melting, rock exposure and
temperature eventually affect the chemical composition of seawater. Lithium (Li), magnesium (Mg)
and Li and Mg isotopes have the potential to provide important new information on the impact of
glacial weathering and estuarine mixing on the delivery of weathering products to the oceans. In
glacial environments, meltwater input to glacial fjords shows distinct seasonal variations that
modify the input of lithium (Li) and magnesium (Mg) to the oceans. To assess the importance of
these modifications for ocean chemistry, we analysed a series of water samples collected along a
transect through Godthabsfjord (64° N, 51° W) in West Greenland, in spring (low ice melt) and
summer (high ice melt). Li and Mg concentrations range from respectively, 4.1 to 23.3 umol/kg and
9.7 to 50.5 mmol/kg and show conservative behaviour with respect to salinity whereas lithium and
magnesium isotope compositions (87Li, §2°Mg) are largely invariant through the fjord, ranging from
29.5%0 to 31.5%0 and -0.78%o. to -0.86%., respectively. Mass balance calculations indicate that
changes in §®Mg and &7Li would only be detected in locations where the freshwater/seawater ratio
is > 5 because concentrations of Li and Mg in ice melt are very low. As a result, even though the
amount of freshwater entering the oceans at the end of the Last Glacial Maximum would have been
much higher than it is today (120 to 135 m ice-equivalent sea-level lowering), this would have had
minimal impact on the &’Li and §%*Mg composition of freshwater delivered to the oceans on a global

scale.
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1.1 Introduction

[11.1.1 Glacial weathering processes

Rates of chemical and physical weathering are controlled by a multitude of parameters, including
mineral/water interaction time, rainfall (runoff), temperature, pH, mineral stability and
topography. In glacial environments, rates of physical (mechanical) weathering are far higher than
in temperate environments. For example, the rate of erosion in the Watson river catchment in West
Greenland is ~ 1560 t/km?2/yr (Wimpenny et al., 2010b), which is up to ~200 times higher than the
physical erosion rate of major non-glacial catchments such as the MacKenzie and Changjiang
(Gaillardet et al., 1999a). Studies of glacier-covered alpine catchments have yielded chemical
weathering rates that are far greater than the global average (Sharp et al., 1995; Jacobson et al.,
2003), which has led to speculation that glacial weathering can cause significant atmospheric CO,
drawdown (Sharp et al., 1995). In addition to the availiability of finely-ground fresh mineral, these
elevated weathering rates are attribued to high flushing rates such that meltwaters remain
undersaturated and reaction rates remain high (Sharp et al., 1995). However, other studies suggest
that weathering in glacial environments does not necessarily involve sequestration of atmospheric
CO; (Tranter et al., 2002), because weathering of glaciated bedrock may proceed via hydrolysis
reactions (Eq. lll-1) that do not consume atmospheric CO:
4FeS,(s) + 16CaC05(s) + 150,(aq) + 14H,0(aq) Eq. IlI-1
Pyrite Calcite
= 16Ca**(aq) + 16HCO3 (aq) + 8502~ + 4Fe(OH)3(s)
ferric oxyhydroxides

Additionally, subglacial chemical weathering can occur as a result of reactions between the rock
and CO; produced by root or microbial respiration, rather than atmospheric CO; (Tranter et al.,
2002). Some models that evaluate the impact of glacial weathering processes on atmospheric CO,
suggest that changes in the relative proportion of glacial to non-glacial weathering processes over
the last 120 kyr have had little impact on levels of atmospheric CO; (Jones et al., 2002; Tranter et
al., 2002), whereas others have suggested that glacier-covered catchments have similar or higher

cation and silicon denudation rates compared to non-glaciated catchments, for the same discharge

(Anderson et al., 1997). The importance of glacial environments as a regulator of atmospheric CO,
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is therefore a matter of debate, and there is a clear need to establish better tracers of weathering

processes in glaciated river catchments.
[11.1.2 Discharge of meltwater into the oceans

In the Northern Hemisphere, glacial meltwaters are typically discharged into a fjord, which is an
estuary created by advancing glaciers. There is a growing interest in studying fjords as they play a
significant role in regulating the exchange of meltwater and seawater, they harbour significant
plankton communities and their sediment records provide unique information on climate evolution
and glacial-interglacial cycles (Arendt et al.,, 2010; Mortensen et al.,, 2013). Mixing of glacier
meltwater and seawater in a fjord may also modify the flux of dissolved solutes delivered to the
oceans. For example, in a recent study in Godthabsfjord, Western Greenland, it was demonstrated
that dissolved Fe delivered into the fjord was rapidly scavenged from solution and >~97% of the
sediment flux carried by meltwater runoff was physically trapped within the fjord (Hopwood et al.,
2016).

The concentration and isotope composition of lithium (Li) and magnesium (Mg) have the potential
to provide important information on glacial weathering processes that can be tracked over time by
analysis of ancient marine sediments (Hathorne and James, 2006; Misra and Froelich, 2012; Pogge
von Strandmann et al., 2014; Higgins and Schrag, 2015). This is because Li isotopes (°Li and “Li) and
Mg isotopes (¥*Mg, Mg and 2*Mg) are fractionated during the formation of secondary mineral
phases (Huh et al., 1998; Huh et al., 2001; Pistiner and Henderson, 2003; Kisakurek et al., 2005;
Tipper et al., 2008a; Opfergelt et al., 2012), or by interactions with the suspended load during
transport (Pogge von Strandmann et al., 2008b; Dellinger et al.,, 2015; Liu et al., 2015).
Additionnaly, dissolved §%*Mg can also reflect the drainage of a specific bedrock lithology during
continental weathering (e.g. carbonate or limestone rocks; Tipper et al., 2006b; Tipper et al., 2008),
whereas this effect is limited to evaporitic rock only for §’Li (Wang et al., 2015) as silicate
weathering is the major control of the dissolved Li isotope composition. For instance in Icelandic
glacial rivers an increase of the dissolved &’Li associated with an increase of glacial (physical)
weathering is attributed to more incongruent weathering conditions (Pogge von Strandmann

et al., 2006; Vigier et al., 2009). On the contrary, in glacial river of West Greenland, the §**Mg
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is not controlled by formation of secondary mineral but rather by the preferential dissolution of
carbonate minerals (Wimpenny et al.,, 2011). The combination of Li and Mg isotopes is thus

promised to be an excellent tracer of weathering processes in cold regions.
[11.1.3 Past variations in the delivery of meltwaters to the ocean

The Greenland ice sheet covers 80% of the total surface area of Greenland (Vasskog et al., 2015)
and 8% of the global Earth’s land ice cover (Tranter, 2003). If it were to melt, it would result in a
rise in global mean sea level by 7.36 m (Bamber et al., 2013). Thermomechanical (Huybrechts and
de Wolde, 1999; Huybrechts et al., 2011) and mass balance models (Van As et al., 2014) suggest
that the melt and runoff from the Greenland ice sheet has doubled over the past two decades (Van
As et al., 2014), presumably as a result of global warming (McBean et al., 2005; Smith and Reynolds,
2005). During the Last Glacial Maximum (LGM), ~21,000 to ~18,000 years ago, eustatic sea level
was ~120 to 135 m lower than it is today (Bard et al., 1990), because of increased ice volume. The
Greenland ice sheet by itself was likely responsible for ~4% of the reduction in sea level (Vasskog et
al., 2015). Changes in runoff and temperature between glacial-interglacial cycles are expected to
induce variations in weathering and sedimentation rates at higher latitudes. To explore this idea,
we have conducted a study to assess the effects of meltwater inputs on Li and Mg concentrations
and isotopes in Godthabsfjord in western Greenland. We use these data to determine the impact
of glacial meltwater on the Li and Mg isotopic composition of the oceans, both today and at the

LGM.
1.2 Site description and sampling

Godthabsfjord is a 190 km long fjord located on the south west coast of Greenland at ~64°N, ~51°W
(Figure llI-1). The town of Nuuk is located at its mouth. It is a mountainous fjord system (Figure I1I-2)
with a maritime-influenced polar climate that lies in the centre of an Archean complex (McGregor,
1973). This Archean complex is formed of gneiss and granite aged between 2.5 and 4 billion years
(Friend and Nutman, 2005). The gneisses are dominantly pale quartzo-feldpathic gneisses that vary
in composition from tonalitic to granitic (McGregor, 1973). Godthabsfjord borders a section of the

Greenland ice sheet spanning ~46 200km?, representing 2.6% of the total Greenland ice sheet area
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(Van As et al., 2014). The ice sheet extends to the coast of most of Greenland, and even into its
estuaries and fjords in the winter months (Figure lll-1). Freshwater inputs to Godthabsfjord are
governed by three main sources (Mortensen et al., 2011): (1) freshwater entering the surface layer
of the fjord via precipitation, rivers, and streams of meteoric water and glacial meltwater; (2)
subglacial freshwater that enters the fjord at depth via tidewater outlet glaciers (glacial meltwater
and meteoric water); (3) glacial ice melting within the fjord (melting of icebergs and glacier termini).
The mean annual freshwater discharge between 2002 and 2012 into Godthabsfjord from the
Greenland ice sheet was estimated to be 18.4 + 5.8 Gt yr! between 2002 and 2012, whereas
discharge from land surface runoff was 7.5 + 2.1 Gt yr* (Langen et al., 2015). The hydrography of
Godthabsfjord is described in Mortensen (2011, 2013). Four types of circulation have been
identified and these consist of fjord circulation driven by freshwater runoff, subglacial circulation,
dense coastal inflow, and a deep tide circulation (Mortensen et al., 2011).

Water samples for this study were taken from the inner parts of the fjord (Figure Ill-1 and Figure
I1I-2) in May 2014 (“spring”) and August 2014 (“summer”) with the Research Vessel (RV) SANNA.

Sampling stations (“GF”) are standard stations used by the Greenland Institute of Natural Resources

51°00" w

GREENLAND 64°40-N

(KALAALLIT NUNAAT

Nuuk (Godthab) é
y h

> -

Figure lll-1. Sampling stations (red dots) in Godthdbsfjord, West Greenland. I/E = Ice Edge.
I/E (spring) was sampled in May while I/E (summer) was sampled in August, both as close as
possible to the termini of the glaciers that enter the fjord.
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(Arendt et al., 2010; Arendt et al., 2011; Mortensen et al., 2011); QU is an inlet off the main fjord
and "I/E' samples refer to the Ice Edge. I/E samples were taken as close to the edge of the ice cap
as possible (Figure IlI-1 and Figure IlI-2), because dense ice melange in the inner fjord makes

sampling close to the glaciers logistically challenging.

Figure IlI-2. Station GF13 in summer. Large icebergs can be
observed floating in the inner parts of the fjord but most of
these melt before they reach Nuuk.

1.3 Analytical methodology

Temperature, turbidity, and salinity were measured directly in the fjord at each sampling station.
Samples were filtered on board through 0.2 um filters and acidified with 500 pL of thermally-
distilled concentrated HCl to preserve them for analysis back in the laboratory. Cation
concentrations of this study were determined at the National Oceanography Centre Southampton
(NOCS) by inductively coupled plasma optical emission spectrometry (ICP-OES). Lithium and
magnesium isotope compositions were determined by multi-collector inductively-coupled plasma-
source mass spectrometry (MC-ICP-MS; Thermo Scientific Neptune), at the NOCS. A full description

of the analytical methods is presented in Chapter 2.

1.4 Results

The salinity, temperature, freshwater input, turbidity and sample locations are summarized in Table

I1I-1. Major, minor elements and isotope compositions are displayed in Table IlI-2.
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Table llI-1. Field measurements for Greenland fjord samples.

Temperature Salinity Turbidity Freshwater
Sample Latitude Longitude P v ty Vrw)

(°c) (-) (FNU) (%)

Spring (May 2014)
GF3 N 64°07' W 51°53' 1.7 33.0 1.0 1.8
GF5 N 64°16' W 51°40' 2.4 32.9 1.1 2.2
GF7 N 64°25.5' W 51°30.6' 2.2 325 23 3.5
Qu4a N 64°42.7' W 51°12' 2.5 32.2 2.4 4.3
GF10 N 64°36.6' W 50°57.5' 2.7 32.6 26 31
I/E N 64°42' W 50°39' 1.1 315 2.8 6.4

Summer (August 2014)

GF3 N 64°07' W 51°53' 4.7 316 0.5 6.1
GF5 N 64°16' W 51°40' 6.3 27.2 13 19
GF7 N 64°25.5' W 51°30.6' 7.1 23.8 1.2 29
Qu4 N 64°42.7' W 51°12' 8.8 15.1 2.0 55
GF10 N 64°36.6' W 50°57.5' 6.2 10.8 4.8 68
GF13 N 64°40.8' W 50°17.3' 5.8 8.1 2.9 76
I/E N 64°40' W 50°10.5' 5.2 8.3 4.2 75

111.4.1 In situ measurements

In spring, the samples collected in the fjord water were found to have a salinity ranging from 31.5
to 33.0. The range in temperature (1.1 to 2.7°C), turbidity (1.03 to 2.84 FNU) and salinity was fairly
narrow as expected prior to onset of the melt season because the fjord is mainly filled with
seawater. In summer, the salinity of the water samples ranged from 8.1 (in the inner fjord) to 31.6
(in the fjord mouth), which was indicative of greater freshwater input from ice melt. The summer
water temperatures were higher (4.7 to 8.8 °C) but turbidity (0.51 to 4.24 FNU) was similar to
spring. The proportion of fresh meltwater proportion (frw) was estimated from the salinity (Eq. I1I-2)
of the sample (Ssample), assuming that freshwater had a salinity of zero and seawater had a salinity

of 33.65 (Ssw), which was the value measured in fjord waters from ~400m depth (Meire et al., 2015).

Ssw — S
fFW (%) — [ SW sample] % 100

Sew Eq. llI-2

In spring, the proportion of freshwater in the samples varied from 1.8 to 6.4%, whereas in summer

it varied from 6.1 to 76%.
[11.4.2 Major elements

The dissolved cation load of the fjord waters was dominated by Na*, Mg?*, Ca** and K* (Table IlI-2).
Concentrations of these elements were directly proportional to salinity; in spring, the salinity

variation in the samples was small so there was little variation in the concentrations of the major
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elements throughout the fjord. However in summer, input of freshwater was much higher, and
both salinity and major element concentrations increased towards the mouth of the fjord. Mg
concentrations ([Mg]) ranged from 47.4 to 50.5 mmol/kg in spring and from 9.7 to 47.6 mmol/kg in
summer (Table 1lI-2, Figure 111-3). The Mg concentration of the freshwater endmember ([Mg]ew) was
estimated to be ~272 umol/kg (Figure I1I-3). The uncertainty of this value is large (+ 1.1 mmol/kg),
and the average value is far higher than measured concentration in glacial rivers in Greenland ([Mg]
= 8.3 to 14.4 umol/L; Wimpenny et al., 2011), Switzerland ([Mg] = 0.9 to 5.5 umol/L; Hindshaw et
al., 2011b) and ice melt from the Langjokull glacier (lceland) ([Mg] = 6.7 umol/L; Pogge von
Strandmann et al.,, 2008a). Nevertheless, non-glacial rivers in Greenland had similar Mg
concentrations ([Mg] = 86.3 to 775 umol/L; Wimpenny et al., 2011), and the average of the world’s

largest rivers ([Mg] = ~475 umol/L; Gaillardet et al., 1999b) was higher.

Table IlI-2. Concentrations of major and minor elements, and Li and Mg isotopic compositions of
Godthabsfjord water.n.d = not determined, b.d =below detection limit (0.3 umol/kg for Sr and
Si).The 20 is the internal uncertainty of each measurements. TdFe = total dissolvable Fe
concentrations; DFe = Dissolved Fe. *Values from Hopwood et al. (2016).

, Major cations (mmol/kg)  Minor cations (umol/kg) Fe (nmol/L)* Isotopic composition (%o)
sample Na Mg Ca K B Sr Li Si TdFe DFe 8L 20 Mg 20 §*Mmg 20
Spring

GF3 441 493 97 94 406 82 231 bd 136 <0.1 31.0 0.2 -044 002 -0.84 0.03
GF5 434 495 9.7 93 405 82 23.0 bd 163 5.8 31.2 0.2 -040 0.02 -0.81 0.03
GF7 433 49.7 96 9.2 396 81 228 bd 247 3.5 31.2 0.2 -041 0.02 -0.78 0.03
Qu4 420 486 94 90 385 79 223 bd - - n.d n.d nd nd nd nd
GF10 445 50.5 98 95 403 83 233 bd 247 309 30.3 0.2 -042 0.02 -0.81 0.03
I/E 413 474 90 88 374 78 218 bd 697 8.8 30,8 0.2 -040 0.02 -0.79 0.02
Dup I/E 413 475 91 88 376 78 219 bd - - 30.2 0.3 nd nd nd nd
Summer
GF3 422 476 9.2 89 384 80 223 bd 218 <0.1 298 02 -042 0.02 -0.78 0.03
GF5 368 41.8 81 7.6 335 69 195 bd 346 5.7 315 02 -042 002 -0.79 0.03
GF7 317 371 70 6.6 282 60 168 b.d 437 <0.1 30,5 0.2 -042 002 -0.82 0.02
Dup GF7 313 370 71 65 291 60 167 bd - - 303 0.2 -040 0.02 -0.78 0.03
Qu4 163 205 38 3.2 152 32 8.7 15.3 - - 31.3 0.2 -043 0.02 -0.82 0.03
GF10 146 185 35 238 135 29 7.9 16.6 1840 6.3 30.8 0.2 -044 002 -0.86 0.03
GF13 102 136 25 20 98 21 5.7 15.3 686 <0.1 29.7 0.2 -0.44 0.02 -0.84 0.02
I/E 68 9.7 18 13 70 bd 4.1 185 1352 33.7 309 03 -046 002 -0.86 0.03

[11.4.3 Minor elements

Concentrations of B, Sr and Li also increase with increasing salinity. The dissolved Li concentrations
([Li]) in our samples ranged from 21.8 to 23.3 umol/kg in spring, and from 4.1 to 22.3 pmol/kg in
summer (Table 1lI-2 and Figure IlI-3). The Li concentration of the freshwater endmember ([Li]rw) is

estimated to be ~219 nmol/kg (+212 nmol/kg; Figure 11I-3), within the range for rivers draining into
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Kangerlussaq estuary (14 to 569 nmol/L) which is also located in southwest Greenland (Wimpenny
et al., 2010b). Nevertheless, this value is higher than the concentration measured in meltwater
from the Langjokull icecap, in Iceland ([Li] = 2.1 nmol/L; Pogge von Strandmann et al., 2006). In
contrast to Li and Mg, concentrations of Si and Fe (TdFe = Total dissolvable Fe concentrations in
unfiltered samples at pH < 2 and DFe = Dissolved Fe filtrated <0.2um) show an inverse relationship
with salinity (Table I1l-2). The silicon concentrations ([Si]) measured in summer range from 15.3 to
18.5 umol/kg; only the very inner parts of the fjord had Si concentrations that were higher than the

detection limit.
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Figure llI-3. [Li] and [Mg] versus salinity in Godthdbsfjord (excluding sample QU4 which is not in the
fiord continuity). Blue open squares are samples taken in winter and orange circles are samples
taken in summer. The uncertainty of the measurements is + 5% for Li and Mg (error bars are smaller
than the size of the symbols). The standard error of the intercept at Ssw = 0 is 1.1 mmol/kg for Mg
and 212 nmol/kg for Li.

[11.4.4 Li and Mg isotopes

The &’Li values of the fjord waters ranged from 30.3 to 31.2%o in spring and from 29.5 to 31.5%e in
summer (Figure 11I-4). Corresponding §**Mg values ranged from -0.78 to -0.86%o in summer and -
0.79 to -0.84%o. in spring. Two samples were duplicated (Dup GF7 and Dup I/E), the agreement

between the two measurements was better than 0.60%. for 6’Li and 0.04%o. for §°°Mg (Table III-2.
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Figure IlI-4. Isotopic composition of lithium (87Li) and magnesium (6?®Mg) in summer and spring.
Error bars represent the 2o external uncertainty of the isotope analyses (0.6%o for Li and 0.06%o
for Mg) calculated with repeated measurements of L-SVEC (§7Li = 0.0 + 0.5%o (2SD, n = 28)), DSM-
3 (6%°Mg = 0.00 # 0.07%o (25D, n = 27)) and IAPSO (67Li = 30.9 + 0.6%o (2SD, n = 27); 6*°Mg = -0.82
+ 0.05%0 (2SD, n = 18)). The blue shaded boxes show the standard deviation (2c) around the
average IAPSO seawater values.

I11.5 Discussion

[11.5.1 Behaviour of Li and Mg during ice melt-seawater mixing

The concentrations of Li and Mg in the fjord are directly proportional to salinity, which is indicative
of conservative behaviour; i.e. their concentrations are simply controlled by the proportion of
meltwater (that has low Li and Mg) and seawater (that has high Li and Mg). Conservative behaviour
of Liand Mg has been observed in many other estuaries (Stoffyn-Egli, 1982; Colten and Hanor, 1984;
Pogge von Strandmann et al., 2008b), although a study of the Kalix and Rane River (Sweden)
indicated that in these estuaries, Li appeared to be affected by adsorption on secondary minerals
(Murphy et al., 2014). The input of meltwater into the estuary was higher in the summer when
temperatures are higher but, even at this time of the year, the influence of meltwater on Li and Mg
concentrations was only evident in the inner parts of the fjord (Stations GF7, GF10, GF13 and I/E;
Figure 11-3), which is consistent with the distribution of salinity (Figure Ill-5; Hopwood et al., 2016).
In contrast to Li and Mg, DFe shows strongly non-conservative behaviour in the estuary and removal
of DFe is observed at low salinities (Figure IlI-6; Hopwood et al., 2016) because the increase in ionic

strength destabilises Fe colloids in the meltwater causing them to form aggregates that settle out
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Figure IlI-5. Distribution of salinity in spring (May) and summer (August)
in Godthdbsfjord (GF2 is the station located offshore few kilometres after
GF3). After Hopwood et al., 2016.

of solution (Boyle et al., 1977; Sholkovitz et al., 1978). However, although Li can be adsorbed or
incorporated in the surface of iron oxyhydroxides (Pogge von Strandmann et al., 2008b; Wimpenny
et al., 2010b), and uptake of Mg by clays minerals containing Fe-oxides has also been observed

(Opfergelt et al., 2012), there is no obvious evidence for uptake of Li or Mg at low salinity (Figure

111-3).
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Figure ll-6. A. Dissolved Fe (DFe) along the salinity gradient in Godthdbsfjord, before (May, blue
diamonds) and during (August, red circles) the meltwater season. DFe is removed at low salinities
due to precipitation/flocculation of iron oxides. B. Turbidity (Formazin Nephelometric Unit, FNU)
follows the same trend as DFe. After Hopwood et al., 2016.
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[11.5.2 Behaviour of Li and Mg isotopes during ice melt-seawater mixing

Although there are clear variations in [Li] and [Mg] within the fjord, it appears that &’Li values are
largely unaffected during the fjord mixing process, although there is a hint that §**Mg evolves
towards lower values at lower salinity (Figure l11-4). All of the water samples from Godthabsfjord
have Li isotope compositions that are similar to seawater, ~31%. (James and Palmer, 2000a; Hall et
al., 2005; Pogge von Strandmann et al., 2008b); most §2°Mg values are also similar to seawater (~ -
0.82%o; Foster et al., 2010). Analyses of waters in the same salinity range from estuaries in Iceland

and the Azores give similar results within the errors (Pogge von Strandmann et al.,2008b; Figure

1-7).
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Figure IllI-7. Compilation of data from different estuary studies
of Liand Mg concentrations and isotope compositions. The blue
shaded boxes show the standard deviation (2c) around the
average IAPSO seawater values for &’Li and §°°Mg. After Pogge
von Strandmann et al. (2008b).

I11.5.2.1 Liisotopes

There are three possible explanations for the lack of change in 8’Li during fjord mixing:
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1. Freshwater comes from melting of sea ice. During ice-crystal growth the major ions present in
seawater (Na*, Mg?*, Ca?*, K*, CI', SO4%, COs*) are not incorporated into the ice crystal lattice and
are rejected by the advancing ice-water interface (Petrich and Eicken, 2010). As salt is excluded
from the sea ice crystal lattice, melting of sea ice introduces a freshwater component as well as salt
crystals that have not been incorporated into the ice lattice (Untersteiner, 1968). The Li isotope
composition of this meltwater is therefore the same as seawater, assuming there is no fractionation
of Li isotopes associated with freezing/melting of water. In support of this, analyses of &’Li and
5%Mg in meltwater from the Icelandic icecap have &§Li = 33.3%0 and §%*Mg = -0.83%o, similar to
seawater (Pogge von Strandmann et al., 2006; 2008a). This process, however, cannot explain high
concentrations of dissolved Si at low salinity (Figure I1I-8) that have also been measured in other
studies (Hopwood et al., 2016; Meire et al., 2016). As ice melt has a very low Si concentrations (e.g.
in Langjokull icecap (Iceland) [Si] = 3.3 umol/L; Pogge von Strandmann et al., 2006), this implies that
Siis release during interactions between the ice sheet and the bedrock, that has high [Si] (Hopwood
et al., 2016; Meire et al., 2016). Si is lost from the estuary as it is taken up by diatoms close to the
glacial outflows (Meire et al., 2016). Additionally, Mortensen (2013) observed that sea ice either
melts or leaves the inner part of the fjord before the onset of the summer and therefore does not

influence the freshwater budget significantly.
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Figure 1lI-8. [Si] (+ 10%) versus salinity in Godthdbsfjord.
Silicon concentrations are only detectable at low salinity at

the sampling points.
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2. Uptake of Li derived from meltwater, which can be assumed to have &’Li values similar to average
of glacial river water from West Greenland (8’Li = 26%0; Wimpenny et al., 2010a), onto the surfaces
of iron oxyhydroxides that form in the subglacial environment (Eq. IlI-1, Section 111.1.1). This process
results in enrichment of °Li in the solid phase and ’Li in the remaining fluid such that the 8’Li of the
meltwater is shifted to higher values, potentially close to seawater (Wimpenny et al., 2010b).
However, in contrast to Fe or Si (Figure Ill-6 and Figure IlI-8), there is no obvious evidence for
removal of Li at low salinities.

3. The concentration of Li in the meltwaters is so low compared to seawater, that the 6’Li value of
the fjord (8Lifora, Eq. 11I-3) waters is dominated by seawater input. The effects of this can be

assessed by mass balance:

8 "Lipw X [Lilpw X frw + 8 "Lisy X [Lilsw X (1 = frw)
((1 = frw) X [Li]sw) + (frw X [Lilpw) Eq. IlI-3

77 _
6 Ligjora =

where [Li] is the Li concentration, SW and FW are, respectively, the seawater and freshwater
endmembers, and frw and fsw are the proportions of, respectively, freshwater and seawater (Eq.

I1I-4), such that:

frw + fsw = 1
Eq. III-4

[Lilsw is taken to be the Li concentration at Godthabsfjord seawater salinity (33.65) which gives
[Li]lsw = 23.7 umol/kg (Figure 11I-3). [Lilrw is the Li concentration at zero salinity (0.219 pumol/kg;
Figure 111-3), and &’Lisw = 31%o. The &’Li value of the freshwater endmember is unknown, but is
almost certainly greater than the value of the catchment bedrock (average value of ~8.5%o;
Wimpenny et al., 2010a). Both this value, and the average &’Li value of Greenland glacial (67Li =
26%0; Wimpenny et al., 2010a) are considered here. The results of the mass balance calculations

indicate that the low [Li] of meltwater relative to seawater means that changes in &’Li during the
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Figure 11I-9. Modelling of the evolution of the lithium isotope composition during
seawater and freshwater mixing. Note that the effects of meltwater input can only
be detected (outside the external reproducibility of the isotope measurements)
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mixing process are unlikely to be detected unless the proportion of freshwater is > 85% (Figure I11-9)

and, even in the extreme case where 8’Lirw = 8.5%o, the sample with lowest salinity can be expected

to have a &’Li value that is only 0.6%o lower than seawater. This is close to the uncertainty of &’Li

analyses.

111.5.2.2 Mg isotopes

The isotope compositions of Mg are similar in summer and spring in Godthabsfjord and are

comparable to the seawater value (-0.82%o). As suggested for Li, sea ice melting is unlikely to be

the reason why Mg isotopes have an isotope composition close to seawater. The expected change

in 82°Mg as a function of salinity (Eq. l1I-5) can be assessed by mass balance (Figure 111-10):

§*°Mgpw X [Mglew X frw + 8*°Mgsy X [Mglsw X (1 — frw)

626MgFjord =

((1 = frw) X [Mg]sw) + (frw X [Mglrw)

Eq. llI-5

where [Mg] is the Mg concentration, SW and FW are, respectively, the seawater and freshwater

endmembers, and frw and fsw are the proportions of, respectively, freshwater and seawater (Eq.

111-6), such that:
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frw + fow = 1
Eq. Ill-6

[Mg]sw is the Mg concentration at Godthabsfjord seawater salinity (50.2 mmol/kg; Figure 1lI-3),
[Mg]rw is the Mg concentration at zero salinity (0.272 mmol/kg; Figure 111-3) and §2°Mgsw = -0.82%o
(Foster et al., 2010). The §*Mg value of the freshwater endmember is unknown, but is almost
certainly smaller than the value of the catchment bedrock (assuming that the bedload is
representative of the bedrock, the average value is -0.4%.; Wimpenny et al., 2011). In support of
this, other glacial rivers in West Greenland have §2°Mgew = -1.12 + 0.06%0 (Wimpenny et al., 2011).
However, as most of the freshwater entering the fjord is provided by subglacial input (~71%) rather
than surface runoff (Langen et al., 2015), this implies also a different §2Mg for subglacial runoff.
Sub-glacial weathering is thought to be responsible for the preferential dissolution of easily
weathered mineral phases such as carbonates (Anderson et al.,, 1997), and as carbonates are
isotopically light (§%*Mg down to -5.6%0; Wombacher et al.,2011), sub-glacial weathering is likely to
produce fluids with low §2*Mg. Both §2°Mg values (-5.6 and -0.4%o) for the freshwater endmember

are considered here (Figure 111-10). The results of the mass balance calculations indicate that the
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Figure 11I-10. Modelling of the evolution of the magnesium isotope
composition during seawater and freshwater mixing. Contrary to Li the effects
of meltwater input are detectable when freshwater contribution is > 80%.
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low [Mg] of meltwater relative to seawater means that changes in 62*Mg during the mixing process

are unlikely to be detected unless the proportion of freshwater is > 80% (Figure 111-10).
[11.5.3 Effects of ice melt on the Li and Mg composition of seawater

As discussed in Section 111.1.3, the quantity and distribution of global ice sheets has varied in the
past and, for example, the extent of the ice sheets was considerably larger at the Last Glacial
Maximum (LGM) than it is today (120 to 135 m ice-equivalent sea-level lowering; Clark and Mix,
2002). The potential effects of this on the Li and Mg concentration, and Li and Mg isotope
composition of the ocean at the LGM are shown in Table 11I-3 and Figure 1lI-11. Various scenarios
are considered: (i) variations in the isotope composition of the meltwater, and (ii) variations in the
volume of the ice sheets. Given that Li and Mg behave conservatively during ice melt — seawater
mixing, then the concentration of Li in the oceans today is determined by the relative amount of Li
(or Mg) in the ocean at the LGM (Eq. IlI-7), and the relative amount of Li (or Mg) added due to ice
melting (Eq. IlI-8):

Depthicm ocean

Depthymodern ocean

Liin LGM ocean, LiLGM = ( X [Ll]LGM OCQCI.TL) Eq -7

Sea — Ice equivalent gy ocean « [Li] )
Ly
Depthimodern ocean ce Eqg. llI-8

Li from ice melting, Li;., = (

The same equations can be used to determine the proportion of Mg in the modern ocean derived
from the LGM ocean and ice melt. The &7Li (or §2°Mg) value of LGM seawater can be estimated by

mass balance:

771 . s Ty .
6 leodern ocean X (LLLGM + Lllce) -6 Lllce X Lllce

8 "Liz ocean = Li,o Eq. 119

In all scenarios, [Lilice is assumed to be 219 nmol/kg and [Mg]ice is assumed to be 272 pmol/kg (this
study). Scenarios 1 and 2 assume that, given their long residence times in seawater, the Li and Mg
concentration of LGM seawater was the same as it is today. Scenarios 3 and 4 consider that the Li
and Mg concentration in the LGM ocean was higher than it is today because of the reduction in the

volume of the oceans, consistent with higher concentrations of chlorine in LGM sediment pore

waters (Adkins and Schrag, 2001). Scenarios 1 and 2, and Scenarios 3 and 4 differ only with the
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isotope composition of the freshwater input used (8.5%o and -5.6%. for Li and Mg respectively, for

the scenario 1 and 3; 26%. and -0.4%o for Li and Mg respectively, for the scenario 2 and 4).

Table IlI-3. Evolution of the isotope composition of the ocean between LGM and present according
to four different scenarios of seawater and meltwater mixing.

&7Li Sea water (%0}

31.035 — —
Parameters 8 Lisgmsea (%o) 8'Liigmsea {%o)
31.030 120 m Sea-lce 135m Sea-lce
[~ Uscenarior  67Lip,, = 8.5%, [Lilomses=[Lilses 31.006 31.007
31.025 ~ Liscenario2  5'Lig,, = 26%e, [Liligmses=ILilsen 31.001 31.002
31.020 - Useenaria3  5'Lig,, = 8.5%s, [Lil gmsea®[Lilses 31.006 31.007
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31.015 A
parameters 6" MEicmsea (%) 62 Mg sea (%e)
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.26,
Mg Scenario3 5" Mg, = -5.6%, [Mg] gumses*[Mglse. -0.82 -0.82
31.000 it
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30.995 | T T T

0 120 240 360 480
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Our calculations show that the reduction in ice melt input into the oceans at the LGM has minimal

impact of the Li and Mg concentration, and Li and Mg isotope composition of seawater. Despite a

decrease in the volume of ocean of between ~3.3% and ~3.7%, and higher Li and Mg concentrations

than today, ranging from 26.87 to 26.98 umol/L and 54.78 to 55.01 mmol/L respectively, the

isotope composition of Li and Mg in the LGM ocean is indistinguishable from the &’Li and §*Mg

values of seawater today. We estimate that 6’Li can vary by up to +0.007%. and §**Mg by up to

+0.001%o which is negligible and indistinguishable from the modern seawater values (8’Li = 31.2 +

0.9%o; Pogge von Strandmann et al., 2008b; and §**Mg = -0.82 + 0.1%o; Foster et al., 2010).
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Figure IlI-11. Cartoon illustrating how &’Li and [Li] changes between LGM and the present

according to Scenario 3 (see Table IlI-3).
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1.6 Conclusions

Godthabsfjord is characterised by marked changes in the concentrations of Li and Mg that can be
explained by mixing between a low [Li] and low [Mg] freshwater endmember and a high [Li] and
high [Mg] seawater endmember. Inputs of freshwater are higher in summer than in winter due to
melting of the Greenland ice cap. However, freshwater input has little impact on 62Mg and &Li in
the fjord; 6%®Mg and &’Li values are generally within uncertainty of the seawater value. The
influence of meltwater input on &’Li and 6%®Mg can only be detected at very high
freshwater/seawater ratios (> 5) as a result of the low Li and Mg concentrations in freshwater.
Although there is evidence for near-quantitative removal of Fe by flocculation of Fe-colloids at low
salinities, this has no effect on 62*Mg and &’Li and there is no evidence for uptake of Li and Mg onto
mineral surfaces. While the quantity of meltwater entering the oceans at the LGM was much higher
than it is today, we estimate that this resulted in no significant changes to seawater §**Mg and 6’Li
values. This suggests that variations in §2*Mg and &’Li values of ancient seawater preserved in

marine sediments cannot be explained by glaciations and sea level changes.
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Chapter IV.The response of Li and Mg isotopes to rain

events in a highly-weathered catchment

ABSTRACT

Storms are responsible for up to ~50 % of total annual rainfall on tropical islands and result in rapid
increases in discharge from rivers. Storm events are, however, notoriously under-sampled and their
effects on weathering rates and processes are poorly constrained. To address this, we have
undertaken high-frequency sampling of the small instrumented Quiock Creek catchment, a Critical
Zone Observatory located in Guadeloupe, over a period of 21 days, encompassing several storm
events. Chemical and isotopic (Li and Mg) analyses of different critical zone reservoirs (throughfall,
soil pore water, groundwater and river water) are used to assess the interactions between rock,
water and secondary minerals. The Li concentrations and &’Li values of these different reservoirs
range from 14 to 95 nmol/kg and 1.8 to 16.8%., respectively. After several rain events, the average
&’Li value (13.3%o) of soil solutions from the lower part of the soil profile (> ~150 cm below the
surface) was unchanged, whereas in the upper part of the profile 8’Li values increased by ~2 - 4%o
due to increased contribution from throughfall. By contrast, the §Mg value of soil waters in the
upper part of the soil profile were not significantly affected by the rain events with an average value
of -0.90%0. The §*Mg values of the different fluid reservoirs are generally close to the value of
throughfall (-0.97 and -0.84%), but higher §2°Mg values (up to -0.58%o) are measured in the deeper
parts of the soil profile, and groundwaters that have a long residence time have lower §2Mg values
(down to -1.48%c). These higher and lower values are attributed to, respectively,
adsorption/desorption of light Mg isotopes on/from the surface of clay minerals. The Li isotope
composition of the river was ~9.3%., with a Li concentration of 60 umol/kg, but during a storm
these values decreased to, respectively, 7.8%o and 40 umol/kg. This change in 8’Li is consistent with
an increased contribution of Li from the soil solution. Considered together, our data provide first-

order constraints on the behaviour of Li and Mg isotopes during storm events in tropical climates.
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IV.1 Introduction

Weathering processes drive soil and landscape formation, soil nutrient cycling and they control the
delivery of chemical elements from the continents to the oceans (Gaillardet et al., 1999b; Millot et
al., 2002). The chemical composition of river waters is also strongly influenced by hydrology (Maher,
2011); in some rivers element concentrations do not vary with discharge, so elemental fluxes are
determined primarily by the water flux, whereas in other rivers, element concentrations decrease
with increasing discharge indicating that dilution is the principal control and elemental fluxes
remain constant (Godsey et al., 2009). Concentration-discharge relationships have been suggested
to be controlled by: water saturation in the soil (Godsey et al., 2009); the interplay between fluid
residence time, the kinetics of water-rock interactions, and thermodynamic constants (Maher,
2011); exchange reactions (Clow and Mast, 2010); and mixing between different types of
subsurface water bodies (Calmels et al., 2011) or between tributaries (Bouchez et al., 2017). During
extreme hydrological events such as storms, chemical weathering fluxes are likely to be highly
dependent on changes in water residence time (Benettin et al., 2017), as well as on the mobilization
of “old pockets” of subsurface/deep water that has a distinct chemical composition linked to its
long residence time. Even in small, relatively homogeneous catchments, sampling of rivers (e.g.
weekly or monthly) provides only a snapshot of the water-rock interactions. Storm events are often
undersampled although they can contribute up to 50% of the total annual water export over very
short periods of time (Larsen and Simon, 1993). In areas where the hydrological cycle is greatly
variable, high-frequency sampling is thus needed to fully evaluate weathering fluxes and gain better
insight into weathering processes and their relation to the catchment hydrology (Wohl et al., 2012;
Floury et al., 2017).

Isotopic tracers that are sensitive to chemical weathering processes can be used to help understand
the controls on concentration-discharge relationships. Many studies have highlighted the potential
of lithium (Li) and magnesium (Mg) isotopes to characterise the variety of weathering processes
occurring in the environment (Teng et al., 2010; Pogge von Strandmann et al., 2012; Tipper et al.,
2012a). These isotope systems can be used to evaluate plant uptake (Bolou-Bi et al., 2012) and the
source of dissolved solutes (Kisakurek et al., 2005; Weynell et al., 2017), as well as the importance
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of mineral (trans)formations (Ryu et al., 2014; Ma et al., 2015). Li and Mg isotopes are also
fractionated during the formation of secondary minerals (Opfergelt et al., 2012; Henchiri et al.,
2014; Trostle et al., 2014; Clergue et al., 2015; Dellinger et al., 2015; Dessert et al., 2015; Henchiri
et al., 2016; Chapela Lara et al., 2017) and are thus well suited to trace water-rock interactions in
weathering systems. Here, we investigate the Li and Mg isotope composition of fluids from a small
catchment in Guadeloupe (Quiock Creek) during a stormy period of one month. Throughfall, soil
solution, river waters and groundwater were sampled to assess the effects of hydrological changes
on Li and Mg isotopes. We show that Li and Mg isotopes are fractionated by different mechanisms
in this highly weathered catchment, and that the Li and Mg isotope signatures of the river waters
are principally controlled, respectively, by precipitation of secondary minerals, and throughfall

inputs and mineral-fluid exchange reactions.
IV.2 Site description

Quiock Creek catchment (16°17’N, 61°70°W) is located on Basse-Terre Island, the volcanic part of
the Guadeloupe archipelago in the French West Indies (Figure IV-1), and covers an area of ~8
hectares. The catchment is a Critical Zone Observatory (CZ0O), part of the "Observatoire de I'Eau et
de I'éRosion aux Antilles" (ObsERA), which is operated by INSU-CNRS (OZCAR, the French National
Research Infrastructure of CZOs) and the "Institut de Physique du Globe de Paris” (IPGP), and it is
devoted to the study of weathering and erosion of volcanic islands under tropical climate
conditions. Quiock Creek is a small tributary of the Bras-David River, which is located in primary
tropical rainforest in the Guadeloupe National Park. Rainfall variation is high in Basse-Terre and
varies with the strength of the Northeast trade winds and topography (Figure IV-1). The mean
annual temperature and throughfall rate (the quantity of rainfall that reaches the ground having
passed through the subaerial vegetation) are, respectively, 25 °C and 3079 mm.yr™! and the rate of
infiltration is relatively fast, ~0.1-1 mm.s* (Guérin, 2015). Climate is characterised by two seasons:
a dry season, from January to June, and a cyclonic wet season, from July to December. Wet seasons
are associated with intense rainfall events initiated by tropical depressions and cyclones (Zahibo et

al., 2007) that significantly contribute to the water budget. The rate of evapotranspiration is around
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63% (Clergue et al., 2015). Mean annual discharge ranges between 9.9 m3/h and 10.3 m3/h (Clergue
et al., 2015; Guérin, 2015), which is five times lower than the Bras-David river (~50.4 m3/h; Lloret
et al., 2011). The subsurface of Quiock Creek catchment hosts an unconfined aquifer (i.e. it is
connected to the atmosphere) with a porosity of ~2% and a permeability of ~10°m/s (Guérin,
2015). During storm flow Quiock Creek discharge increases in proportion to the rainfall rate,
whereas during drought flow the discharge decreases as a power law with time. This behaviour
shows that the Quiock Creek aquifer acts as a non-linear filter between precipitation inputs and
river discharge (Guérin, 2015), which suggests that Quiock Creek is mostly fed by groundwater. This
is also supported by the fact that the creek flows throughout most of the year, even after long
periods of drought (Guérin, 2015). In turn, the catchment is relatively unaffected by overland flow
due to its smooth topography and the fast infiltration rate (Guérin, 2015).

Quiock Creek catchment is underlain by Pleistocene andesitic pyroclastic deposits that are usually
covered by >15 meters of highly-weathered ferralitic regolith (Clergue et al., 2015). The deep

regolith isolates groundwater and vegetation from the bedrock. The mineralogy, chemistry and
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Figure IV-1. Location of Quiock Creek catchment (orange square; 16°17°N, 61°60°W) in
Guadeloupe with isohyets (adapted from Lloret et al., 2010) and simplified map of
Guadeloupe soils (adapted from Colmeet-Daage and Bernard, 1979).
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resistivity of the regolith shows little variation with depth (Guérin, 2015). The bulk regolith is highly
weathered and is composed of 95 wt.% of secondary mineral phases with clays (mostly halloysite
and kaolinite) accounting for 70 wt.% of the secondary minerals; the remaining 30% mainly consists
of Fe(lll)-hydroxides and gibbsite (Buss et al., 2010). Primary minerals consist of quartz (0—8 wt%),
feldspar (0—4 wt.%) and volcanic dust from Monserrat (~3 wt.%). The upper 30 cm of the profile is
slightly enriched in quartz and feldspars (dominantly orthoclase) due to deposition of Saharan dust,
the main terrestrial dust source to Guadeloupe (Buss et al., 2010; Clergue et al., 2015). The dust
flux is highest between the months of June and October (Graham and Duce, 1979). The regolith is
strongly depleted in soluble cations compared to the bedrock (Buss et al., 2010) and supports a

dense tropical rainforest that has a mean litter flux of 7.8 t ha™ yr™.,

IV.3 Methodology

IV.3.1 Sample collection and elemental analyses

A total of 55 water samples comprising throughfall, soil solution, river water and groundwater were
collected in Quiock Creek catchment over a period of 21 days in October 2015 (Figure 1V-2). Soil
solution and groundwater reservoirs were emptied after each sampling to allow the “stagnant”
water to be removed and replaced by “fresh” water for the next sample collection. Soil solution
reservoirs were emptied on 18/09/2015, 18 days before the first sampling date (Day 1,
06/10/2015), but the groundwater reservoirs were not emptied prior to the first sampling date.
Temperature, conductivity and pH were directly measured in the field with a combined pH and
conductivity probe (Hanna Instruments HI 98130). Fluid samples were filtered at 0.2 um-porosity
through a cellulose acetate filter, and collected in 250 or 500 mL acid-cleaned HDPE bottles for
cation analysis and in Milli-Q water (18.2 MQ cm™ H,0) washed 30 mL bottles for anion analysis.
The cation samples were acidified to pH = 2 with distilled nitric acid. Alkalinity was determined by

titration with 0.01 M HCIl within 24 hours of sample collection.
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Figure IV-2. Schematic diagram showing the samples collected in Quiock Creek catchment.
Depth of soil solution samples are shown as centimetres below the soil surface.

Major and minor cation (Na, Ca, Mg, K, Al, B, Fe, Sr, Li) and silicon concentrations were measured
by inductively-coupled plasma-source mass spectrometry (ICP-MS; Thermo X-Series Il) at the
National Oceanography Centre Southampton (NOCS). Analyses were calibrated using a set of
synthetic multi-element standards prepared gravimetrically from high purity single element
standard solutions. The certified standard reference material SLRS-6 (river water) and IAPSO
seawater were analysed multiple times (n = 8) alongside the samples to assess the accuracy of the
analyses, which is £ 5% of the certified values. Anion (Cl and SO4) concentrations were measured
by ion chromatography (Dionex 1CS2500) and calibrated using a set of synthetic multi-element
standards prepared gravimetrically from high purity single element standard solutions. IAPSO
seawater was analysed multiple times (n = 7) alongside the samples to assess the accuracy of the

analyses, which is £ 5% of the certified values.
IV.3.2 Li and Mg isotope analyses

For Li isotope analysis, an aliquot of each water sample equivalent to 20 ng of Li was dried down
and re-dissolved in 0.2 M HCl and loaded onto a cation exchange column filled with BioRad AG50W-
X12 cation exchange resin to separate Li from the sample matrix (James and Palmer, 2000a).

Lithium isotope ratios were determined by multi-collector inductively-coupled plasma-source mass
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spectrometry (MC-ICP-MS; Thermo Scientific Neptune Plus) using a sample-standard bracketing

technique (Flesch et al., 1973), at NOCS. The Li isotope composition of samples is expressed as &’Li

Ty
[(i) 1
°Li
sample

(...
I. 6Ll L-SVEC J

where L-SVEC is the Li isotope standard reference material (Flesch, 1973). The external

(%o), which is given by:

§7Li = x 103

Eg. 10

reproducibility of the Li isotope analyses was assessed by repeated measurement of IAPSO
seawater (8’Li = 30.9+0.6%o; (20, n=27)), L-SVEC (6’Li = 0.0 £ 0.5%o (20, n = 28)), and SLRS-6 river
water (8’Li = 23.6 £ 0.7%o (20, n = 3)).

For Mg isotope analysis, an aliquot of each water sample equivalent to 10 ug of Mg was dried down
and re-dissolved in 0.8 M HNOs and loaded onto a cation exchange column filled with BioRad
AG50W-X12 cation exchange resin to separate Mg from the sample matrix (Tipper et al., 2006b;
Pogge von Strandmann, 2008). Magnesium isotope ratios were determined by MC-ICP-MS (Thermo
Scientific Neptune Plus) using a sample-standard bracketing technique. The Mg isotope

composition of samples is expressed as 8Mg (where x is Mg or 2°Mg), which is given by:

Eq. 11

where DSM-3 is the Mg isotope standard (Galy et al., 2001). The external reproducibility of the
measurements was determined by repeated analysis of IAPSO seawater (§*°Mg = -0.82 + 0.05%o
(20, n = 18)), DSM-3 (6°®Mg = 0.00 + 0.07%o (20, n = 27)), and SLRS-6 river water (6°°Mg = -1.22 +

0.03%eo (20, n =5)).
IV.3.3 Hydrological measurements

Precipitation, discharge and water table data for the 21-day sampling period are shown in Figure
IV-3. Additional data, for the period between 18/09/2015 (when the soil solution reservoirs were
first emptied) and 06/10/2015 are given in the Appendix B 1. Rainfall was measured using a tipping-

bucket rain gauge. Discharge was measured using a Venturi Flume (19 x 26.6 x 250 cm) together
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Figure IV-3. A. Precipitation and discharge of Quiock Creek. B. Water
table elevation and discharge during the period of study. Data are from
the ObsERA website (http.//webobsera.ipgp.fr/).

with a pressure sensor (CS451, Campbell Scientic) that measured the water height (or stage) to a
precision of +0.7 mm (Guérin, 2015). Water table elevation is reported relative to the river elevation
so a value of zero means that the water table is below the river elevation, but water is present. The
water table elevation was determined with a pressure sensor connected to a data logger (Campbell

Scientic, CR800) placed approximatively 15 cm above the bottom of the piezometer.

IV.4 Results

Sample terminology is described in Table IV-1Error! Reference source not found..Temperature, pH,
conductivity and alkalinity data are summarized in Table IV-2. Major and minor element and Total
Dissolved Solids (TDS) concentrations are displayed in Table IV-3. Li and Mg isotope measurements

are summarized in Table IV-4.
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Table IV-1. Sample terminology

Sample Description X Y
Lxy Lysimeter/Soil solution Depth (61 to 1250 cm) Collection day (1 or 18)
Th x Throughfall Location -
Piezo x.,y Piezometer/Groundwater Location (1 to 6) Collection day (1, 4, 8 or 9)
QCy Quiock Creek/River water - Collection day (1 to 21)

IV.4.1 Hydrological data in-situ measurements, alkalinity and TDS

Levels of discharge and precipitation in the catchment during the sampling campaign are shown in
Figure IV-3. The year 2015 was drier than usual, with a mean throughfall input of ¥~2509 mm in 2015
compared to an average of 3079 mm/yr between 2011 and 2013 (Clergue et al., 2015). Similarly,
the mean discharge in 2015 was ~5.2m3/h compared to ~10 m3/h between 2011 and 2013. During
the one-month period of this study, 283.6 mm of rain entered the catchment, corresponding to
12.5% of the total annual rain input in 2015. A series of large rain events occurred starting on days
4, 8,11 and 19 of the sampling period (Figure 1V-3). Three of these rain events noticeably increased
the discharge in Quiock Creek (days 9, 11 and 19), and they also increased the elevation of the water
table (Figure IV-3 A and B). Highest rainfall (92 mm) occurred on day 19, generating a peak discharge
of 145 m3/h. Because of previously dry conditions, the rainfall event on day 4 only triggered a small
response in river discharge and water table (Figure IV-3 A and B).

The temperature of the river water samples ranged from 23.7 to 25.5°C, conductivity ranged from
35 to 56 uS/cm, pH ranged from 4.9 to 5.6, TDS concentrations ranged from 18 to 24 ppm and
alkalinity was <10 peqg/L. All of these parameters showed a slight tendency to decrease with
increasing discharge. Groundwater samples by comparison had generally higher pH (4.8 to 6.5),
higher conductivity (48 to 109 uS/cm) and a wider range of alkalinity (5 to 1108 peq/L) and TDS (21
to 97 ppm) values. The temperature of the groundwater samples (24.1 to 25.9°C) was close to that
of the river water samples. The soil solutions were characterised by generally lower pH (4.5 to 5.5),
TDS (15 to 25 ppm) and alkalinity (5 to 22 peq/L) compared to the groundwater samples. The pH
and conductivity of the throughfall samples were close to those of the soil solutions (respectively,

5.9 and 42 uS/cm), but the throughfall samples had higher alkalinity and lower TDS.
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IV.4.2 Composition of the dissolved load

The accuracy of the analyses for major ions can be estimated from the electrical balance (E.B., Eq.
12), where cations and anions are expressed as meqg/L:

) Sum cations — Sum anions
Electrical Balance (E.B., %) = - - x 100 Eq. 12
Sum cations + Sum anions

The electrical balance was within £10% and for most samples it was within 5% (Figure IV-4). This
indicates that there is no significant contribution to the geochemical composition of the waters
from any species not reported in Table IV-3 (Appelo and Postma, 2004). Additionally, TDS
extrapolated from conductivity measurements made in the field were well correlated to TDS
measurements made in the laboratory indicating that the chemical composition of the samples was

preserved between collection and analysis (Figure 1V-4).
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Figure IV-4. Electrical balance and TDS measured with conductivity meter vs TDS
measured in the laboratory (+ 10%) for Quiock Creek samples.

The major ion data of the catchment waters are plotted in a Piper diagram (Piper, 1953) in Figure
IV-5. The two throughfall samples were chloride and sodium rich, showing a strong seawater
influence, but they had higher Ca and K concentrations (18 - 21 umol/kg for Ca and 31 - 67 pumol/kg
for K) compared to rain water (3 - 8 umol/L for Ca and 3 - 5 pmol/L for K; Dessert et al., 2015). Soil
solutions were also chloride and sodium rich and their alkalinity (up to 22 peg/L) and Mg content
(11 - 43 umol/kg) were variable. Quiock Creek samples contained higher proportions of Na and Cl
compared to throughfall samples, and their chemical composition was very constant throughout

the sampling campaign. Groundwater samples contained proportionally higher calcium and
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Figure IV-5. Piper diagram showing the relative abundance of anions and cations in samples
from Quiock Creek catchment. Data for water samples collected in 2012-2013 (white
symbols) are from Clergue et al. (2015).

alkalinity than the other water samples and tend to become more enriched in chloride and sodium
with decreasing distance from the river. The compositions of all of the samples were similar to those
measured in 2012-2013 (Clergue et al., 2015) with the exception of the alkalinities of the soil
solutions and Quiock Creek samples, which had higher alkalinity in 2012-2013 (11 - 66 peq/L).

Concentrations of TDS, Si, Li and Mg in Quiock Creek are plotted versus discharge in Figure IV-6.
Most of these variables showed a linear, slightly inverse relationship with discharge (Q), in a log-log
plot indicating that there is a power-law relationship (e.g. for Si, [Si] = aQ®, where a and b are
constants and b is the power-law exponent) between concentration and discharge (Godsey et al.,
2009). A slope of 0 would indicate that concentrations remain constant despite changes in
discharge (so-called “chemostatic behaviour”; Godsey et al., 2009), whereas a slope of -1 indicates

that solute concentration become more dilute as discharge increases (concentration scales as 1/Q).
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Table IV-2. Field measurements and alkalinity data for Quiock Creek catchment samples.
n.d = not determined, b.d = below detection limit. Discharge data are from the ObsERA website
(http://webobsera.ipgp.fr/).

Distance toriver Temperature pH Conductivity Alkalinity
Sample Day Date
(m) (°c) (uS/cm) (neq/L)
Soil solution
191.18 18 23/10/2015 - n.d 4.9 n.d b.d
L152.1 1 06/10/2015 - n.d 5.2 n.d 18
L152.18 18 23/10/2015 - n.d 5.2 n.d 5
L274.1 1 06/10/2015 - n.d 4.9 n.d b.d
L274.18 18 23/10/2015 - n.d 4.7 n.d b.d
L344.1 1 06/10/2015 - n.d 4.8 n.d b.d
L344.18 18 23/10/2015 - n.d 4.5 n.d b.d
L457.1 1 06/10/2015 - n.d 5.5 n.d 22
L457.18 18 23/10/2015 - n.d 5.2 n.d 9
1823.1 1 06/10/2015 - n.d 5.1 n.d 8
L823.18 18 23/10/2015 - n.d 4.8 n.d b.d
Throughfall
Thi 11 16/10/2015 - 25.4 5.9 42 67
Th3 11 16/10/2015 - 25.4 5.9 42 28
Groundwaters
Piezo 1.1 1 06/10/2015 1.0 24.9 6.1 92 597
Piezo 1.4 4 09/10/2015 1.0 24.8 6.5 77 297
Piezo 1.8 8 13/10/2015 1.0 24.5 6.0 68 254
Piezo 2.1 1 06/10/2015 2.4 25.3 5.6 49 28
Piezo 2.4 4 09/10/2015 2.4 259 5.3 60 13
Piezo 2.8 8 13/10/2015 2.4 24.6 4.9 48 15
Piezo 2.9 9 14/10/2015 2.4 24.6 4.8 49 5
Piezo 3.1 1 06/10/2015 4.5 24.5 6.3 105 691
Piezo 3.8 8 13/10/2015 4.5 24.5 6.4 109 529
Piezo 3.9 9 14/10/2015 4.5 24.7 5.8 72 187
Piezo 4.1 1 06/10/2015 9.4 24.2 6.4 149 1108
Piezo 4.8 8 13/10/2015 9.4 24.1 6.0 94 566
Piezo 4.9 9 14/10/2015 9.4 24.4 5.6 65 238
Piezo 5.1 1 06/10/2015 21.2 24.4 6.3 94 579
Piezo 6.1 1 06/10/2015 29.8 24.2 5.7 65 315
Piezo 6.8 8 13/10/2015 29.8 nd nd nd n.d
Piezo 6.9 9 14/10/2015 29.8 24.7 5.6 53 214
s | b b Discharge Temperature pH Conductivity Alkalinity
ample Dy ate (m?/h) ) (hS/cm) (hea/L)
Quiock Creek
Qc1 1 06/10/2015 0.8 25.5 5.5 53 b.d
Qc2 2 07/10/2015 0.8 25.3 5.5 48 1
Qc3 3 08/10/2015 0.8 25.5 5.6 52 8
Qca 4 09/10/2015 0.8 25 5.5 52 7
QcCs 5 10/10/2015 1.2 25 5.6 49 5
QcCe 6 11/10/2015 1.5 24.7 53 55 b.d
Qc7 7 12/10/2015 0.8 24.9 5.3 56 b.d
Qcs8 8 13/10/2015 0.5 24.4 5.3 52 10
Qco 9 14/10/2015 7.3 24.7 5.1 48 6
QC10 10 15/10/2015 1.7 24.8 5.2 50 3
QC11 11 16/10/2015 6.9 24.5 5.1 48 5
QC12 12 17/10/2015 14.3 24.2 5.1 45 1
QC13 13 18/10/2015 3.1 23.7 5.2 46 2
QCi4 14 19/10/2015 1.8 23.8 5.2 46 b.d
QC15 15 20/10/2015 1.6 23.9 5.2 47 5
QC16 16 21/10/2015 1.2 24.7 5.3 48 7
QcC17 17 22/10/2015 1.5 25 5.5 48 1
QC18 18 23/10/2015 1.4 24.1 5.1 48 b.d
QC19 19 24/10/2015 1.2 24.2 5.2 47 0.1
Qc20 20 25/10/2015 88.8 24.3 4.9 35 b.d
Qc21 21 26/10/2015 7.7 24.5 4.9 42 0.4
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Table IV-3. Concentrations of major and minor elements in soil solution, groundwater, throughfall
and Quiock Creek itself.
n.d = not determined, b.d = below detection limit. TDS* = Total Dissolved Solids, calculated as the

mcsimn o amdlicaia mialaia mia al ! amammiabiemidlmian Jia imimian

umol/kg nmol/kg
Sample TDS*
Cl- SO~ Na* Caz* Si  Mg* K* Al Fe Sr Li
Soil solution
L61.1 n.d n.d 142 7.5 86 18.0 3.0 53 24 bd 53 47 -
1L61.18 n.d n.d 207 113 67 25.6 4.5 6.7 3.6 bd 76 54 -
L91.1 n.d n.d 185 45 92 18.3 3.1 3.3 1.5 bd 19 69 -
191.18 264 9.3 230 6.1 68 24.2 4.1 39 21 bd 21 57 19
L152.1 206 11.7 145 5.4 45 19.4 2.1 32 0.8 bd 14 29 15
L152.18 207 123 179 3.7 52 24.4 1.9 4.6 1.0 bd 13 34 15
L274.1 244 125 168 1.2 65 20.4 2.9 93 24 bd 15 68 16
L274.18 253 144 204 24 78 24.5 3.6 94 2.8 bd 21 84 18
L344.1 388 15.0 247 1.0 75 42.8 7.1 127 23 bd 16 71 25
L344.18 360 17.1 255 1.6 87 42.6 7.8 114 2.4 bd 18 81 24
L457.1 184 114 178 1.2 102 9.9 3.5 55 0.8 bd 10 79 16
L457.18 195 148 202 1.8 106 115 3.8 5.3 1.0 bd 13 88 17
1823.1 264 16.6 231 1.5 113 140 142 6.5 09 bd 14 80 21
L823.18 271 185 253 1.6 106 154 153 6.6 1.0 bd 14 77 21
L1250 n.d n.d 220 2.8 153 248 34.9 1.8 09 bd 12 95 -
Throughfall
Thl n.d 7.1 123  20.9 18 184 66.7 29 3.0 0.6 64 14 -
Th3 144 154 121 18.2 26 136 306 25 3.0 05 55 14 14
Groundwater
Piezo 1.1 259 259 222 302 58 30.6 3.2 2.5 1.5 3.7 232 50 62
Piezo 1.4 278 23.0 197 178 60 22.3 2.4 0.6 1.4 1.7 160 47 41
Piezo 1.8 285 16.4 198 145 68 20.8 2.5 0.9 1.4 0.2 151 55 37
Piezo 2.1 255 29.8 209 40 69 26.2 6.8 108 2.1 5.9 88 47 23
Piezo 2.4 260 27.3 198 32 68 25.8 5.9 3.9 19 3.2 119 56 21
Piezo 2.8 261 27.1 196 30 69 25.7 5.6 3.5 19 6.5 95 50 22
Piezo 2.9 259 26.3 201 27 64 26.8 5.5 97 20 53 100 54 21
Piezo 3.1 295 351 305 322 41 54.2 5.3 7.5 13 45 187 31 71
Piezo 3.8 328 25.6 254 284 41 40.3 3.9 3.0 13 24 179 29 60
Piezo 3.9 335 18.6 233 116 44 31.2 4.2 8.3 15 0.6 121 37 35
Piezo 4.1 248 315 252 534 40 48.2 1.5 1.1 23 0.2 99 36 97
Piezo 4.8 269 20.0 208 270 48 31.1 1.5 2.2 1.8 1.1 77 45 58
Piezo 4.9 261 220 194 132 48 25.4 1.0 2.1 14 4.2 51 44 35
Piezo 5.1 259 254 209 279 43 33.7 0.5 4.2 13 35 127 92 59
Piezo 6.1 231 253 197 148 43 23.0 4.1 1.8 1.7 2.2 90 37 39
Piezo 6.8 n.d nd 190 193 47 26.7 3.8 nd 19 nd 133 35
Piezo 6.9 174 293 170 112 48 20.9 4.2 119 24 28 85 32 31
Quiock Creek
Qc1 334 10.0 257 128 89 270 9.0 21 16 03 57 55 23
Qc2 333 9.8 258 131 90 275 6.2 20 16 0.2 67 55 23
Qc3 336 9.6 260 131 91 27.8 6.5 2.1 15 03 64 56 23
Qca 350 11.0 261 140 88 28.4 6.7 2.5 1.7 03 79 56 24
Qcs 326 135 247 133 83 275 9.3 34 18 04 68 56 23
Qcé6 332 125 241 127 80 26.7 8.3 34 18 04 64 52 22
Qc7 335 11.0 246 13.0 86 27.1 7.5 4.0 1.7 04 65 53 23
QcC8 327 105 240 13.0 83 26.6 7.5 3.0 1.7 04 64 53 23
Qc9 328 113 255 115 82 264 7.0 33 1.7 04 60 59 23
QC10 317 138 255 136 81 278 8.1 49 19 0.7 78 60 23
QC11 319 10.7 250 11.8 79 26.7 6.1 3.8 1.7 0.6 60 57 22
QcC12 307 11.8 249 121 69 27.9 4.9 3.8 1.8 0.6 66 58 21
QC13 321 93 251 121 77 276 438 1.8 16 0.2 62 55 22
QcC14 325 99 261 131 87 289 54 1.8 16 0.2 75 62 22
QC15 326 9.9 257 124 90 28.4 5.2 2.6 15 0.2 63 56 23
QC16 326 10.1 262 128 92 28.4 5.4 1.8 15 0.2 66 58 23
QC17 328 101 263 133 91 283 6.3 23 16 0.2 78 61 23
QC18 330 11.0 271 1266 92 288 6.5 26 16 04 58 54 23
QcC19 330 104 269 12.8 98 29.3 5.8 2.2 15 03 65 58 23
QcC20 226 183 201 109 61 22.0 4.8 80 20 15 56 41 18
Qc21 297 132 245 113 73 266 4.3 21 1.7 03 61 51 21
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Table 1V-4. Li and Mg isotope compositions in soil solution, groundwater,
throughfall and Quiock Creek itself.
n.d = not determined. 20 is the internal uncertainty of the sample

Sample 67Li (%eo) 20 865Mg (%o) 20 626Mg (%o) 20
Soil solution
L61.1 6.1 0.5 -0.53 0.01 -0.95 0.00
L61.18 9.0 0.5 -0.54 0.03 -1.04 0.05
191.1 2.7 0.2 -0.50 0.03 -0.94 0.05
191.18 6.4 0.3 -0.48 0.01 -0.91 0.03
L152.1 7.7 0.5 -0.42 0.02 -0.78 0.04
L152.18 9.5 0.1 -0.48 0.04 -0.88 0.00
L274.1 9.1 0.1 -0.46 0.05 -0.82 0.04
L274.18 8.6 0.1 -0.41 0.03 -0.79 0.05
L344.1 10.4 0.5 -0.41 0.07 -0.77 0.06
L344.18 9.8 0.3 -0.37 0.01 -0.72 0.02
L457.1 7.0 0.1 -0.32 0.01 -0.63 0.01
L457.18 6.4 0.6 -0.36 0.03 -0.70 0.06
L823.1 4.5 0.1 -0.30 0.00 -0.58 0.02
1L823.18 5.3 0.2 -0.32 0.03 -0.63 0.07
L1250 1.8 0.0 -0.33 0.01 -0.65 0.03
Throughfall
Thl 13.6 0.2 -0.50 0.01 -0.97 0.02
Th3 13.0 0.0 -0.45 0.00 -0.84 0.04
Groundwater
Piezo 1.1 11.3 0.1 -0.52 0.04 -0.96 0.06
Piezo 1.4 10.9 0.4 n.d n.d n.d n.d
Piezo 1.8 9.7 0.2 -0.43 0.08 -0.81 0.04
Piezo 2.1 9.2 0.7 -0.48 0.02 -0.91 0.04
Piezo 2.4 10.7 0.1 n.d n.d n.d n.d
Piezo 2.8 9.5 0.2 n.d n.d n.d n.d
Piezo 2.9 8.0 0.1 -0.43 0.05 -0.84 0.06
Piezo 3.1 15.6 0.4 -0.49 0.01 -0.94 0.02
Piezo 3.8 16.8 0.0 n.d n.d n.d n.d
Piezo 3.9 12.6 1.3 -0.45 0.00 -0.89 0.07
Piezo 4.1 16.5 0.5 -0.78 0.02 -1.48 0.01
Piezo 4.8 15.1 0.3 n.d n.d n.d n.d
Piezo 4.9 12.6 0.3 -0.56 0.02 -1.07 0.01
Piezo 5.1 16.4 0.2 -0.73 0.09 -1.33 0.10
Piezo 6.1 16.4 0.3 -0.51 0.03 -0.99 0.05
Piezo 6.8 16.6 0.2 n.d n.d n.d n.d
Piezo 6.9 16.6 0.3 -0.48 0.05 -0.95 0.04
Quiock Creek
QcC1 8.6 0.3 -0.38 0.01 -0.72 0.02
Qc2 9.8 0.4 -0.38 0.02 -0.73 0.05
Qc3 9.2 0.1 -0.38 0.01 -0.73 0.01
Qca 8.7 0.2 n.d n.d n.d n.d
QcC5 9.1 0.6 n.d n.d n.d n.d
QCe6 9.8 0.1 -0.44 0.03 -0.85 0.06
Qc7 9.7 0.4 n.d n.d n.d n.d
Qcs8 9.9 0.1 -0.41 0.01 -0.77 0.02
Qc9 9.2 0.1 -0.41 0.06 -0.80 0.05
QC10 10.0 0.2 -0.38 0.00 -0.74 0.03
QC11 9.5 0.1 n.d n.d n.d n.d
QcCi2 9.1 0.1 -0.45 0.01 -0.87 0.01
QC13 8.8 0.3 -0.43 0.01 -0.84 0.01
QC14 9.2 0.3 n.d n.d n.d n.d
QC15 9.5 0.1 n.d n.d n.d n.d
QCile6 9.0 0.2 -0.43 0.03 -0.84 0.03
QcC17 8.8 0.0 n.d n.d n.d n.d
QC18 8.7 0.1 n.d n.d n.d n.d
QC19 9.3 0.0 n.d n.d n.d n.d
Qc20 7.7 0.2 -0.40 0.01 -0.76 0.03
Qc21 7.2 0.6 -0.40 0.06 -0.77 0.06
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All concentration-discharge plots had a slope of slightly less than zero (between -0.09 and -0.03)
suggesting that Quiock Creek behaves almost chemostatically for most of the major elements.
However, Li and Mg had a weaker relationship with discharge (R?=0.23 and 0.47, respectively;

Figure IV-6), and showed chemostatic behaviour only at low discharge.
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Figure IV-6. Si, Total Dissolved Solid (TDS), Mg and Li concentration
in Quiock Creek as a function of discharge.

IV.4.3 Li and Mg, and their isotopes

IV.4.3.1 [Li] and &7Li

The Li concentration and isotope composition of the water samples are plotted together in Figure
IV-7A. Different critical zone reservoirs had very different dissolved Li concentrations ([Li]) and &’Li
values, and the overall range was, respectively, between 14 to 95 nmol/kg and 1.8 to 16.8%.o.
Throughfall contained relatively low [Li], averaging ~14 nmol/kg, and had &’Li values of ~13.3%.. By
contrast, the soil solutions (taken on Day 1 and Day 18, before and after rain events) generally had
the highest Li concentrations of all of the reservoirs (29 to 95 nmol/kg), and lowest &’Li values (1.8
to 10.4%.) (Figure IV-7A and Figure IV-8). Soil solution data were consistent with other
measurements of soil solutions in Quiock Creek catchment ([Li] = 41-121 nmol/kg and 8’Li = 4.6 to
8.9%o; Clergue et al., 2015). [Li] and &’Li were variable in the upper 300 cm of the soil profile,

whereas [Li] increased with depth and &’Li decreased with depth in the deeper part of the profile
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(>300 cm). There was little difference in either the Li concentration or the §’Li value of soil solutions

sampled before and after the rain events.
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Figure IV-7. A. [Li] and &Li values of the dissolved load in Quiock Creek catchment. B. [Mg]
and 6%*Mg values of the dissolved load in Quiock Creek catchment The error bars represent
the external error (20); the external error on the Li and Mg concentration are smaller than

the symbols.

Groundwaters generally have highest &’Li values (up to 21%.), but generally lower [Li] than the soil
solutions (29 to 92 nmol/kg; Figure IV-7A and Figure IV-9A). Significantly higher Li concentrations
(~288 to 3026 nmol/L) were found in shallow and deep groundwater in the Colombia River Basalts
(Liu et al., 2015). Lithium concentrations increased towards the river whereas &’Li values decreased
from ~16%o0 30 m away from the river channel to ~9%o close to the river (Figure 1V-9B). The
groundwater sample from Piezo 5 had much higher [Li] than the rest of the samples (92 nmol/kg
compared to ~35 nmol/kg at the adjacent sampling site, Piezo 6), but its &§’Li value was similar to
samples recovered from Piezo 6. While the Li concentrations in samples collected on different days
were similar in all the piezometers, their &§’Li values varied by up to 4%. (e.g. Piezo 3 and 4). By
contrast, all of the groundwater samples from Piezo 6 had very consistent Li concentrations (35+5
nmol/kg; n = 3) and &Li values (16.5 * 0.3%o; n = 3).

The Li content of the river waters (~55 nmol/kg) was generally lower than the soil solutions, and
was also relatively low compared to the world’s major rivers ([Li] = ~215 nmol/L; Huh et al., 1998)
but comparable to other rivers draining basaltic tropical catchments (Henchiri et al., 2014). &Li

values (7.2 to 10%o) were similar to those measured in a previous sampling campaign in Quiock
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Chapter IV

Creek (8Li = 8 to 9.3%o (n = 4), (Clergue et al., 2015)) and other highly-weathered catchments (1-

16%o; Dellinger et al., 2015 and references therein) and volcanic islands (e. g. Martinique 8’Li = 4.9

to 20.6%e.; Rad et al., 2013). However, Martinique rivers can be strongly affected by hydrothermal

inputs (that have &’Li = ~1.6%o; Rad et al., 2013), whereas Quiock Creek is not affected by

hydrothermal inputs (Clergue et al., 2015). Li concentrations tended to slightly decrease with

increasing discharge (Figure 1V-6) but there was no relationship between discharge and &’Li values
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(Figure IV-10A). However, two samples (QC20 and QC21) measured during and a day after a storm

event had relatively low [Li] and &’Li ([Li] = ~40 nmol/kg and &Li = ~7.4%).
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Figure IV-9. Evolution of groundwater [Li] and [Mg] (+ 5%), &’Li and 6°°Mg versus
distance to the river. Along this specific profile, groundwater from the Quiock Creek
aquifer feeds Quiock Creek (Guérin, 2015). The blue shaded boxes highlight Piezo 6
samples likely represent river baseflow (see section IV.4.3.1). The grey shaded arrows
show the general trend of the data points. Error bars show the external reproducibility

of the isotope analyses (20).

IV.4.3.2 [Mg] and 6§°°Mg

The Mg concentration and Mg isotope composition of the catchment samples are plotted together

in Figure IV-7B. The Mg concentrations of the two throughfall samples were

similar (18 umol/kg

and 14 umol/kg) but their corresponding §2°Mg values were slightly different (-0.97 and -0.84%o;

Figure IV-7B) but close to the value for seawater (-0.82%o; Foster et al., 2010; Ryu et al., 2016). The

5%Mg values of the throughfall samples are similar to values measured in rainwater in Guadeloupe

(-0.87 £ 0.05%0 and -0.86 + 0.11%o; Dessert et al., 2015), and in openfall precipi

(-1.10 to -0.92%.; Chapela Lara et al., 2017).
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Figure IV-10. A. &Li values vs discharge. B. 6°Mg values vs discharge, the blue shaded
boxes show the range of 6’Li and §* Mg measured before the storm (QC20 and QC21
excluded from the average). Error bars show the external error.

The concentration of Mg in the soil solutions (10 to 43 umol/kg) was generally lower than the Mg
concentration of throughfall, and the soil solutions generally have higher §**Mg (-1.04 to -0.58%o;
Figure IV-7B and Figure IV-8) compared to other reservoirs. The Mg concentrations were within the
range of those previously measured in Quiock Creek catchment (11-32 umol/L; Clergue et al.
(2015)), and in soil solutions from Puerto Rico (6 to 68 umol/L; Chapela Lara et al., 2017). There was
no clear trend between [Mg] and depth, but §°Mg values increased progressively from -1.04%. at
the surface to -0.65%o at 1250 cm. This pattern of increasing soil solution §2°Mg with depth has also
been observed in soil profiles from California (from -0.99%o. at the surface to -0.43%. at the base of
the profile; Tipper et al., 2010) and Puerto Rico (from -0.78%o at the surface to -0.22%o at the base
of the profile; Chapela Lara et al., 2017). Soil solutions sampled on Day 18 have higher [Mg] in the
upper part of the profile, compared to the samples measured on Day 1, whereas in the deeper part
of the profile there was no obvious change in [Mg]. The §2Mg values of soil pore waters were
generally identical within analytical uncertainty between Day 1 and Day 18.

Groundwaters sampled before and after a significant rain event (Day 1 and 9) had the lowest §2°Mg
values (from -1.48 to -0.81%0) and the highest Mg concentrations (from 21 to 54 umol/kg)
compared to any of the other Quiock Creek fluids (Figure IV-7B and Figure IV-9C and D). The range
of 6®Mg measured in the groundwaters was comparable with other reported groundwaters (-1.70

to 0.23%o; (Teng, 2017). There was no obvious change in groundwater Mg concentration with
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distance from the river channel, but [Mg] decreased by 10-23 umol/kg after the significant rain
event on Day 9, reaching values similar to the throughfall concentration. Similarly, there was no
obvious change in 6%Mg with distance from the river channel (Figure IV-9D). However, three
samples taken from piezometers 4 and 5 (Piezo 41, Piezo 49 and Piezo 51) had significantly lower
5%Mg (-1.48 to -1.07%o) compared to any of the other samples. The Mg concentrations and §2°Mg
values of groundwaters from Piezo 6 (respectively, 21 to 27 umol/kg and -0.99 to -0.95%.) were
relatively stable throughout the sampling period but the §%®Mg values of all of the other
groundwater samples increased by 0.05 to 0.41%. after the rainfall event, towards the value
measured in throughfall.

Mg concentrations of samples from Quiock Creek ranged between 22 and 29 umol/kg. 62*Mg values
showed a limited range, from -0.87 to -0.72%,, and there was no obvious relationship between
either [Mg] or 6*Mg with discharge (Figure IV-6 and Figure IV-10B) even at very high discharge.
These 5%Mg values were lighter than those measured in other Guadeloupe rivers (-0.59 and -
0.43%.; Dessert et al., 2015), but within the range measured in the world’s largest rivers (-0.52 to -
1.70%o; Tipper et al., 2006), and rivers in Puerto Rico (-0.57 to 0.01%o.), with the exception of one
sample (6°°Mg = -0.74%o) that was sampled when discharge was extremely high (Chapela Lara et

al., 2017).
IV.4.4 Sea salt contribution

The chemical composition of river water was determined by inputs from several sources, including
sea salt and dust delivered in precipitation. The contribution from sea salts can be assessed through
analysis of the Cl content, assuming that all of the Cl in the river water comes from sea salt (Stallard
and Edmond, 1981), and that Cl shows conservative behaviour in the system. Thus, for Li:

, Li
[ilsea = () * (€l b0 13

where (Li/Cl)sea = 0.05 (Dessert et al., 2015) and X is either the soil solution, groundwater, or river
water. The fraction of Li derived from sea salt in the different fluid reservoirs is given in Table IV-5.
The sea salt contribution in throughfall was determined using the seawater Li/Na ratio and the

sample Na concentration instead, because Cl was not determined for sample Thl (Keene et al.,,
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1986; Clergue et al., 2015). The majority of the Na, and most of the Mg, in all of the fluid reservoirs

(throughfall, soil solutions, groundwater and river water) has a marine origin, whereas Li was mainly

provided by other sources.

Table IV-5. Elemental contribution (%) of sea salts in Quiock Creek catchment fluids where
(Mg/CI)sea = 01, (Ca/cl)sea = 002, (K/Cl)sea =0.02 and (Na/Cl)sea =0.86 (Dessert et al., 2015}

Amount derived from sea salt (%)

X Li Mg Ca K Na

Min | Max [ Min | Max | Min | Max | Min | Max | Min | Max
Soil solution 10 33 85 100 | 76 100 | 35 100 | 83 100
Throughfall 44 48 77 100 | 13 16 4 9 94 100

Groundwaters | 13 52 51 100 1 19 75 100 83 100
Quiock Creek 24 29 100 100 | 41 57 70 100 | 96 100

IV.5 Discussion

IV.5.1 Sources of Li and Mg in Quiock Creek catchment

The isotope compositions of Mg and Li are plotted with elemental ratios (Mg/Ca and Li/Na,

respectively) in Figure IV-11 and Figure IV-12 to help characterize the possible sources of Mg and Li

in the catchment. The use of elemental ratios permits better comparison between the fluids as they
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Figure IV-11. §%Mg versus Mg/Ca for fluids in Quiock Creek
catchment. Bedrock (andesite) and bulk soil 6°*Mg are from
Dessert et al. (2015) and Mg/Ca ratios used for throughfall (blue
box), bulk soil (borown box) and Saharan dusts (yellow box) are from
Clergue et al. (2015).
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are unaffected by dilution and evaporation processes (Gaillardet et al., 1999b). Mg and Ca are both
soluble alkaline earth elements that are susceptible to be taken up by plants. However, in volcanic
settings, Mg is more likely to be incorporated into secondary clays or adsorped on clay mineral
surfaces (Tipper et al., 2006a, 2008a). Figure IV-11 shows that the Mg/Ca ratios of different
reservoirs of Mg in the catchment can be very variable but the Mg isotope composition of the river
waters and most of the groundwaters is within the range of throughfall and sea salt, consistent with
the results of sea salt contribution reported in Table IV-5. However, groundwater samples from
Piezo 41, Piezo 49 and Piezo 51 have much lower §%®Mg that cannot be explained by mixing
between any of the potential Mg reservoirs analysed in this study. We investigate the possible

causes if these low §2°Mg values in Section 1V.5.3.
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Figure IV-12. &’Li versus Li/Na for all fluids from Quiock Creek
catchment. &’Li values for andesite, throughfall/stemflow (collected in
2011-2013), and bulk soils are from Clergue et al. (2015). Dashed lines
represent the theoretical mixing trend between seawater and dust or

bulk soils. The external error of the &Li values is smaller than the
symbols.

Li and Na are both soluble alkali metals and are not essential nutrients, so they can be expected to
act similarly during weathering. However, Na is generally not incorporated into secondary minerals
whereas Li can be significantly enriched in clays and oxy-hydroxides (Sawhney, 1972; Millot et al.,

2010c; Dellinger et al., 2015). Figure IV-12 shows that most of the Quiock Creek fluids have Li/Na
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and &’Li values that are intermediate between sea salts that have low Li/Na and high &’Li and
Saharan dust or bulk soil that have much lower §Li and higher Li/Na (Clergue et al., 2015). However,
many of the samples have higher &’Li than predicted by simple binary mixing, which can likely be
attributed to uptake of Li into secondary mineral phases (Huh et al., 1998; Huh et al., 2001; Rudnick

et al., 2004; Kisakurek et al., 2005).

IV.5.2 Controls on the Li and Mg isotope composition of throughfall and soil
solutions

IV.5.2.1 Li and Mg isotopes in throughfall

The &’Li values of the two throughfall samples (13 and 13.6%o) are much lower than that of sea salt
(87Li = ~31%o), suggesting that there is additional input of Li from a source with lower &’Li. The
source of this Li is most likely to be leaching of Saharan dust located on the canopy, which has &Li
= -0.7%o (Clergue et al. (2015). Assuming that no fractionation of Li isotopes occurs during dust
dissolution (Pistiner and Henderson, 2003; Wimpenny et al.,, 2010a), then mass balance
considerations indicate that approximately 50% of the Li in throughfall comes from Saharan dust,
consistent with estimations of the sea salt contribution (44-48%; Table 1V-5). Note, however, that
this estimate is specific to our sampling period, as at other times of the year, the dust contribution
has been reported to be lower (as low as 25%; Clergue et al. (2015)).

The 6%®*Mg values of the two throughfall samples differ by 0.13%o, just outside of the uncertainty of
the analyses. This difference is unlikely to be due to differences in dust input, as no difference in
&Li is observed in the throughfall samples. The variation of §°Mg in the throughfall could be due
to differences in inputs of Mg from leaching of dust on the canopy. While plants are overall enriched
in heavy Mg isotopes compared to the soil solution, the transfer of Mg from the roots to the leaves
fractionates Mg isotopes, such that the upper part of the plant has lower §**Mg (Bolou-Bi et al.,
2010; Bolou-Bi et al., 2012). Sample Th1 has lower §%Mg and higher [K] compared to sample Th3
(Table 1V-3); high concentrations of K in rainfall and throughfall are indicative of input of K from
vegetation (Riotte et al., 2014). By contrast, vegetation inputs have little effect on §’Li (Lemarchand

et al., 2010; Clergue et al., 2015).
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IV.5.2.2 Liisotopes in soil solution

Soil solution &’Li decreases with depth (from 10.4 to 1.8%0) and the &’Li value of bulk soil also
decreases with depth (from 0.6 to -13.5%o; Clergue et al., 2015). The change in the &Li value of the
bulk soil has been attributed to increased dust input to the upper part of the soil profile (Clergue et
al.,, 2015). In the soil solutions, however, the proportion of Li derived from sea salt does not
decrease significantly with depth (Figure IV-13A), suggesting that changes in 8’Li in the soil solution
must be principally controlled by weathering processes rather than atmospheric inputs. However,
in the upper part of the soil profile (above 152 cm depth), the &8’Li value of the soil solution increases
after the rain events, whereas the Li/Na ratio decreases (Figure IV-8 and Figure IV-13B). This is
consistent with increased input of Li from throughfall that has relatively high &’Li and low Li/Na.
The soil solution &’Li in the upper part of the profile appears to be much more influenced by
throughfall inputs compared to the deeper part of the soil profile despite significant changes in

hydrological conditions during the sampling period.
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Figure IV-13. A. Fraction of Li derived from sea salts in the soil solutions. B and C. Evolution
of soil solution Li/Na and K/Na with depth before and after rainfall events. C. The blue shaded
box shows the range of K/Na in throughfall samples measured by Clergue et al. (2015).

IV.5.2.3 Mg isotopes in the soil solution

In contrast to Li, almost all of the Mg in the soil solution is delivered by atmospheric inputs (Table
IV-5), which is consistent with the high depletion of Mg in the soil of the catchment (Clergue et al.,

2015). Nevertheless, the §2°Mg values of the soil solutions increase slightly with depth in the soil
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profile; this cannot be attributed to simple mixing between throughfall and Mg derived from the
bulk soil (Figure IV-11), suggesting that Mg isotope fractionation must occur during weathering. As
all of the Cl in the soil solution comes from throughfall, and Cl is conservative during water transfer
into the soil, changes in the Mg/Cl ratio of the soil solution can be used to identify whether the soils
are a source or a sink of Mg. Figure IV-14 suggests that Mg is removed from the soil solution in the
deeper part of the soil profile, and this leads to an increase in §*®Mg. The change in §2Mg must
reflect preferential incorporation of light Mg isotopes into secondary mineral phases, or
preferential adsorption of light Mg isotopes, in the deeper part of the soil profile. In Guadeloupe,
soils tend to be enriched in heavy Mg isotopes compared to the fluids (Opfergelt et al., 2012;
Dessert et al., 2015), which suggests that secondary minerals are enriched in heavy, not light, Mg
isotopes. However, several studies have shown that cation exchange can lead to preferential uptake
of light Mg isotopes onto mineral surfaces, increasing the §°°Mg value of Mg that remains in
solution (Jacobson et al., 2010; Opfergelt et al., 2012; Ma et al., 2015). Therefore, it seems likely
that cation exchange occurs in the deepest part of the profile where the longer residence time of

the water allows dissolved Mg to adsorb on the clay surfaces.
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Figure IV-14. Mg/Cl versus 5§Myg in the soil solution before and
after rainfall events. The figure highlights the removal of Mg
from the solution in the deeper part of the profile together with
an increase of &6*Mg. The blue shaded box shows the
throughfall/stemflow composition (Clergue et al., 2015).

Mg may also potentially be affected by vegetation uptake. The soil solutions have much lower K/Na
than the throughfall (Figure IV-13C), which is indicative of uptake of K (and by analogy uptake of
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Mg) by plants (Jobbagy and Jackson, 2001). However, this appears to have limited impact on the
52°Mg value of the soil solutions, consistent with results from a previous study (Chapela Lara et al.,
2017). Despite dense vegetation cover and tight nutrient cycles in tropical rainforests (Wood et al.,
2009), the 5§%*Mg of soil solutions therefore appears to be unaffected by plant uptake if atmospheric
inputs of Mg are high. This is a major difference with more temperate mountainous areas where
lower 82°Mg in soil water has been attributed to preferential uptake of the heavy Mg isotopes by

plants (Uhlig et al., 2017).
IV.5.3 Weathering processes in groundwaters

The Li isotopic signature of groundwaters cannot be explained by simple mixing of Li from bulk soil
or rock, and throughfall, as discussed in Section IV.5.1. The &’Li value of the groundwaters (8 to
16.8%o) is significantly higher than the &Li value of the bulk soil (§7Li = 2.9%0 above 274 cm and -
6.1%0 below 274 cm on average; Clergue et al., 2015) and, because primary minerals are almost
totally absent from the soil (Buss et al., 2010), the §’Li value of the groundwaters must be linked to
dissolution and precipitation of secondary mineral phases. After a rain event, the Li/Na ratio of the
groundwaters increases, whereas the &’Li value of the groundwaters decreases (by 1.5 to 3.6%o in
Piezo 1, 2, 3 and 4; Figure IV-15). This cannot be attributed to input of Li from sea salt, implying that
a SLi-enriched reservoir of Li in the catchment is produced during rain events, either through
enhanced dissolution of secondary minerals, or through suppressed secondary mineral formation,
or through injection of previously isolated pockets of water enriched in ®Li through interactions with
secondary minerals before the rain event.

To further explore the possibility of a change in the rate of secondary mineral dissolution during a
rain event, the saturation states of the groundwaters with respect to different secondary mineral
phases were calculated with the PHREEQC program (Parkhurst and Appelo, 2013) using the
measured concentration data, field pH and temperature. PHREEQC calculates mineral stability in
terms of the saturation index (Sl). If SI > 0, the solution is supersaturated and the mineral may
precipitate, whereas if Sl < 0, the mineral is likely to dissolve. The groundwater Sl for the principal
constituents of the soil, kaolinite (halloysite), gibbsite and goethite (Buss et al., 2010), are shown in

Figure IV-16. All of these mineral phases are oversaturated in the Quiock Creek groundwaters, so
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Figure IV-15. A. Relationship between &’Li vs Li/Na for the dissolved load in groundwaters
and Quiock Creek samples sampled on Day 1, 4, 8, and 9 (Piezo 5 is not shown). The blue
shaded areas show the throughfall/stemflow composition (Clergue et al., 2015). B. Li/Na
versus &’Li in groundwaters before and after precipitation. The red open triangles show
the average value for samples collected on Day 1 and 8 while the blue open squares show
the values measured after a significant rain event at Day 9.

changes in &’Li most likely controlled by changes in the rate of secondary mineral precipitation.
After a rain event, the Sl of all of the secondary mineral phases decreases, consistent with lower
rates of secondary mineral precipitation and thus lower &’Li (Figure IV-16).

The majority of the groundwater samples have a Mg isotope composition similar to the
groundwaters sampled in Piezo 6 (6°°Mg = -0.95 to -0.99%.). The 8?*Mg value of these
groundwaters was invariant over time, suggesting that they have a long residence time and this
represent the baseflow contribution to Quiock Creek. Two samples, Piezo 41 and Piezo 51, have
significantly lower 8?°Mg values (respectively, -1.48 and -1.33%o). These samples contained
‘stagnant’ water, as the piezometers were not emptied prior to sampling (see Section I1V.3.1). The
low 82°Mg values could be linked to (1) release of Mg to groundwater from solid phases, (2) uptake
or release of Mg by plants; (3) cation exchange with mineral surfaces. Because soils and bedrock
tend to be enriched in heavy Mg isotopes in Guadeloupe, addition of Mg with low §*Mg cannot be
attributed to dissolution of mineral phases. In support of hypothesis 2, these samples have much
lower K/Cl and higher Mg/Cl and Mg/K ratios compared to the other groundwater samples (Figure
IV-17). Potassium is an essential nutrient that is highly concentrated in plant tissues (Bowen, 1979;

Riotte et al., 2014). The potential effects of vegetation on K and Mg in groundwaters include
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kaolinite in groundwaters. The red open triangles show the average value

for samples collected on Day 1, 4 and 8 while the blue open squares show

the value measured after a significant rain event at Day 9.
leaching of leaves that increases the K content of throughfall relative to sea salt and slightly
decreases §2°Mg due to preferential leaching of light Mg isotopes from the upper part of the plant
(Bolou-Bi et al., 2010; Bolou-Bi et al., 2012); uptake of K, but not Mg, by plants; or removal of K
associated with addition of Mg with lighter §2*Mg values. The two first patterns concur with
analyses of soil solutions discussed in Section 1V.5.2.3, which suggests that groundwaters can be
also affected by plant uptake. However, the lower K/Cl (Figure IV-17B) is inconsistent with reduced
plant uptake which would have increased [K] relative to [CI] (Jobbagy and Jackson, 2001). Therefore,
it seems most likely that the low &%*Mg groundwaters acquire Mg through cation exchange
(hypothesis 3). During adsorption the lighter Mg isotopes are preferentially fixed (Ma et al., 2015),
therefore, desorption of Mg from secondary minerals can be expected to enrich the solution in light

isotopes. These ‘stagnant’ groundwater samples have high [Ca]; despite its similar charge, Ca®* has

a higher ionic radius and a lower hydrated radius than Mg?, so it is preferentially adsorbed on clay
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surfaces (Udo, 1978; Appelo and Postma, 2004). As Ca?* concentrations increase with increasing

residence time, previously adsorbed light Mg isotopes are released increasing then Mg

concentration and reducing the §**Mg value of the groundwater.
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together with 6°Mg.

IV.5.4 Temporal variations in the Mg and Li isotopic compositions of Quiock

Creek waters

As the soils in Quiock Creek catchment are highly weathered, and there is limited contact with the

bedrock as the soils are thick, river waters can be expected to become more dilute during storm

events. However, there was in fact little variation in element concentrations with discharge in this

study, even though discharge varied by two orders of magnitude (Figure IV-6). At the highest

discharge, [Li] and [Mg] were slightly lower (by ~25%) than expected for chemostatic behaviour,
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which implies that solute production is kinetically-limited at high discharge (Maher, 2011). This is
consistent with the high permeability of the catchment (10°m/s or ~30m/yr; (Guérin, 2015), which
means that water residence time is relatively short.

In contrast to previous studies conducted in Guadeloupe and Puerto Rico (both tropical
catchments), we find no evidence for increased river water §2°Mg at low discharge, which has been
attributed to an increased contribution of Mg from weathering from the deep saprolite at low flow
(Dessert et al., 2015; Chapela Lara et al., 2017). This is likely related to the very high depletion of
Mg and the absence of easily-weathered primary mineral phases in the soil (Buss et al., 2010). By
contrast, the &’Li value of the river water decreased by, on average, ~2%o after the largest rain even
and remained low afterwards (Figure IV-3 and Figure IV-7B). The decrease in &’Li is most likely due
to either input of Li from isolated pockets of soil solution with lower §’Li that are flushed out during
rain events or a decrease in rates of secondary mineral precipitation.

On a first order, the Li isotope composition of Quiock Creek (8”Liqc) is controlled by mixing between

Li derived from the soil solution and Li derived from groundwater:

771 _ 77 Ty
6 LlQC =6 LlSoil solution X fSoil solution +4 LlGroundwater X fGroundwater Eq 14

fSoil solution T fGroundwater =1 Eq. 15

where 87Lisoi solution and 8 Lisroundwater are the average isotope composition of the soil solution and
groundwater respectively, and fsoii soiution aNd feroundwater represent, respectively, the flux of Li derived

from the soil solution and groundwater. Hence:

77 77
6 LlQC_5 LlGroundwater

fsoit sotution = 77 - 7
5 LlSoil solution — 6 L’-Groundwater Eq' 16

Assuming that &Lisoil solution = 6.9%0 and 87 Ligroundwater = 13.2%o0, we calculate that 52 to 73% of the Li
in Quiock Creek came from the soil solution before the storm, whereas after the storm this

increased to 89 to 95% (Figure 1V-18). Thus, the decrease in 6’Li was most likely due to increased

input of Li from soil solution that has lower &’Li and was flushed out during the rain event.
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Figure IV-18. Summary of the dissolved Li flux and &’Li evolution before and after a storm
event.

IV.6 Conclusions

This study highlights that, even in a highly-weathered catchment that drains single lithology, there
can be significant differences in the Li and Mg isotope compositions of different critical zone
reservoirs. Isotope signals are strongly affected by atmospheric inputs of Mg and Li, but they are
also controlled by interactions with soil and bedrock. Li isotope compositions are mostly influenced
by preferential incorporation of ®Li into secondary minerals, whereas Mg isotope compositions
mainly reflect input of Mg from sea salts although adsorption or desorption of light Mg isotopes
to/from mineral surfaces can occur in waters that have a relatively long residence time. &Li values
of groundwaters can quickly decrease even after a single rain event and this is likely due to lower
rates of precipitation of secondary minerals. A rapid decrease in 8’Li in Quiock Creek after a storm
event is attributed to increased input of Li from soil solutions that have lower &’Li compared to
groundwater. Atmospheric inputs of Li increase the &Li of soil solutions after rain events only in

the upper part of the soil profile. §2Mg values show little change during hydrological events,
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because most of the Mg in Quiock Creek catchment is supplied by throughfall and Mg is not

significantly impacted by plant uptake.
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Chapter V. Influence of hydrological variations in the
lithium and magnesium isotopic composition of the

Amazon River

ABSTRACT

The volume of water and suspended sediment delivered to the Atlantic Ocean by the Amazon River,
which supplies ~20% of the freshwater input to the ocean, varies significantly over the annual cycle.
As past variations in the lithium (Li) and magnesium (Mg) isotopic composition of seawater are
usually interpreted in terms of variations in weathering fluxes, and/or weathering intensity, it is
crucial to assess the present-day weathering variations to better interpret &’Li and §**Mg records.
In support of this, we have sampled the dissolved and suspended load of the Amazon River and its
principal tributaries during both high water stage (HW) in June and low water stage (LW) in
November. The 6’Li value of the dissolved load was higher at low discharge than it was at high
discharge (8’Liww — 6’Linw = 0.7 to 8.7%o) both in the main stem of the Amazon and its tributaries,
but there is little difference in the §®Mg value of the dissolved phase (§**Mgw—- §?Mguw = -0.10 to
0.49%so). The Li and Mg isotope composition of the suspended material did not change significantly
between the HW and LW stages. The higher &Li in the dissolved phase during the LW stage is likely
due to increased input of Li from the floodplains that form along the banks of the Amazon and some
of its tributaries (Madeira and Negro River). Water stored on the floodplains has a relatively long
residence time, resulting in significant formation of secondary minerals that preferentially
incorporate °Li increasing the &’Li value of Li that remains in solution. By contrast, variations
between LW and HW stages in the Mg isotopic composition of river water are insignificant

suggesting that retention of Mg in the floodplains is insignificant.
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V.1 Introduction

The dissolved solids and suspended sediments that are carried by large rivers are the witnesses of
continental weathering processes that strongly control the chemical oceanic budget (Gaillardet et
al., 1999a; Gaillardet et al., 1999b). In the Amazon basin, important seasonality discharge variation
is associated with significant changes in the quantity and composition of weathering products
(Stallard and Edmond, 1983; Guyot et al., 2007; Hughes et al., 2013; Bouchez et al., 2014b; Moquet
et al., 2016). These changes have been attributed to changes in silicate weathering rates (Mortatti
and Probst, 2003), and/or to simple mixing tributaries processes in term of water and weathering
products (Moquet et al., 2016; Bouchez et al., 2017; Torres et al., 2017). One way to distinguish
these different mechanisms is by the analysis of isotopic tracers such as lithium (Li) and magnesium
(Mg) isotopes that are sensitive to changes in weathering processes (Teng et al., 2010; Pogge von
Strandmann et al., 2012; Tipper et al., 2012a). Lithium is mainly present in silicate minerals and the
Li isotopic composition of river water appears to be independent of catchment lithology (Kisakurek
et al.,, 2005) and biological processes (Lemarchand et al., 2010). While Li is usually a trace
constituent of rock and water, Mg is a major component of many rocks and fluids (Teng, 2017). The
Mg isotopic composition of river water is sensitive to bedrock lithology (Tipper et al., 2006b) and
biological processes can fractionate Mg isotopes toward lighter values by preferential uptake of
2Mg (Black et al., 2008; Bolou-Bi et al., 2010; Bolou-Bi et al., 2012). Both Li and Mg are strongly
fractionated during the formation of secondary minerals and, as a result, the Li and Mg isotopic
composition of river water can reflect weathering intensity within the catchment (Bouchez et al.,
2014a; Dellinger et al., 2015; Dessert et al., 2015).

The isotopic signal of Li and Mg obtained during weathering is eventually transferred to seawater
which acts as a global “database” of present and paleo-weathering conditions. To date, past
variations of &8’Li and §%*Mg recorded in foraminifera, carbonates and corals show a net increase in
seawater 8Li (~ 9%o) but little change in seawater §2°Mg over the last 60 million years (Hathorne
and James, 2006; Misra and Froelich, 2012; Higgins and Schrag, 2015; Gothmann et al., 2017).
Although the mechanisms that cause these variations are still debated for Li (Misra and Froelich,
2012; Pogge von Strandmann and Henderson, 2015; Vigier and Godderis, 2015) and Mg (Pogge von
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Strandmann et al., 2014; Higgins and Schrag, 2015; Gothmann et al., 2017), most studies suggest
that a reduction in silicate weathering intensity associated with global cooling of the Earth’s surface
must play an important role. In this study, we have determined the Li and Mg isotopic composition
of the dissolved phases and suspended particulate material in both the main stem of the Amazon
and its principal tributaries (Solim&es, Negro, Madeira, Trombetas and Tapajos), for both HW and
LW stages. We use these data to assess the effects of discharge changes in Li and Mg isotopes on
seawater composition and consequently for the interpretation of paleo-climatic and paleo-oceanic

studies.
V.2 Study area

The studied area covers the Amazon River and five of its principal tributaries, the Solim&es, Negro,
Madeira, Trombetas and Tapajds rivers. The Amazon River is the largest world river in terms of
water discharge and basin drainage area (5.9 x 10° km?; Calléde et al., 2010). It supplies ~17% of
the water (Callede et al., 2010) and ~7% of the total dissolved load flux (Moquet et al., 2016)
exported from the continents to the oceans. Geologically, the Amazon Basin is mainly composed of
igneous (mostly andesites and granodiorites) and sedimentary rocks and can be divided in three
main domains according to distinctive soils, lithology, climate and vegetation: 1. the Andes and
Andean forelands (25% of the basin); 2. the Guiana and Brazilian cratonic shields (51% of the basin);
3. the central Amazon floodplain or lowland (24% of the basin; Moquet et al., 2016; Stallard and
Edmond, 1983). This study focuses in the central Amazon region, which is bounded by the Guiana
and Brazilian shields to the north and south respectively (Figure V-1). The sampled region
corresponds to the lowland area (a zone of subsidence) with weak slope, a relief below 500 m and
is covered by Tertiary and Quaternary lacustrine and alluvial deposits (Stallard and Edmond, 1983).
Highest discharge usually occurs between April and July, and during the low water stage the water
level of the river decreases by some 7 to 10 m in the main stem (Richey et al., 1989; Appendix C 1).
The central Amazon (lowland) is associated to floodplain lakes (varzeas) along the main channel of
the Solimdes and Amazon Rivers, which are connected or isolated from the main stem depending

on the water stage (Richey et al., 1989). Around 30% of the Amazon water discharge transits
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through these floodplains (Richey et al., 1989; Bonnet et al., 2008), and they are also an important
sink of suspended particulate material (Dunne et al., 1998; Moreira-Turcq et al., 2004; Bourgoin et
al., 2007; Vauchel et al., 2017). The residence time of the sediments trapped within the floodplains
is much higher than it is for material in the main channel (Dosseto et al., 2006), which increases the
extent of fluid-sediment interactions (Viers et al., 2005; Guyot et al., 2007; Frings et al., 2016).
Water is stored on the floodplains between December-January and May-June as the water stage in
the Amazon River rises, and it is exported from the floodplains into the main channel between ~July

and November as the water stage falls (Bonnet et al., 2008). Bonnet et al. (2008) estimated that the

water residence time within the floodplain is around 5 months.

65°0'W 60°0'W
5°0'N-

0°0

- )
. Trombetas River

Negro River Aeaeties

5°0'S

10°0'S

15°0'S

~
B i‘-iﬁyf‘#“-‘;: »";‘
3 & f“é/’ G
¥ ISRt
2000 | b—ot—od! ' o, 4
1 bero‘#/,? 8 ’
\ TP~ AML Brees
1 = OBl et o
1 -
Elevation (m) " '| TAP1 sriyen cun}
B 0-109 : " A1
2 i H Samples : &
3 110-229 | p 1 Nopesdd &
[ 230-349 | — Basin limi ! «'1TA1 o
3s0-ag9 | T oonimt At gia §é
[ 490-649 | Geomorphological 'I 5o“‘“us‘ & b Q8 3
Bl 650-3,799 | domain limits | \0@ T 0 70 140Km
[0 3,800 -8000 ! : \"060 / il A T

Figure V-1. Amazon basin morphological units and map of the Amazon River and its tributaries
showing the sampling locations (red squares). Two profiles at Obidos (OB1) and Manaus
(MAN3) were made to collect water and sediment at different depths. Samples were collected
in 2015 during both high and low water stage. Watershed limit, hydrography network and
elevation are derived from the SO-HYBAM website (http://www.ore-hybam.orq).

Suspended sediments in the Amazon River mainly consist of T-O-T clays (i.e. clays composed of 2
tetrahedral silicate sheets and 1 octahedral hydroxide sheet), mainly smectite (50%), illite and

chlorite (30%). Kaolinite, which is a T-O clays, is also present (~20%) (Guyot et al., 2007). The
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Solimdes and Madeira rivers, which originate from the Andes, are the principal source (<90%) of
suspended sediments in the main stem of the Amazon River (Filizola and Guyot, 2009). Both of
these tributaries principally carry T-O-T structure clays. The Tapajds, Trombetas and Negro rivers
contribute less than 10% of the total suspended sediment flux and mostly have a high kaolinite
content (up to 98% in the Negro) and minor T-O-T structure clays (Guyot et al., 2007). These

sediments are highly depleted in cations (Stallard and Edmond, 1983; Gaillardet et al., 1997).

V.3 Material and methods

The sample collection procedure and analytical methodologies used in this study are described in
detail in Chapter Il. Briefly, river water and suspended sediment samples were collected along a
~1350 km transect (Figure V-1) along the Amazon floodplain, from Manacapuru (sample MAC1) in
the south to Macapa (samples MPS1 and MPN1) in the north. The 35 water samples and 31
sediment samples were collected from the Amazon River basin at 15 different locations during two
research cruises in June (low water stage; LW) and November (high water stage; HW) 2015.
Additional samples were also collected in January (start of the HW stage) and August (end of the
HW stage) at Obidos (sample OB1) but also in December (end of the LW stage) for MPS1 and MPN1
(Figure V-2). Water profiles in Obidos (OB1.30 and 60) and Manaus (MAN3.15, 30 and 45) were only
taken in the LW stage contrary to sediment profiles that were taken during both HW and LW stages.
All river water and suspended sediments were sampled against the flow direction while
temperature and pH were measured in-situ. Discharge and sediment concentration data used here

were from the HYBAM observatory website (http://www.ore-hybam.org; Figure V-2). River waters

were filtered in-situ at 0.45 um through a 142 mm diameter membrane filter and then acidified for
cation analysis. The suspended sediments retained on the filter were stored in plastic bags in a
freezer. Cation concentrations in water samples were determined at the Eidgendssische Technische
Hochschule Ziirich (ETHZ) by inductively coupled plasma mass spectrometry (ICP-MS), and cation

concentrations in sediment samples at the National Oceanography Centre Southampton (NOCS).
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Lithium and magnesium isotope compositions were determined by multi-collector inductively-

coupled plasma-source mass spectrometry (MC-ICP-MS; Thermo Scientific Neptune), at the NOCS.
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Figure V-2. Top panel: daily water discharge of the Amazon
River at Obidos and its tributaries during 2015. Lower panel:
satellite derived suspended sediment concentrations from
Obidos. Data are from: SO-HYBAM website — (http://www.ore-

hybam.org).

V.4 Results

V.4.1 In situ measurements and discharge

In the Amazon River and its tributaries, the range of temperature (27.4 to 32.3°C) and pH (4.6 to
8.6) was fairly narrow in both the HW and LW stages (Table V-1). Nevertheless, during the LW stage,
temperature and pH were slightly higher than they were in the HW stage. The Negro River (NEG1)
had the lowest pH, similar to previous measurements for this tributary (Gaillardet et al., 1997;

Aucour et al., 2003; Dellinger et al., 2015), and analyses of other organic-rich rivers like the Congo
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Table V-1 Field measurements for the Amazon River and its tributaries (Solimdes, Negro,
Madeira, Trombetas and Tapajos rivers). Samples are shown in order of increasing
distance from the ocean. Discharge data are from the SO-HYBAM website
(http://www.ore-hybam.org). *estimated discharges (see text).

MAN3 Amazonas 59.73 3.06 1250
MAC1 Solimoes 60.67 3.33 1350
NEG1 Negro 60.40 3.05 1310
Profile

O0B1.30 Amazonas 5551 193 760 30 || 13/06/2015 245 286 7.0|| 18/11/2015 76 303 7.3
0B1.60 Amazonas 5551 193 760 60 | 13/06/2015 245 28.4 7.1| 18/11/2015 76 303 7.4
MAN3.15 Amazonas 59.73 3.06 1250 15 || 20/06/2015  198* - 65| 25/11/2015  66* 30.6 7.0
MAN3.30 Amazonas 59.73 3.06 1250 30 || 20/06/2015  198* - 67| 25/11/2015 66* 30.0 7.0
MAN3.45 Amazonas 59.73 3.06 1250 45 | 19/06/2015 199* 28.7 6.7| 25/11/2015 66* 314 7.0
MAN3.60 Amazonas 59.73 3.06 1250 60 | 19/06/2015 199* 289 6.6| 25/11/2015 66* 313 7.1

20/06/2015  199* - 6.4 25/11/2015 66* 304 7.0
21/06/2015 173  28.2 6.9| 26/11/2015 66  29.5 7.2
22/06/2015 26 29.9 4.6| 27/11/2015 9 32.6 5.3

sample :;vr:re Lol;af:;de La:LtS\;de inli;;t:r;;:‘. ) D((enp:)h Date [)luzft:::ie Tte.rg)p pH Date Tzfl::;: T;aorg}P pH
Dec-15
MPN1 Amazonas 50.81 0.11 220 1 09/12/2015  216* 293 7.4
MPS1 Amazonas 51.06 0.52 220 1 09/12/2015 216* 298 7.5
Jun-15 High water Nov-15 Low water

ALM1 Amazonas 52.58 1.56 450 1 30/06/2015  258* - 69| 11/12/2015 89*  30.6 86
AM1 Amazonas 5439 240 650 1 12/06/2015  254* 289 6.8 17/11/2015 81* 304 7.4
TAP1 Tapajos 55.03 249 720 1 11/06/2015 10 30.2 6.9 17/11/2015 5 30.0 6.7
0B1  Amazonas 55.51 1.93 760 1 14/06/2015 246 28.2 7.0| 18/11/2015 76 314 7.3
TP1  Trombetas 55.88 1.75 790 1 14/06/2015 - 29.0 6.1| 19/11/2015 - 32.3 6.6
PAR1 Amazonas 56.85 259 923 1 | 16/06/2015 246 27.4 6.8| 21/11/2015 77 308 7.1
ITA1  Amazonas 5857 3.25 1130 1 18/06/2015  241* 28.4 6.8| 23/11/2015 77*  30.8 7.0
MAD1 Madeira  58.79 3.42 1150 1 18/06/2015 44 28.9 6.7|| 23/11/2015 13 319 7.3
MAN1 Amazonas 59.29 3.21 1200 1 19/06/2015 198* - 6.7| 24/11/2015 64* 309 7.0
MAN2 Amazonas 59.52 3.13 1230 1 19/06/2015 198* - 69| 24/11/2015 64* 292 7.2

1

1

1

Basin (Dupré et al., 1996). Similarly to hydrological data from 1983-2012 (Moquet et al., 2016), the
maximum monthly discharges of the Tapajos (TAP1), Madeira (MAD1), Solimdes and Negro (NEG1)
Rivers occurred in March, April, June and July, respectively (the discharge in Trombetas was not
determined; Figure V-2). At Obidos, the discharge was maximum (~252.10° m3/s) between June and
August 2015 while the lowest discharge (~72.10% m3/s) was measured in November. The discharges
of MAN1, MAN2, MANS3, ITA, AM1, ALM1, MPN1 and MPS1 were estimated by summing the
discharge of the main stem and the discharge of the tributary, assuming that evaporation is
negligible. The November discharge of the Amazon at OB1 was 31% lower than the discharge
observed in June, but this decrease of discharge can be up to 48% in TAP1l. The suspended
sediments concentration ranged between 15 to 135 mg/L and had minimum concentration during

the HW stage (Figure V-2).
V.4.2 Major element concentration

V.4.2.1 Dissolved load

Solute concentrations (Na, Ca, Mg, K, Al, Fe, Sr and Li) are displayed in Table V-2. The Amazon River
waters (including the Solimdes) were dominated by Ca%* (104 - 238 umol/L), followed by Na* (55 —
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Table V-2. Concentration of major elements, Al and Li (+ 10%) in the Amazon and its
tributaries in the dissolved phase. TZ'* = Total cation concentrations (ueq/L).

Water umol/L nmol/L umol/L nmol/L
TZ™* T
samples Na* ca2+ Mg2+ Ki Al Li Na‘ Caz& Mgz& K+ Al Li
Dec-15
MPN1 163 155 64 23 01 76 600
MPS1 144 151 56 23 04 89 556
Jun-15 High water Nov-15 Low water
ALM1 70 150 46 23 05 49 484 174 183 64 28 03 56 697
AM1 69 156 a4 24 05 95 492 171 186 62 27 0.2 80 693
TAP1 22 16 12 16 22 24 92 28 25 30 16 04 26 156
0B1 64 145 37 23 11 90 450 140 166 50 23 01 87 571
TP1 50 22 13 23 23 49 143 59 16 9 16 04 24 124
PAR1 69 175 38 22 04 102 516 180 217 68 22 02 136 773
ITAL 78 191 46 23 05 99 575 100 146 36 22 01 89 464
MAD1 69 108 66 31 03 135 448 199 187 156 37 0.2 210 886
MAN1 55 121 29 16 19 57 372 102 117 34 18 06 76 423
MAN2 85 214 43 20 09 75 619 112 163 38 22 01 91 514
MAN3 70 153 41 21 1.0 102 480 112 104 37 18 09 68 396
MAC1 94 238 53 25 02 91 700 182 222 63 24 0.2 114 775
NEG1 10 5 3 6 5.2 23 31 15 3 4 10 28 20 39
Profile
0B1.30 191 213 68 24 03 148 778
0B1.60 170 183 61 23 02 137 681
MAN3.15 147 155 46 20 1.0 120 570
MAN3.30 174 195 56 24 0.7 148 700
MAN3.45 162 184 52 21 0.7 144 656
MANS3.60 - - -
Jan-15 Aug-15
0B1 163 247 80 27 02 160 819 114 168 53 24 0.3 112 555

182 pumol/L) and Mg* (29 — 68 umol/L). In the tributaries, sodium and potassium were the most
abundant cations in the Negro and Trombetas (TP1) rivers while the composition of Tapajés and
Madeira rivers was not dominated by any cation. Sodium concentrations are higher at the LW stage
(average 144 pmol/), than they are at the HW stage (average 73 umol/L) in the Amazon River. A
significant increase of the mean Mg?* concentration was also observed in the Madeira at the LW
stage (156 umol/L, compared to 66 umol/L at HW) and Tapajos rivers (30 umol/L compared to 12
umol/L at HW). The concentrations of the cations were in the range of previous measurements
made between 2001-2012 in the Solimdes, Madeira (MAD1), Negro (NEG1), Obidos and Tapajos
(TAP1) rivers (Gaillardet et al., 1997; Dosseto et al., 2006; Hughes et al., 2013; Dellinger et al., 2015;
Moquet et al., 2016), close to Parintins (PAR1) (Dosseto et al., 2006) and in the Trombetas (TP1)
River (Dosseto et al., 2006; Dellinger et al., 2015). There was no obvious change in the dissolved
cation composition with depth during the LW stage at MAN3 and OB1. The total cationic charge
(TZ*=Na*+K*+2Ca*+2Mg*) in the Amazon floodplain was higher in the LW stage (39 to 886 peq/L;
average = 501 peq/L) compared to the HW stage (31 to 700 peq/L; average = 416 peg/L). In both
stages the total cationic charge was within the range measured in other lowlands rivers (294 to 743

ueq/L; Moquet et al., 2011).
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V.4.2.2 Chemical composition of the suspended sediments

Table V-3 shows the relative proportions of major elements in the surface suspended sediment;
concentrations of these elements were within the range of those previously reported in the Amazon
River and its tributaries (Gaillardet et al., 1997; Dosseto et al., 2006; Viers et al., 2008; Dellinger et
al., 2014). The sediments carried by the Amazon main stem were principally composed of Al (5.75
to 15.10 wt %) and Fe (2.54 to 7.68 wt %), followed by K (1.37 to 3.54 wt %) and Na (0.12 to 1.58
wt %). For all the samples, there were no clear changes of the elemental composition between the
LW and HW stages, and there was little change in chemical composition with depth in the Amazon
River at MAN3 and OB1.

The chemical index of alteration (CIA; Nesbitt and Young, 1982) can be used to evaluate the extent

of silicate weathering (Eq. V-1):

AL, O,
CIA (wt %) = x 100 (mol ti
W) = 0 ¥ Ca0” + Nay0 + K, 0 (molarproportions) o\, ,

The CIA reflects the proportion of Al,Os to labile oxides (CaO* is the amount of Ca only derived from
silicate weathering), and therefore higher values are representative of more intensely weathered
materials (Nesbitt and Young, 1982). Similarly to Viers et al. (2008), CaO* is assumed to be equal to
Ca0 if CaO < Na,0. CIA values of between 30 - 55 are indicative of unweathered silicates (basalts,

granites and granodiorites), while a value of 100 indicates the complete removal of labile oxides

Table V-3. Elemental composition of the suspended sediments in the Amazon and the Negro River
during high and low water stage. CIA = Chemical index of alteration.

sediment Weight % ppm CIA Weight % ppm CIA
samples Na Ca Mg K Al Fe Sr Li Na Ca Mg K Al Fe Sr Li
Jun-15 High water Nov-15 Low water
ALM1 0.77 071 0.89 240 0934 4.42 155 59 71 0.73 0.68 0.84 238 941 419 144 58 71
OBl 092 072 0.87 239 891 407 163 58 69 097 0.83 1.04 264 1133 4.48 181 61 72
PAR1 088 035 078 241 926 371 135 60 72 098 0.77 098 251 1000 4.28 166 57 70
ITA1 0.82 0.86 091 223 871 445 170 52 69 0.75 077 085 202 926 4.06 167 50 72
MAN1 1.04 111 1.03 246 10.32 5.12 198 51 69 1.06 1.02 103 224 997 443 199 49 70
MAN3 139 140 155 354 1510 7.68 211 66 70 - - - - - - - - -
NEG1 0.12 0.07 0.15 137 8.04 5.14 42 16 84 0.26 0.15 0.27 1.55 1043 3.09 56 24 84
Profile
OB1.15 0.8 0.65 0.78 156 6.85 3.08 152 47 67 073 0.88 092 231 965 414 142 54 68
0B1.30 1.01 0.77 081 207 751 3.64 167 46 60 095 0.76 0.87 219 9.68 3.89 168 51 68
OB1.30 1.07 079 0.66 181 6.20 3.00 165 36 60 | 099 079 0.0 220 9.18 3.95 172 52 64
OB1.60 111 077 059 183 575 265 168 31 59 076 0.60 070 172 7.21 3.07 133 40 59
MAN3.15 130 1.18 1.07 250 10.04 5.05 209 46 69 099 099 0950 185 825 3.83 183 41 71
MAN3.30 155 133 0.88 223 7.63 3.46 251 34 66 1.01 1.02 093 1.92 835 3.89 186 42 71
MAN3.45 147 126 091 236 772 3.68 234 36 63 130 116 090 179 7.50 3.48 217 36 70
MAN3.60 158 128 0.83 182 675 3.09 255 30 61 1.20 088 058 1.67 532 254 185 22 70
Jan-15 Aug-15
OBl 0.83 0.64 0.99 262 10.03 4.20 150 61 71 084 076 092 229 9.05 412 160 54 70
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from the parent rocks (Nesbitt and Young, 1982). CIA values calculated for the surface suspended
sediments in the Amazon main stem ranged between 68.9 and 72.4 (Table V-3) and values were
similar in both hydrological stages. These measurements were within the range of previously
calculated CIA values in the Solimdes (68 — 71; Viers et al., 2008). However, at deeper depths the
CIA of suspended sediments was always lower than the CIA of sediments sampled close to the

surface (Table V-3). The Negro River has significantly higher CIA values with an average of 84.

V.5 Liand Mg isotopes in the dissolved phase

V.5.1 [Li] and &’Li

Concentrations of Li in the HW stage ranged from 14 to 135 nmol/L and the average [Li] in the main
stem of the Amazon River was 85 nmol/L (Figure V-3). In the LW stage, Li concentrations were
slightly higher (20 to 210 nmol/L), and the average [Li] in the main stem of the Amazon River was
88 nmol/L. These concentrations were similar to those measured previously in rivers in the Amazon
floodplain (Gaillardet et al., 1997; Huh et al., 1998; Dellinger et al., 2015). Highest Li concentrations

(135 nmol/Lin HW and 210 nmol/L in LW) and the biggest variations were measured in the Madeira
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Figure V-3. A. Li concentration of the dissolved load in the in the Amazon River and its
tributaries. B. Comparison with other published values. Tributaries are highlighted by grey
shaded boxes. The yellow shaded box shows the average [Li] (+10%) for the main stem of the
Amazon River in both the HW and LW stages. Sampling locations are linked with a solid line
when they are adjacent; otherwise they are linked with a dashed line.
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River (MAD1). By contrast, there was little change in the Li concentrations in the Negro, Tapajos
and Trombetas tributaries, and these have relatively low Li concentrations (20 - 49 nmol/L).

The &’Li values of the dissolved load ranged from 1 to 30.3%o (Figure V-4; Table V-4). In the HW
stage, the &Li of samples collected from the main stem of the Amazon River ranged from 11.2 to
17.8%o (average 16.3%o), whereas in the LW stage 8’Li values generally increased and ranged from
18.5 to 23.7%o (average 21.5%o). At Obidos, the §’Li value was similar in June and August (HW stage,
respectively 16.7 and 16.5%o) and in January and November (LW stage, 22.2 and 23.2%o,
respectively). The average difference in the §’Li value of the dissolved load between the LW and
the HW stages was about 6.6%., with the exception of sample MAN3 that did not show any
significant change. The Madeira River had the highest &’Li of all the water samples in both the HW
and the LW stages (respectively, 21.7 and 30.3%o) and also showed the biggest variation (8.7%o).
When considering the whole Amazon River at different hydrological stages, the variation in 8’Li was
greatest for the downstream sites with change >15.5%. (HW stage ALM1 vs LW stage MPN1; Figure
V-4). The Negro River had the lowest 8’Li (1 and 7.7%. in the HW and the LW stages, respectively).
A similar range of 8’Li has previously been reported for the Amazon Basin (1.2 to 32.9%o; Dellinger

et al. (2015), although the highest &’Li value for the lowland rivers (~16%.) was lower than

Table V-4. Li and Mg isotope compositions in the dissolved phase at the different
sampling locations. The 20 is the total internal uncertainty of each measurement.

Water %o
samples &L 20 5°Mg 20 5°mMg 20 &L 20 5°Mg 20 5°mMg 20
Dec-15
MPN1 26.7 0.4 -042 006 -079 0.06
MPS1 25.5 0.2 -0.41 002 -0.80 0.03
Jun-15 High water Nov-15 Low water
ALM1 11.2 0.7 -0.38 003 -079 0.03 - - - - - -
AM1 16.4 13 -0.42 0.03 -0.80 0.02 23.7 0.6 -0.42 0.00 -0.81 0.03
TAP1 14.5 0.8 -0.24 004 -047 0.07 - - -0.50 001 -096 0.02
OB1 16.7 0.6 -0.38 001 -075 0.00 23.2 0.4 -042 0.04 -0.81 0.07
TP1 9.6 0.7 -0.17 003 -033 0.04 - - - - - -
PAR1 16.5 0.5 -0.42 001 -0.80 0.07 22.6 0.8 -0.40 001 -0.79 0.04
ITA1 15.9 1.3 -0.46 002 -093 0.02 21.2 0.3 -0.44 003 -0.83 003
MAD1 21.7 0.4 -0.34 002 -065 0.03 30.3 0.3 -0.41 001 -0.80 0.02
MAN1 13.2 0.2 -0.45 002 -08 0.06 - - - - - -
MAN2 14.6 0.5 -0.41 002 -0.80 0.02 20.1 0.1 -0.44 000 -0.85 0.00
MAN3 17.8 0.9 -0.38 002 -076 0.00 18.5 0.5 -0.42 002 -0.82 001
MAC1 15.6 03 -0.47 008 -093 0.10 - - - - - -
NEG1 1.0 1.0 -0.16 003 -038 0.08 1.7 0.3
Profile
0B1.30 226 0.1 -0.42 000 -0.81 0.02
0B1.60 235 0.3 -0.42 001 -0.80 0.04
MANS3.15 17.9 0.2 -0.43 006 -0.83 007
MAN3.30 19.8 0.1 -0.42 006 -0.84 0.03
MANS3.45 20.0 0.1 -0.45 000 -0.86 0.05
MANS3.60 20.4 0.2 -0.42 001 -0.81 0.00
Jan-15 Aug-15
0OB1 22.2 0.0 -0.43 003 -082 0.02 16.5 0.4 -0.46 001 -0.88 0.02

107



Chapter V

measured in this study. Huh et al. (1998) reported &Li values of 21.6+1.3%o at the mouth of the
Amazon River, and 10.5+1.3%o for the Negro River (Figure V-4). During the LW stage, there was no
significant variation in 8’Li with depth at Obidos (average = 21.6%o); this was also the case in the
HW stage (Dellinger et al., 2015). At Manaus, water samples collected between 1 to 15 m depth
had lower &’Li (average = 18.2%o) compared to samples collected from 30, 45 and 60 m depth (from

19.8 to 20.4%.; Table V-4).
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Figure V-4. & Li values of the dissolved load in the Amazon River and its tributaries
plotted with previous measurements of &’Li. Tributaries are highlighted by grey
shaded boxes. The green solid line and blue dotted line show the average &Li for
the main stem of the Amazon River in the HW and the LW stage, respectively.
Sampling locations are linked with a solid line when they are adjacent; otherwise
they are linked with a dashed line. Error bars show the external error (0.6%o, 20,
of the isotope analyses calculated with repeated measurements of L-SVEC (§7Li =
0.0 + 0.5%o0 (25D, n = 28)), and IAPSO (6’Li = 30.9 # 0.6%o (25D, n = 27).

V.5.2 [Mg] and 6**Mg

The dissolved [Mg] varied from 3 to 156 umol/L (Figure V-5; Table V-2). In the main stem of the
Amazon River, Mg concentrations were on average slightly higher in the HW stage than in the LW
stage (49 vs 42 umol/L, respectively), although [Mg] was slightly higher during the LW stage after
the confluence with the Trombetas tributary (samples OB1, AM1 and ALM1). Concentrations of Mg
in the tributaries Negro, Trombetas and Solim&es did not show any significant change between the

HW and the LW stages, but some variations were observed in the Madeira River and Tapajds River,
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with Mg concentrations increasing by 90 and 18 pmol/L respectively in the LW stage (Figure V-5).
Negligible variations of [Mg] in the main stem of the Amazon and its tributaries have also been
reported in other studies (Mortatti and Probst, 2003; Hughes et al., 2013; Moquet et al., 2016).
Compared to a previous study, the dissolved [Mg] measured in Madeira River was high (up to 156

umol/L), however significant increase in Mg concentrations of up to 70 umol/L have also been

reported in this river (Hughes et al., 2013).
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Figure V-5. A. Mg concentration of the dissolved load in the in the Amazon River and its
tributaries. B. Comparison with other published values. Tributaries are highlighted by grey
shaded boxes. The yellow shaded box shows the average [Mg] (+10%) for the main stem of the
Amazon River in both the HW and the LW stages. Sampling locations are linked with a solid line
when they are adjacent; otherwise they are linked with a dashed line.

Mg isotope analyses of the Amazon River have previously been reported for two stations close to
PAR1 and ALM1 (Figure V-6) during the high water stage, and gave §°Mg between -1.03 and -
0.87%o, averaging at -0.95%. (Tipper et al., 2006b). In comparison, the §**Mg of the dissolved load
of the main stem of the Amazon River determined in this study ranged from -0.93 to -0.75%o
(average = -0.81%o) during the high water stage and from -0.85 to -0.79%o (average = -0.82%o)
during the low water stage (Figure V-6, Table V-4; excluding samples MPN1 and MPS1). Over the
course of a year, the §*Mg value of dissolved Mg at Obidos only varied by 0.13%. (Figure V-6).
However, the range in §2*Mg was higher in the tributaries of the Amazon River, -0.96 to -0.33%o.
The Tapajds had the lowest §2°Mg (-0.96%o) and the Trombetas River and the Negro River had the

highest values (-0.33%o0 and -0.38%o, respectively). The values for the Trombetas and Negro were
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amongst the highest values recorded in the world’s largest rivers (Tipper et al., 2006b). Only the
Tapajos and Madeira tributaries were analysed for both hydrological stages and both appear to be
slightly enriched in lighter Mg isotopes during the LW stage. There is no significant variation in

dissolved §*Mg with depth at Obidos and Manaus (OB1 average = -0.80%0 and MAN3 = -0.81 to -

0.86%o).
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Figure V-6. 62°Mg values of the dissolved load in the Amazon River and its tributaries
plotted with previous measurements of 6°°Mg. Tributaries are highlighted by grey
shaded boxes. The green solid line and blue dotted line show the average 6°®Mg for
the main stem of the Amazon River in the HW and the LW stage, respectively.
Sampling locations are linked with a solid line when they are adjacent; otherwise
they are linked with a dashed line. Error bar show the external error (0.06%., 20) of
the isotope analyses calculated with repeated measurements of DSM-3 (6°°Mg =
0.00 + 0.07%o (25D, n = 27)) and IAPSO (6**Mg = -0.82 + 0.05%o (25D, n = 18)).

V.6 Liand Mg in the suspended sediments

V.6.1 &’Li and 6%°Mg in surface suspended sediments

In the main stem of the Amazon River, concentrations of Li in surface suspended sediments
collected during the HW stage were in average about 58 ppm and during the LW stage Li
concentrations were 55 ppm (Table V-3 and Figure V-7). Li concentrations were similar to the mean
[Li] measured for other large rivers (50110 ppm; Dellinger et al., 2014), but they were lower than

previously measured at Obidos (Dellinger et al., 2014; Figure V-7). The highest [Li] (66 ppm) was
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measured at MAN3 after the confluence with the Negro River, which had suspended sediments
with much lower [Li] (16-24 ppm). The Li content of the suspended sediments in the Negro
measured in this study was lower than reported previously for this river (44 ppm; Dellinger et al.,
2015). There were no variations in the Mg concentration between HW and LW stages of the
suspended sediments, and Mg concentrations were on average about 0.90 wt % in the HW stage
and 0.95 wt % in the LW stage. These values were within the range of those reported previously at
stations MAN1, PAR1 and OB1 during the HW stage (0.92 - 0.99 wt %; Dosseto et al., 2006) and for
the Solimdes River (1.03+0.09 wt %; Dosseto et al., 2006; Viers et al., 2008). Highest Mg
concentrations were measured at MAN3 ([Mg] = 1.55 wt %) and the lowest concentrations were

measured at NEG1 ([Mg] = 0.15 - 0.27 wt %; Figure V-7).
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Figure V-7. Li and Mg concentration of surface suspended
sediments in the main stem of the Amazon River and the
Negro River. The yellow shaded boxes show the average
values for the Amazon River.

The 6%Mg values of surface suspended sediments of the Amazon River ranged from -0.12 to 0.09%o
(average = -0.02%o) during the HW stage and from -0.03 to 0.01%. (average = -0.01%.) during the
LW stage (Table V-5 and Figure V-8A). There was no significant change in §2°Mg between the stages,
with the exception of sample PAR1, which decreased by 0.11%o in the LW stage. The §**Mg values
of the suspended sediments were close to the §?°Mg values of bedrocks present in the Amazon

basin like andesite (-0.15+0.07%.; Dessert et al., 2015) and diorite/granodiorite (§**Mg = -0.31 to
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Table V-5. Li and Mg isotope compositions in the suspended sediments at the different sampling
locations. The 20 is the total internal uncertainty of each measurement.

Sediment %0
samples &'Li 26 Mg 206 §%Mg 20 &Li 26 Mg 26 Mg 20
Jun-15 High water Nov-15 Low water
ALM1 -2.3 0.5 0.01 0.02 0.01 0.01 -2.7 0.2 0.01 0.02 0.00 0.00
0oB1 -1.7 0.3 0.00 0.01 0.00 0.01 -2.6 0.2 0.01 0.02 0.01 0.02
PAR1 -1.4 0.8 0.05 0.00 0.09 0.01 -2.6 0.4 0.00 0.04 -0.02 0.07
ITA1 -2.6 0.1 -0.01 001 -004 0.02 -1.9 0.6 0.01 0.02 0.01 0.04
MAN1 -2.1 05 -004 002 -008 004 -1.6 0.1 0.00 0.01 -003 0.00
MAN3 -2.9 0.4 -0.06 002 -012 0.03 - - - - - -
NEG1 -4.1 0.3 -0.01 001 -001 0.00 -3.6 0.4 -0.02 004 -0.04 0.02
Profile
OB1.15 -1.7 0.9 0.00 0.03 -0.03 0.05 -3.0 0.1 0.05 0.01 0.06 0.02
0OB1.30 -1.6 0.6 0.00 0.04 -002 0.03 -2.0 0.3 0.07 0.01 0.12 0.02
OB1.30 -0.7 0.2 0.00 001 -0.03 0.00 -1.5 0.3 0.07 0.05 0.11 0.04
OB1.60 -0.6 0.5 -0.03 0.06 -0.09 0.05 -2.0 0.6 0.06 0.05 0.11 0.07
MANS3.15 -1.9 0.4 -0.02 0.03 -007 0.05 -1.3 0.6 0.03 0.00 0.04 0.00
MANS3.30 -0.5 0.8 -0.04 001 -0.20 0.06 -2.2 0.2 0.01 0.04 0.01 0.01
MAN3.45 -1.1 0.5 -0.05 0.02 -011 0.06 -1.9 0.6 0.01 0.00 -0.02 0.05
MANS3.60 -0.4 0.5 -0.05 002 -011 0.03 0.2 0.1 0.01 0.01 -0.01 0.05
Jan-15 Aug-15
0B1 -1.9 0.0 0.01 0.01 0.01 0.01 -2.7 0.2 0.00 0.05 -0.01 0.10

0.04%o; Teng, 2017) but they were significantly higher than shale (e.g. SCo-1 §°°Mg = -0.90+0.07%o;

this study, Chapter 2) or §%*Mg values of the corresponding dissolved phase, as observed in other

river systems (Wimpenny et al., 2011; Tipper et al., 2012b).

The &7Li values of the surface suspended sediments in the main stem of the Amazon River ranged

from -2.9 and -1.4%. (average = -2.4%o) during the HW stage and from -2.7 to -1.6%. (average = -
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Figure V-8A. 6°°Mg values and B. &’Li of the suspended load for the main stem of the Amazon
River and the Negro River. The brown shaded boxes show the standard deviation around the
average granodiorite and andesite rock 6*°Mg values. The blue shaded box shows the standard
deviation around the average surface suspended sediment value of the Solimées (Dellinger et al.,
2014). The green solid lines and blue dotted lines show the average of 6°Mg and &’Li calculated
in the Amazon River in both HW and LW stages. Error bars represent the external error (20).
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2.5%o) during the LW stage (Table V-5 and Figure V-8B). Thus, like Mg, there were no significant
variations in the &7Li values of the suspended between the HW and the LW stages. The &’Li values
of the suspended sediments were lighter than the &§’Li values of bedrocks present in the Amazon
basin like andesite (5.3%o; Clergue et al., 2015), diorite/granodiorite (87Li = -0.8 to 2.3%o; James and
Palmer, 2000; Sun et al., 2016) and shale (e.g. SCo-1 8’Li = 0.80+0.6%o; this study, Chapter 2). The
Negro River had distinctly lower &’Li for the suspended sediments (-3.6 and -4.1%.) compared to
the main stem. The &’Li values of the suspended sediments were in the range of those measured
previously in large rivers (-1.5+1%o; Dellinger et al., 2014). However, while previous measurements
of surface 8’Li in the Madeira and Solimdes rivers (-2.90 and -2.60%. respectively; Dellinger et al.,
2014) were similar to this study, the Negro and Obidos rivers had significantly different values with

&7Li =-2.7 and -3.6%o respectively (Dellinger et al., 2014; Dellinger et al., 2015).
V.6.2 Variation in 8’Li and §%®Mg in suspended sediments with depth

The [Li] in the suspended sediments was similar at Obidos and Manaus, and was similar in both the
HW and the LW stages. At both stations, there was an overall slight decrease in [Li] with depth, by
up to 27 ppm at Obidos and 36 ppm at Manaus. The Mg concentration of the suspended sediments
also decreased slightly with depth, by up to 0.72 wt % (in the HW stage) at Manaus and up to around
0.32 wt % at Obidos (Figure V-9).

At Obidos, the &’Li value of the suspended sediments increased slightly with depth, from -3%o at
the surface to -1.5%. close to the river bed in the LW stage, and from -1.7%. at the surface to -0.6%o
close to the river bed in the HW stage. At Manaus the &’Li value of the suspended sediments also
increased slightly with depth, but there was no obvious change in §’Li between the HW and the LW
stage. The §2*Mg values of the suspended sediments in the two profiles were higher in the LW stage
than they were in the HW stage, at both sites (Figure V-9). There was no obvious change in the

52°Mg value of the suspended sediments with depth, at either site.
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Figure V-9. Profiles of [Li] and &’Li (first row), and with [Mg] and 6?®Mg (second row) in
suspended sediments from Obidos and Manaus. The error bars represent the external error (20).

V.7 Discussion

V.7.1 Li and Mg isotope signatures of the suspended sediments: Tracers of

sources and dynamics.

The CIA values of the surface suspended sediments from the Amazon River (Table V-3) are higher
than the CIA of unweathered rocks (~50; Nesbitt and Markovics, 1997) consistent with materials
that have lost soluble elements such as Na and K during the weathering process (Nesbitt and Young,
1982). The chemical composition of the sediments does not change along the Amazon system in
either hydrological stage despite the influence of suspended particles from tributaries that have
sediments with different elemental compositions like the Madeira River (Viers et al., 2008; Dellinger
et al., 2014). The &’Li and 8**Mg values of the suspended sediments are generally lighter and

heavier respectively than the catchment bedrock values (8’Li = -0.8 to 5.3%. and §**Mg = -0.9 to
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0.04%o) which supports other studies that indicate that secondary mineral phases are preferentially
enriched in light Li isotopes and heavy Mg isotopes (Teng et al., 2010; Pogge von Strandmann et al.,
2012). Additionally, the &’Li and §2°Mg values of surface sediments do not vary with hydrological
stages or with distance along the river (upstream to downstream samples) which suggests that the
suspended sediments are not further weathered in the Amazon River. Rather, the suspended
sediments provide a record of the weathering history of the basin on long timescales (Gaillardet et
al., 1999a; Dosseto et al., 2006; Bouchez et al., 2012; Dellinger et al., 2014).

There are clear differences in the Li and Mg compositions of the suspended sediments sampled at
OB1 and MANS3 as a function of depth, and also between the HW and LW stages. [Li] and [Mg]
decrease with increasing depth (R? = 0.94-0.99;Figure V-10), which can be attributed to enrichment
of coarse-grained material with a high proportion of albite and quartz at the bottom of the Amazon
River, and a lower proportion of fine-grained clays that are relatively enriched in Li and Mg (Bouchez
et al., 2011; Dellinger et al., 2014). By contrast, there were no clear variations in §’Li and §?°Mg
with depth for both profiles (Figure V-10). We estimate the degree of weathering by comparing the
Na and the Al content in the suspended sediments (Figure V-11). Na is a soluble element whereas
Al is relatively immobile, so the Al/Na ratio of sedimentary materials will increase with increased
weathering intensity (Nesbitt and Young, 1982). Figure V-11 clearly shows that &’Li decreases with

increased weathering intensity and, additionally, the &8’Li of the sediments increases from the
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Figure V-10. Comparison between the [Li] and [Mg] and the &’Li and §*Mg of the suspended
sediments in the Obidos and Manaus profile The grey shaded box shows the compilation of 6’Li
and §**Mg values for the bedrocks.
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surface of the river to the river bed implying that the surface waters contain more weathered
material (Figure V-9). This is consistent with results reported by Dellinger et al. (2014), for a profile
at Obidos, and with our CIA calculations that are higher close to the surface. At Obidos, sediments
sampled in June had higher &’Li and lower Al/Na which suggests that during HW stage the Amazon
River (at Obidos) carries less weathered and/or coarser sediments which is consistent with the high
discharge that is capable of transporting heavier material. Similar behaviour has been observed in
the Madeira River where fine-grained, clay rich materials were predominantly transported during
the low water stage (Bouchez et al., 2014b). This behaviour was not observed at Manaus or in the
Solimdes (Bouchez et al., 2014b), which suggests that the sediment nature is mainly controlled by
sediment inputs from the Madeira River. This is consistent with results reported by Vauchel et al.

(2017), indicating that the Madeira River can contribute up to 50% of the sediments present in the
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Figure V-11. Al/Na vs &’Li and §%Myg for the two full-depth profiles sampled in June
and in November.

116



Chapter V

main Amazon stem. During the LW stage, at Obidos, the sediments carried by the river have higher
Al/Na and higher §*Mg which suggests that more weathered materials enriched in heavy Mg
isotopes compared to the bedrock (Tipper et al., 2006a; Brenot et al., 2008) are transported at low

discharge. This is consistent with our previous conclusions made with &’Li in sediments at Obidos.

V.7.2 Li and Mg composition of the Amazon River: Tracers of weathering

intensity in Amazonian tributaries

The 6%°Mg and &’Li of the dissolved phase of the Amazon River are respectively lighter and heavier
than the 8%*Mg and &Li of suspended sediments consistent with preferential uptake of heavy Mg
isotopes and light Li isotopes by secondary minerals (Huh et al., 2001; Kisakurek et al., 2005; Tipper
et al., 2006a; Brenot et al., 2008; Opfergelt et al., 2012; Dellinger et al., 2014). There is positive
correlation between [Mg] and [Li] in the Amazon River (R?=0.77 - 0.81), but no correlation between
&’Li and 8*°Mg (Figure V-12). This suggests that additional other processes, in addition to secondary
mineral formation, regulate 6°Mg and/or &8’Li (Teng et al., 2010; Pogge von Strandmann et al.,

2012; Tipper et al., 2012a).
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Figure V-12. Comparison between [Li] and [Mg] and &’Li and 6?°Mg in the dissolved load of
the Amazon River and its tributaries. The brown shaded box shows the §*Mg in the main
stem of the Amazon River.1.High weathering intensity; 2.Intermediate weathering intensity.

The Mg isotope composition of the tributaries were always heavier than §%*Mg values in the main
channel during the HW stage (Figure V-12). Heavier §**Mg can be attributed to a higher proportion

of Mg from weathering of silicate minerals, that have high §*Mg (like andesite or granodiorites),
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than from carbonate or shale weathering, as carbonates and shales tend to be relatively enriched
in light Mg isotopes (6**Mg = -5.57 to -0.9%o, Teng, 2017), or from seawater aerosols that have
5%°Mg = -0.82%o (Foster et al., 2010). However, the §2Mg of the Negro, Trombetas and Tapajos
tributaries (6**Mgrip) needs to be corrected from atmospheric inputs to estimate the §*Mg due to
weathering of continental crust (§Mgcwnt). The proportions of Mg derived from atmospheric
contributions, fum, is assumed to be 0.07 in the Tapajés, 0.21 in the Trombetas and 0.22 in the
Negro (Gaillardet et al., 1997). We make the assumption that the §2°Mg value of the atmospheric
input (8%Mgam) is similar to the sea water value (-0.82%o) and therefore we can calculate the

626Mgcont using Eq. V-2:

é‘ZéM.gTrib = 626Mgatm X fatm + 526Mgcont X (1= fatm) Eq. V-2

52°Mgcont is -0.26%o, -0.21%o0 and -0.44%. for the Negro, Trombetas and Tapajds respectively. These
values are close to those of andesites/granodiorites (§*Mg = -0.31 to 0.04%o), which suggests that
weathering is more congruent in these tributaries. Interestingly, during the HW stage samples
NEG1, TP1, TAP1 and MAD1 show a negative relationship between §°Mg and &’Li consistent with
preferential incorporation of the light isotopes of Li and the heavy isotopes of Mg in secondary
minerals (Figure V-12). This negative relationship may be indicative of high weathering intensity

(high 6%*Mg and low &7Li) and intermediate weathering intensity (low §2®Mg and high &7Li).
V.7.3 Importance of floodplains as a source and/or sink of Li and Mg

Crucially, the lowlands of the Amazon River contain significant areas of floodplains that play a major
role in the storage of sediments and water (Dunne et al., 1998; Seyler and Boaventura, 2003;
Bourgoin et al., 2007; Bouchez et al., 2012; Frings et al., 2014). Water retained on the floodplains
has a long residence time, promoting the formation of secondary minerals that potentially drives
the &’Li value of the dissolved phase towards higher values (Dellinger et al., 2015; Pogge von
Strandmann and Henderson, 2015). The potential control of secondary mineral precipitation or
dissolution on 8Li can be assessed by its relationship with Li/Na ratio in the Amazon River or its
tributaries (MAD1 and NEG1; Figure V-13). Na is generally not incorporated in the secondary

minerals products whereas Li is assimilated, and secondary minerals carry most of the Li in the
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Amazon River (Sawhney, 1972; Millot et al., 2010c; Dellinger et al., 2015). Figure V-13 shows that
at low discharge the 8’Li of water from a given sampling station is high (and Li/Na is low) while at
high discharge &’Li is low and Li/Na increases. This suggests that at low discharge there is an
increase in precipitation of secondary minerals that preferentially incorporate °Li driving the &’Li of
the fluid phase towards higher values. Therefore, it seems likely that the changes in 8’Li are
associated with increased input of Li from floodplains during the LW stage. Moreover, during the
LW stage, the sampling stations towards the mouth of the river (from MAN3 to MPN1/MPS1)
became progressively enriched in heavy Li isotopes (an increase of 7 - 8.2%o) consistent with an
increased contribution from the floodplains. This is consistent with a study in New Zealand that
shows that the transfer of water from regions of high uplift to regions of low uplift (similar to the
passage from the Andes to the Amazon lowlands) results in increased riverine &Li values, up to
35%o (Pogge von Strandmann and Henderson, 2015). Similarly, in the Okavango Delta in Southern
Africa, enrichment of heavy Siisotopes in the dissolved phase has been attributed to inputs of water

from seasonal floodplains where light Si isotopes were preferentially incorporated in clays (Frings

et al., 2014).
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Figure V-13. Li/Na ratios and discharges versus &’Li in the Amazon River and its
tributaries (Negro and Madeira).

As the water stage falls (between the end of August and January) the floodplains contribute to the
water of the main stem (Bonnet et al., 2008) and thus increase the §’Li and decrease the Li/Na at

the lower water stage. This phenomenon is highlighted by comparing the data for Obidos with the

119



Chapter V

Amazon River §7Li values measured at different hydrological stages (Figure V-14). The &’Li of water
from the floodplains must be >26%. to be able to drive the &’Li value measured at MPN1/MPS1 (at
the mouth of the Amazon) towards 26%. in December (Figure V-14). This is very likely given that
floodplains can drive the riverine §7Li up to ~35%. in New Zealand (Pogge von Strandmann and

Henderson, 2015).
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Figure V-14. Dissolved &’Li for different periods of the hydrological cycle in the
Amazon River. The discharge at Obidos is represented by the blue line while the
&’Li are represented by ellipses (this study) or hexagons (Dellinger et al., 2015).
The increase of &Li is linked with input of Li with high &’Li from floodplains.

The relationship between Li/Na and &’Li as a function of discharge (and so floodplain inputs)
measured at Obidos shows a clockwise hysteresis (Figure V-15). While hysteresis between the TDS
and discharge has been attributed to a lag in the flux of material entering via tributaries (Moquet
et al., 2016), this does not appear to be the case for Li isotopes. This is because the §’Li value of Li
added to the system at low discharge must be higher than ~16%. to influence the composition of
the Amazon River. Only the Madeira River respects this requirement with 8’Li = 21.7-30.3%e.
Increased input of Li from the Madeira River could account for the &’Li values measured in
November, but it cannot explain the increase of §7Li in the Amazon River before the confluence and
in the Negro River. However, the decrease in Li/Na between June and August (at the same

discharge) without change in &’Li (Figure V-15) indicates that there is a decrease of the relative
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Figure V-15. Li/Na ratios and discharges versus &§’Li measured at Obidos in January, June,
August and November in 2015. 1. As water level rises, floodplains are flooded with runoff
with relatively low &Li and low Li/Na; 2. Li/Na decreases while &Li is unchanged
highlighting a decreased influence of the Madeira and Negro rivers with high Li/Na; 3.
Export of water from the floodplains with high &Li and lower Li/Na; 4. Increased
contribution from the Madeira and Negro rivers and slight decrease of floodplain inputs.
contribution from the Negro and Madeira rivers which have a higher Li/Na (2.72 and 1.95
respectively) than the Solimdes (Li/Na = 0.97).
The 6°Mg of the Amazon main stem by contrast does not show any change with hydrological
variations. The most likely reason for the lack of change in §*Mg is due to the mass balance budget
of the Mg fluxes. The amount of Mg incorporated in secondary minerals on the floodplains would
not be sufficient to drive the §2Mg of the dissolved phases toward lighter values. The average [Li]
of the Amazon main stem is ~0.2% the average of [Mg] and therefore is more strongly influenced
by secondary mineral formation. However, during the LW stage 6§**Mg decreased from -0.47 to -
0.96%o0 at TAP1 and -0.65 to -0.80%0 at MAD1. The Madeira River showed the biggest increase of
&7Li (8.7%o) during LW stage and also the highest &’Li in the Amazon lowlands which must be the
result of higher secondary mineral formation. This phenomenon could have therefore been
sufficient to affect the 62Mg values of the dissolved phase. By contrast, the Tapajos River has lower
[Mg] (1-30 umol/L) and lower discharge (i.e. lower Mg flux) than the Amazon main stem and
therefore is more influenced by floodplain inputs during the LW stage. The behaviour of the

dissolved Mg is consistent with the stability of the chemical composition of river sediments that

show no significant loss or gain of Mg during weathering in floodplains (Bouchez et al., 2012).
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V.7.4 Implications for the modern seawater budget and past records of

seawater &’Li and §°°Mg

The riverine inputs of Li and Mg from the Amazon main stem (average of ALM1, AM1, OB1, PAR1
and ITA1 values) to the ocean are much higher in the HW stage (686 x 10° mol/yr and 325 x 10°
mol/yr respectively) compared to the LW stage (225 x 10° mol/yr and 141 x 10° mol/yr respectively)
and these fluxes also have different 87Li (21.5%o at LW and 16.3%o at HW) but not §2*Mg. Given the
importance of the Amazon River as a source of dissolved solids to the ocean (Gaillardet et al., 1999b;
Moquet et al., 2016), these variations need to be taken into account to better constrain the isotope
budget of Li and Mg of the modern ocean (Huh et al., 1998; Tipper et al., 2006b). The average Li
flux at each hydrological stage (assuming that LW and HW are 6 months each) is 456 x 10° mol/yr
corresponding to ~18% of the total Li flux into the ocean (Huh et al., 1998), while the &’Li of this
flux is ~19%s., ~3%0 lower than previously assumed (Huh et al., 1998). The average Mg flux of both
the LW and HW stages is 233 x 10° mol/yr, similar to previous studies (Tipper et al., 2006b; Moquet
et al., 2016) but the §%Mg is ~-0.81%. which is significantly higher than previous measurements (-
0.95%o; Tipper et al., 2006b).

Past records have shown an increase of seawater &’Li over the Cenozoic (Hathorne and James,
2006; Misra and Froelich, 2012) but there appears to be little variation in seawater §%**Mg (Higgins
and Schrag, 2015; Gothmann et al., 2017). This would be consistent with an increase in the area of
floodplains that have the capability to drive the dissolved phase toward high &’Li with no change in

dissolved 862°Mg.
V.8 Conclusions

We have measured the Li and Mg isotopes in sediment and dissolved phases at low and high
hydrological stages in the Amazon River and its tributaries. The &’Li and 8§2°Mg values for the
dissolved load are always, respectively, heavier and lighter than those of the corresponding
suspended load supporting a preferential enrichment of Li and 2®Mg in secondary minerals. The
surface suspended sediments did not display any variations of §’Li and 6§%®Mg at the different

hydrological stages and there were no systematic changes in 8’Li and/or 6§2°Mg along the course of
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the Amazon main stem. However, analyses of sediments from depth profiles show higher &’Li and
lower 6%Mg in HW stages which may reflect the transport of less weathered and/or coarser
sediments at high discharge.

The comparison of §’Li and §**Mg in the dissolved phase can be used to trace weathering intensity
in the Amazon tributaries but not in the Amazon main stem as the §%Mg values of the fluid are
invariant. In the Amazon main stem, the dissolved 6’Li values increases by ~5%o during the LW stage
which is best explained by an increased contribution of Li from floodplains where high rates of
secondary formation drive the &’Li of the fluids toward higher values but leave the §2*Mg values of
the dissolved phase unchanged. Consequently, the riverine 8’Li might indicate the efficiency of the

continents to deliver cations to the ocean which regulate the atmospheric CO..
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Chapter VI.Conclusions

VI.1 Motivation

Lithium and magnesium isotopes provide critical information as to fluid-rock interactions and
silicate weathering rates (Huh et al., 1998; Kisakurek et al., 2005; Tipper et al., 2006b; Pogge von
Strandmann et al., 2008a; Bouchez et al., 2013; Dellinger et al., 2015; Dessert et al., 2015), soil
formation (Rudnick et al., 2004; Opfergelt et al., 2012), and paleo-weathering conditions (Misra and
Froelich, 2012; Gothmann et al., 2017). Lithium is mainly present in silicate minerals and the Li
isotopic composition of river water appears to be independent of catchment lithology (Kisakurek
et al., 2005) and biological processes (Lemarchand et al., 2010). While Li is usually a trace
constituent of rock and water, Mg is a major component of many rocks and fluids (Teng, 2017). The
Mg isotopic composition of river water is sensitive to bedrock lithology (Tipper et al., 2006b) and
biological processes that fractionate Mg isotopes due to preferential uptake of Mg (Black et al.,
2008; Bolou-Bi et al., 2010; Bolou-Bi et al., 2012). Both Li and Mg are strongly fractionated during
the formation of secondary minerals and, as a result, the Li and Mg isotopic composition of river
water can reflect weathering intensity within the catchment (Bouchez et al., 2014a; Dellinger et al.,
2015; Dessert et al., 2015).
The aim of this PhD was to evaluate the mechanisms controlling 6’Li and §2°Mg in the dissolved and
solid phases during weathering under different environmental and hydrological conditions. Studies
were undertaken in Greenland, Guadeloupe and Brazil, to assess:

e The implications for ocean chemistry of seasonal variations in inputs of lithium and

magnesium to a fjord (Greenland).
e The response of Li and Mg isotopes to rain events in a highly-weathered catchment
(Guadeloupe)
e The influence of hydrological variations on the lithium and magnesium isotopic

composition of the Amazon River (Brazil).
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VI.2 Variability in 8’Li and §®Mg in weathering products

A total of 362 samples and standards were measured in this study, including 167 Mg isotope and

195 Li isotope analyses. The variation of 8’Li and §%*Mg in different weathering reservoirs is shown

]
N T T T T T T

in Figure VI-1.
¢ | | Throughfall (n = 2)
@ 9=-’ | N .
s £ I Soil solution (n = 15)
o= |
%8 BN Groundwaters (n=17)
3 |
Qo =
8, | || River water (n = 21)
y: | I —  Dissolved phase Low water stage (n = 16)
1]
= g [ ] Dissolved phase High water stage (n = 13)
]
o =
= E - Sediment phase Low water stage (n = 14)
£
< i Sediment phase High water stage (n = 14)
- 1
5 T - —
E q% | Seawater 'i' Spring High salinity (n = 6)
] 20 : —
§ FT - | Summer Low salinity (n = 8)
- | : : : : : f——»
-5 0 5 10 15 20 25 30 35
7L (%o)
Throughfall (n = 2) I |
N | | | 2
Soilsolution(n=15) s g o
L | =3
Groundwaters (n = 11) — [N — Seawater 2 g
| ! | =%
River water (n = 12) | -I | ::!;
Dissolved phase Low water stage (n=16) — [l | ;
| | 2
Dissolved phase High water stage (n =13) — GG | § @
~
| | gy
Sediment phase Low water stage (n = 14) | f_' -
| | 2
Sediment phase High water stage (n = 14) — @
] ] I 1]
Spring High salinity (n = 6} I [ ] I I ?t, @
| 26 | Z8
ini — &3
Summer Low salinity (n=8) ———— [l &o
14 ! | [ -+ | ! ! ! ! p © S_
o
-16 -14 -12 -1 -0.8 -0.6 -0.4 -0.2 0 0.2

575Mg (%o)

Figure VI-1. Isotope composition of Li and Mg in weathering products from Guadeloupe,
Brazil and Greenland. The blue dashed lines show the standard deviation (2c) around the
average IAPSO seawater value.

&7Li values of fluids ranges from 1 to 31.5%o.. The range in &’Li reflects mixing of solutions with
different &’Li, fractionation of Li isotopes due to the formation of secondary mineral that are
enriched in °Li (Huh et al., 2001; Kisakurek et al., 2005), and the dissolution of rocks or secondary

minerals (Tang et al., 2007). The Li isotopic composition of suspended sediments in the Amazon
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lowlands by contrast shows limited variability, but the sediments tend to have relatively low &’Li
values consistent with a preferential incorporation of ®Li in secondary minerals.

Fluid 6%*Mg values ranged from -1.48 to -0.33%o., which encompasses the range of §?®Mg values
observed in the world’s largest rivers (Tipper et al., 2006b). Most of the rivers sampled in this study
have 6%Mg values that are similar to seawater (-0.82%o; Foster et al., 2010; Ryu et al., 2016).
However, shifts in §**Mg away from seawater or rock sources are due either to Mg isotope
fractionation during secondary mineral formation (which drives the fluid towards lower §%*Mg
values) (Tipper et al.,, 2006a; Brenot et al., 2008), or to adsorption/desorption of Mg to/from
mineral surfaces that preferentially adsorb light Mg isotopes (Opfergelt et al., 2012; Ma et al.,
2015). The Mg isotopic composition of suspended sediments measured in the Amazon lowlands is
consistent with preferential incorporation of heavy Mg isotopes in secondary minerals.

If both Li and Mg isotopes are principally fractionated by secondary mineral formation, a negative
correlation between &’Li and 6%Mg is expected because secondary minerals preferentially
incorporate light Li isotopes but heavy Mg isotopes (Teng et al., 2010; Pogge von Strandmann et
al., 2012; Tipper et al., 2012a). However, no negative correlation was observed in this study (Figure
VI-2). The causes of the §2°Mg and &Li variability in the different catchments is more complex, as

summarised below.

VI.3 Principal findings

VI.3.1 Greenland / Chapter 3

&’Li and 8**Mg values were determined along a 190 km long fjord (Godthabsfjord) to evaluate the
impact of glacial meltwater (high ice melt in summer and low in spring) on weathering processes
and to assess the behaviour of the Li and Mg concentrations and isotopes during mixing between
seawater and meltwater. The &’Li values of the fjord waters ranged from 30.3 to 31.2%eo in spring
and from 29.5 to 31.5%o in summer, and the corresponding §**Mg values ranged from -0.78 to -
0.86%o in summer and -0.79 to -0.84%eo in spring. Even in summer, when the range in salinity was
wide (8 to 33), there was very little variability in 8’Li and §2°Mg. Despite evidence for removal of Fe

due to flocculation of colloids at low salinities, there was no evidence for removal of Li and Mg.
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Figure VI-2. Comparison between &’Li and 6°°Mg in the dissolved load of the

Godthabsfjord, Quiock catchment and the Amazon lowlands. Error bars

represent the 2o external uncertainty of the isotope analyses (0.6%o for Li and

0.06%o for Mg) based on repeated measurements of L-SVEC (67Li = 0.0 + 0.5%o

(25D, n = 28)), DSM-3 (6*°Mg = 0.00 + 0.07%o (2SD, n = 27)) and IAPSO (&7Li =

30.9 + 0.6%0 (25D, n = 27); 6Mg = -0.82 + 0.05%o (2SD, n = 18)).
Because of the very low Li and Mg concentrations in the meltwater, the influence of melt water
input on &8’Li and §*Mg can only be detected at very high freshwater/seawater ratios (>5). These

results suggest that records of seawater 62*Mg and &’Li preserved in marine sediments cannot be

explained by glaciations and changes in sea level.

VI.3.2 Guadeloupe / Chapter 4

The variability of Li (67Li = 1.8 to 16.8%o.) and Mg (62°Mg = -1.48 to -0.58%o) isotopes in Quiock Creek
catchment highlights that, even in a highly-weathered catchment that drains a single lithology,
several factors can impact the 8’Li and §2°Mg of the different fluids. The Mg isotope compositions
of the soil waters, groundwater and the river itself mainly reflect input of Mg from sea salts as well
as adsorption or desorption of Mg from mineral surfaces that preferentially adsorb light Mg
isotopes. There was little evidence for Mg isotope fractionation due to plant uptake despite the

dense vegetation, and there was little change in §2Mg during hydrological events. By contrast the
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Li isotope compositions of the fluids is mainly influenced by preferential incorporation of light Li
isotopes into secondary minerals. 8’Li in the Quiock Creek rapidly decreased after a storm event
due to increased input of Li from soil solutions input that have relatively low &’Li. 8’Li values of
groundwaters also decreased after a single rain event, most likely due to decreased rates of
precipitation of secondary minerals. This has important implications for understanding the complex
relationships between runoff and chemical weathering rates (Maher, 2011), and suggests that

discharge has profound influences on rates of secondary mineral precipitation.
VI.3.3 Brazil / Chapter 5

The study of the Amazon River shows that hydrological regime can be an important control on
chemical and isotopic fluxes delivered to the ocean. While surface suspended sediments did not
display any variations of &’Li and 8?®Mg with hydrological stage, and there were no systematic
changes in &’Li and/or §**Mg along the course of the Amazon main stem, the &Li value of the
dissolved load was higher at low discharge than it was at high discharge (6’Liiw - &8’Linw = 0.7 to
8.7%o) both in the main stem of the Amazon and its tributaries. By contrast, there was little
difference in the 6%*Mg value of the dissolved phase (6°°Mgiw— 6°°Mgnw = -0.10 to 0.49%.). These
changes are best explained by an increased contribution of Li from the floodplains that border the
Amazon River and the principal tributaries. As a result of long residence times on the floodplain,
rates of secondary formation are high driving the 6’Li of the fluids towards higher values but leaving
5%Mg unchanged. Thus increases in seawater 8’Li but unchanged seawater 6§%Mg over the
Cenozoic may potentially be explained by increased inputs of Li and Mg from floodplains (Dellinger

et al., 2015; Pogge von Strandmann and Henderson, 2015).

This thesis highlights that temporal variations in continental weathering processes can be
monitored with weathering tracers like Li and Mg isotopes that respond quickly to changes in
weathering processes (secondary mineral formation, adsorption/desorption, mixing of waters).
Indeed, the use of Li and Mg isotopes together have the potential to describe most of the processes

occurring in the critical zone, biological vs non-biological processes, silicate vs carbonate
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weathering and therefore can be utilized to accurately identify the major controls on weathering

rates at Earth’s surface.
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Appendix A

Appendix A 1. Roots growing in cracks within rocks in French Polynesia
(Tahiti). Although the roots may damage the rock structure, they can also
prevent erosion by keeping the rock or secondary rock material in place.
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Appendix A 2. Evolution of TCDR (total cation denudation rate, circles), SCDR (silicate cation
denudation rate, squares), and SiO; WR (SiO, weathering rate) with TDR (A, total denudation
rates), runoff (B) and temperature (C) in shields, sub-montane and alpine catchments.
Temperature shows little correlation with TCDR but distinct relationships with SCDR and SiO; WR.
The lower silicate weathering rates at high temperature and low runoff are associated with a
transport-limited weathering regimes (limited amount of fresh minerals). After West et al., 2005.
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Appendix A 4. Vostok time series. Variation with respect to time of: a, CO,; b, Temperature of
the atmosphere ¢, CHs. The atmospheric CO; at the last glacial maximum (LGM), about 21 ka
BP was ~200 ppm, while the pre-industrial value for the current interglacial is ~280 ppm. After
Petit et al., 1999.

-10
™ B Carbonate / High altitude
] O [[] Carbonate / Low altitude
n A Silicate / High altitude
- <14 -.A. [ | u /\ Silicate / Low altitude
3 AT g O
2 n .
2 A A O
218 L]
a8 I
< A
2
g A
32 AA
<
. _I_ a s A
-26 —————————————————— A
8 12 16 20 24

67leissolved Ioad(%o)
Appendix A 3. Difference between the &7Li value of suspended sediments and the &67Li
value of dissolved load (Asuspended-pissoived) Of Himalayan rivers. Silicate-dominated
catchments at high altitude (2000—-4000 m) show the highest degree of fractionation
between the dissolved load and conjugate suspended sediment. However, at low altitude
(550-1300 m), where weathering is more intense, the fractionation decreases. The
external errors are shown bottom left (from Kisakurek et al., 2005).
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Appendix A 5. Magnesium isotope composition (%) of bulk soil (solid symbols) and
clay fraction (open symbols) relative to the parent rock (solid line with uncertainty
shaded) in three soil sequences from Guadeloupe. After Opfergelt et al,. 2012.
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Appendix B

We reported the hydrological conditions of Quiock Creek catchment since the first emptying of the
soil solution reservoirs in Appendix B 1. A description of these conditions is necessary to accurately
interpret the soil solution and groundwater chemistry of the sample collected during the first day
of the campaign. Briefly, during this period a relatively small input of rainfall entered the catchment
(~36.4 mm during 18 days) and therefore the water table elevation decreased and discharge was

relatively low (maximum of 12m?3/h the 28/09/15). The Piezo 1, 2 and 3 water table were below the

river elevation at the beginning of the study.

Rainfall (mm)

Water table elevation (m)

A I Ul [ 0

20 J 140

F 120

40 - L 100

| 80
60 A
60
= Discharge
L 40

80 1 . Throughfall

S A o
18/09 20/09 22/09 24/09 26/09 28/09 30/09 02/10 04/10 06/10
6 20

B

- 20

3L Piezos | 10
Piezo 5
2 \

\

1 =y Discharge

I\
‘—-\__’J‘\»\ == N\

- ——,
0 P\ezo| e 0

T T T T T T T
18/09 20/09 22/09 24/09 26/09 28/09 30/09 02/10 04/10 06/10
Days

Appendix B 1. A. Precipitation and discharge of Quiock Creek.
B. Water table elevation and discharge from the 18/09/2015
until the beginning of the sampling campaign. All the
discharge and water elevation data are derived from the
ObsERA website (https://morpho.ipgp.fr/Obsera).
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Appendix C

The Amazon River is fed by 3 different types of waters (Stallard and Edmond, 1983; Appendix C 1A
and B): “white waters” characterized by higher level of suspended sediments, dissolved material
and conductivity (Solimdes and Madeira rivers); “‘black waters”” with the lowest conductivities, pH
and suspended matter and the highest humic acid content (Negro River); “clear waters” with low
suspended sediments, conductivity and nutrient concentrations (e.g. Tapajés and Trombetas

rivers).

Negro River
“black river”

Amazon River Amazon River
“white river” “white river”

Appendix C 1. A. Confluence of the Negro River and Solimées River; B. Confluence of the
Tapajos River and the Amazon River; C. and D. During the LW stage, lower discharge
reduces the surface area in contact with water. In both pictures the stage of the main stem
is 7-10 m lower than it is in the wet stage. Photos are from Chantal Freymond.
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