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ARTICLE INFO ABSTRACT

Associate Editor: Sambuddha Misra This study examines the lithium isotope (5”Li) geochemistry of waters flowing through andesitic rocks in order to
better constrain the dissolved lithium dynamic in a tropical volcanic island context. We report the first mea-
surements of 8’Li for eleven of the main rivers in Guadeloupe and four thermal springs on the slopes of La
Soufriere volcano. These results have important implications for characterizing the mean riverine flux of lithium
coming from the weathering of continental volcanic rocks, understanding the global oceanic budget of lithium,
and finally, for interpreting the 8”Li of past seawater. We have measured a large range of &’Li values (3.0-31.6%o)
that we explained by different water—rock interaction processes at the scale of this small island. The rivers
affected by hydrothermal inputs are the most concentrated and isotopically lighter (8”Li from 3.0-12.3%). This is
partly attributed to the leaching and dissolution of clay-rich, hydrothermally-altered rocks which are presumed
to have low 8Li value and to the discharge from the hot-springs on La Soufriére volcano. The rivers not impacted
by hydrothermal inputs are more diluted and isotopically heavier (§’Li from 16.0-31.6%o), highlighting two
distinct weathering processes in the regolith: the precipitation and dissolution of secondary minerals. In the
youngest part of the island, the rivers are characterized by high 8”Li values, emphasizing that dissolved lithium is
mainly controlled by the dissolution of primary andesitic minerals and the incorporation of °Li into secondary
minerals. In the oldest part of the island, the rivers have lower &’Li values, which are partly attributed to a low
8’Li source from the dissolution of secondary minerals in the regolith. We also show a positive correlation be-
tween 8’Li in river waters and the chemical weathering rates (CWR), related to the weatherable primary minerals
content in watersheds. We note that this content is linked to rock age, precipitation, regolith type/thickness and
geomorphologic parameters such as elevation and slope.
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1. Introduction

The surface of the Earth, the Critical Zone, evolves under the coupled
action of geology and climate through chemical, physical and biological
processes that work together to transform bedrock into secondary
minerals, dissolved matter and biota. This complex engine controls the
evolution of soils (or regolith in a broader sense), the shape of land-
scapes, and the riverine transport of dissolved and particulate products
from continents to oceans. While it is creating the habitable part of the
planet, chemical weathering of Ca-Mg silicate rocks is one of the key
geological processes regulating the Earth’s global geochemical cycles
and the carbon cycle (e.g. Walker et al., 1981; Berner et al., 1983; Raymo
and Ruddiman, 1992; Goddéris and Francois, 1995). The importance of
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silicate weathering in governing the long-term evolution of the Earth’s
climate, through the consumption of atmospheric CO,, has stimulated
the development of proxies to constrain past continental weathering.
Over the last decades, the Li isotope ratio has developed as a
powerful proxy for silicate weathering reactions (e.g. Huh et al., 1998;
2001; Pogge von Strandmann et al., 2010; Dellinger et al., 2015; Wang
et al., 2015; Henchiri et al., 2016). Lithium is mainly hosted in silicate
minerals (e.g. Kisakurek et al., 2005; Millot et al., 2010b), and the Li
cycle is generally not substantially impacted by biological turnover
(Lemarchand et al., 2010; Clergue et al., 2015; Chapela Lara et al.,
2022). Moreover, during water—rock interactions, Li isotopes are highly
fractionated (Huh et al., 2001). The solution is enriched in the heavy
isotope “Li whereas the light isotope °Li is preferentially retained by
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secondary alteration minerals (such as clays). As a result, the dissolved
load of both rivers and soil solutions have Li isotope composition (5Li)
values higher than the parent rocks (e.g. Huh et al., 1998; Vigier et al.,
2009; Millot et al., 2010b; Dellinger et al., 2015; Murphy et al., 2019).
No Li isotopes fractionation is observed during mineral dissolution
(Pistiner and Henderson, 2003; Wimpenny et al., 2010; Verney-Carron
et al.,, 2011), unlike the precipitation of Li in secondary alteration
minerals and the adsorption of Li onto mineral surfaces (Vigier et al.,
2008; Millot and Gerard, 2007; Millot et al., 2010a; Li and Liu, 2020;
Hindshaw et al., 2019). However, it is still debated whether this frac-
tionation depends on the nature of the secondary mineral involved
(Pistiner and Henderson, 2003; Vigier et al., 2008) or is independent of
the mineralogy (Dellinger et al., 2015; Li and West, 2014; Hindshaw
et al., 2019). Laboratory experiments have also shown that the isotopic
fractionation factor inversely correlates with temperature during the
formation of Li-bearing secondary minerals (e.g. Williams and Hervig,
2005; Vigier et al., 2008; Millot et al., 2010a; Verney-Carron et al.,
2011). Other parameters likely to influence the Li isotopic fractionation
are the residence time of minerals (Bouchez et al., 2013; Winnick et al.,
2022) and water in the subsurface environment (Liu et al., 2015; Win-
nick et al., 2022; Zhang et al., 2022a; Pogge von Strandmann et al.,
2023).

Misra and Froelich (2012) have shown that marine carbonate &’Li
has been increasing from 22%o to 31%. over the Cenozoic. The inter-
pretation of this trend is complex and the role of change in continental
weathering (Misra and Froelich, 2012) vs. high-temperature hydro-
thermal flux (e.g., Coogan et al., 2017) is debated. In addition, some
authors argue that the &’Li in rivers increased as a consequence of
greater global denudation (e.g. Misra and Froelich, 2012; Li and West,
2014; Rugenstein et al., 2019) whereas others suggested a large change
in the Li riverine flux with no change of the isotopic composition (Vigier
and Goddeéris, 2015). This debate highlights the need to better under-
stand the link between 5’Li in rivers and the weathering regime.

To that end, we investigated the Li isotopic composition of the rivers
of Basse-Terre (Guadeloupe), a tropical volcanic island in the Lesser
Antilles arc. This study contributes to a coordinated effort to better
constrain new weathering isotopic proxies (Louvat et al., 2011; Clergue
et al., 2015; Dessert et al., 2015; Fries et al., 2019; Dessert et al., 2020;
Gaspard et al., 2021; Fernandez et al., 2022) and to quantify weathering
rates in Guadeloupe at different time-scales (Rad et al., 2006; Sak et al.,
2010; Gaillardet et al., 2011; Lloret et al., 2011; Dessert et al., 2015; Guo
et al., 2020). Guadeloupe provides the opportunity to study the effects of
several parameters on chemical weathering of homogeneous andesitic
lithology. First, the regolith composition (with ferralitic soils or Ando-
sols at the surface) results from the combined influence of a north-south
age gradient with an east-west pluviometry gradient. The ferralitic
northern and central regolith are thicker and more weathered than
southern regolith recovered with Andosols. Two previous studies on the
highly weathered ferralitic catchment of Quiock Creek (Clergue et al.,
2015; Fries et al., 2019) have shown that this small Guadeloupean river
exhibits a very low dissolved §’Li ratio (~9%o) associated with a
transport-limited context with significant secondary mineral dissolution
and little contribution from parent rock dissolution to the weathering Li
flux. Another important feature of volcanic context is that high-
temperature hydrothermal alteration generates different secondary
mineral assemblages compared to a low-temperature context (e.g.
smectites, zeolites, illites, chlorites). At high temperatures, Li isotope
fractionation is limited and the hydrothermal minerals have a &’Li ratio
close to that of fresh volcanic rock (e.g. Verney-Carron et al., 2015). The
presence of such high-temperature neo-formed minerals in altered rocks
of the exhumed or active geothermal systems on Basse-Terre Island
could influence the Li concentration and §’Li ratio of some rivers.

In this study, we report the first measurements of 8’Li in eleven of the
main rivers on Basse-Terre Island and four thermal springs located on
the slopes of La Soufriere volcano. We show that the large range of
dissolved 8’Li values (+3 to +31.6%o) is explained by several water-rock
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interaction processes. Based on these findings, we provide new con-
straints on Li isotopic fractionation processes that occur in a tropical
volcanic context.

2. Study area

The subduction of the North American plate beneath the Caribbean
plate generated the Lesser Antilles arc, to which the Guadeloupe ar-
chipelago belongs. Basse-Terre Island represents the volcanic part of the
Guadeloupe archipelago and covers an area of 950 km? (Fig. 1). The
island is made up of composite volcanoes of andesitic or basal-
tic-andesitic composition (e.g. Westercamp, 1988; Boudon et al., 2008).

@M river waters

% rock ¥ soil
@ hydrothermal springs

Windward

Leeward

Fig. 1. Sampling locations on Basse-Terre Island. River waters are represented
by blue squares, river waters affected by hydrothermal alteration are repre-
sented by blue circles, and geothermal spring-water samples are represented by
gray circles. The north-south gradient of ages of geological formations is
illustrated by the different colored fields (from Samper et al., 2007; 2009; Ricci
et al., 2017; Favier et al., 2019). Average annual precipitation is illustrated by
the black curves (from 1250 to 6000 mm/yr; Météo France).
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The ages of geological formations are reported in Fig. 1 (Samper et al.,
2007; 2009; Ricci et al., 2017; Favier et al., 2019). The older, northern
part of the island is characterized by Pleistocene-aged volcanism
(4.3-2.0 Ma), while the center of the island was formed by volcanic
activity 1.8-1.1 Ma ago. The east and the west of the island are
composed of Plio-Quaternary (900-550 kyr-old) andesitic formations.
Two large volcanic massifs form the youngest part of the island in the
south, dating back to 500 ka (Monts Caraibes massif) and 450 ka
(Grande Découverte Complex GDC volcano). La Soufriere de
Guadeloupe is the most recent edifice of the GDC volcano, whose vol-
canic activity began about 9150 years ago (Komorowski et al., 2005;
Samper et al., 2009). The last important eruption of this edifice resulted
in the construction of the dome of La Soufriere in 1530 CE (Boudon
et al., 2008). The hydrothermal system of La Soufriere volcano is very
active, with numerous fumaroles and hot springs located around the
dome (Fig. 1). Volcanic activity at La Soufriere has been monitored by
the Observatoire Volcanologique et Sismologique de Guadeloupe
(OVSG-IPGP) since 1950 and the hydrothermal system has been
described in detail in previous studies (e.g. Villemant et al., 2014;
Tamburello et al., 2019). Thermal springs are concentrated around the
base of the dome (mainly in the SW, S and NE sectors) and their dis-
tribution is due to the structure of the volcanic edifice and the extensive
development of argilic hydrothermal alteration along preferential zones
(e.g. Bigot et al., 1994; Villemant et al., 2014; Rosas-Carbajal et al.,
2016). The basement of the volcanic structures (caldera and flank
collapse craters), to which the recent volcanic activity has been
confined, forms preferential zones of shallow groundwater circulation
such as the Amic crater structure.

On Basse-Terre Island, fossil high-temperature geothermal systems
have also been exhumed and are now exposed to weathering processes.
The main hydrothermal surficial manifestations have been identified at
(or close to) La Soufriere and Les Mamelles volcanoes, around the bay of
Bouillante and in the northern area of Deshaies. In their study on La
Soufriere volcano, Salaiin et al. (2011) have shown that the hydro-
thermal alterations observed (smectite + silica polymorphs + pyrite/
jarosite + gypsum) were typical of alterations caused by low-
temperature acid-sulphate fluids (< 150°C). The hydrothermal para-
geneses observed in the Bouillante area (development of adularia min-
erals; Patrier et al., 2013; Verati et al., 2014; Navelot et al., 2018)
resulted from a high-temperature (i.e. 250-350°C) hydrothermal event.
A geothermal power plant was installed in 1986 and expanded in 2005.
Another high-temperature mineral assemblage was observed by Favier
et al. (2019) in the northern Basal Complex (chlorite, white micas,
quartz, actinolite, epidote, biotite and ilmenite, etc...), an exhumed and
eroded piece of a deep high-temperature geothermal system.

Basse-Terre Island is characterized by a wet tropical climate with a
dry season in winter. The climate is divided into two main seasons and
two transitional phases. The dry season runs from January to March with
low temperatures and low relative humidity. The wet season runs from
July to October with high temperatures and high relative humidity. The
two transitional seasons, lasting two and three months respectively, are
characterized by variations in temperature and precipitation (https:
//meteofrance.gp/fr). The mean annual temperature reaches 23°C and
humidity is around 75 %. At the Basse-Terre Island scale, a pluviometry
gradient is observed depending on topography and influenced by east-
erly winds. As a result, mean annual precipitation varies between 1200
mm along the west coast and up to 6000 mm/yr at the summit of the
Soufriere volcano (Fig. 1; MétéoFrance database https://meteofrance.
gp/fr). The abundant precipitation, coupled with steep slopes have
generated a dense river network. During the wet season, hurricanes and
tropical depressions produce intense individual rainfall events, which
play a major role in the erosion of Guadeloupean soils and the transport
of weathering products. As an example, the tropical storm Helena, which
hit Basse-Terre Island on 24 October 1963, initiated numerous land-
slides that produced an average denudation of 2800 t/km? on the wa-
tersheds affected by landslides (Allemand et al., 2014). It has also been
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shown that floods and extreme floods, which represent around 43 % of
the annual water flux, correspond to on average 54 % of the annual
dissolved organic carbon flux, 85 % of the annual particulate organic
carbon flux, and 20-30 % of the chemical weathering rate (Lloret et al.,
2013; Dessert et al., 2015). The transport of boulders (size of 0.5 to 0.75
m) occurs also during extreme floods, for approximately 10 h/yr
(Allemand et al., 2023).

Vegetation in the Parc National de Guadeloupe is mainly dominated
by tropical rainforest, and by altitude forest at the heads of the water-
sheds (Van Laere et al., 2016). Previous studies (Clergue et al., 2015;
Dessert et al., 2020) emphasized the important role of African dust in
fertilizing the tropical rain forest and the impact of atmospheric depo-
sition on stream water. The average deposition mass flux of African dust
was estimated to 11.2 g/mz/yr (Xu-Yang et al., 2022; 2025). The dis-
tribution of soils (the top layer of the regolith) in Guadeloupe is related
to rock age, precipitation and topography (e.g. Colmet-Daage and Ber-
nard, 1979; Henriet et al., 2008; Buss et al., 2010). The north and north-
east edge of Basse-Terre Island are characterized by Vertisols with a high
amount of montmorillonite and kaolinite. A large part of the central
island has ferralitic soils with iron oxides and different amounts of
kaolinite and halloysite. In the south, near the Grande Découverte
Complex, Andosols with allophane can be found with various amount of
(Al, Fe)-humus complexes, ferrihydrite, gibbsite, poorly crystalline Al
hydroxide, depending on the soil evolution stage (Vander Linden et al.,
2021). The regolith, grouping soil and the layer of more or less dis-
aggregated andesitic minerals, is separated from the underlying
weathered bedrock by the so-called weathering front. The recent study
of Pasquet et al. (2022) has combined seismic measurements, petro-
physical modeling and geostatistical analysis to characterize the regolith
architecture of the Quiock Creek catchment (in the ferralitic central part;
Fig. 1). The regolith thickness was estimated between 5 and 15 m, in
agreement with previous drilling observations made at the same site (>
12 m; Buss et al., 2010). In a similar tropical volcanic environment in
Puerto Rico, Buss et al. (2013) observed regolith thickness down to
about 40 m. In Guadeloupe, it can therefore be assumed that the regolith
thickness is much greater than 15 m in the old northern part of the is-
land. Conversely, in the young southern part of the island, we observed a
regolith thickness around 1 m in the Andosols area of the Capesterre
catchment (Fig. 1; Lloret et al., 2016). Schematically, there is a gradient
of the pool of weatherable andesitic minerals in regolith, this pool being
smaller and deeper in a highly weathered environment. This pool is
smaller in the old northern part than in the young southern part of the
Basse-Terre Island.

Here, we study eleven of the main rivers on Basse-Terre Island. These
rivers define gradients in pluviometry, age and regolith mineralogy/
depth. Three rivers were sampled in the north, three rivers in the center,
four in the southwest and one in the east (Fig. 1). The main character-
istics of these watersheds are presented in Table 1. Four rivers are
influenced by hydrothermal alteration around exhumed geothermal
systems and around the active La Soufriere volcano (Gaillardet et al.,
2011; Rivé et al., 2013; Dessert et al., 2015; Gaspard et al., 2021). Four
of these watersheds (Bras-David, Quiock-Creek, Vieux-Habitants and
Capesterre) are monitored by the Observatoire de I’Eau et de I'Erosion
aux Antilles (ObsERA, part of OZCAR research infrastructure; Gaillardet
et al., 2018) dedicated to the study of weathering and erosion processes
under tropical climatic conditions. Water samples from four other
thermal springs were collected on the slopes of La Soufriere volcano
(Fig. 1). Three sampled sources are located at high altitudes (950 m
—1150 m) in the Amic crater: Bains-Jaunes (BJB), Galion (GA), and
Ravine-Marchand (RM3). The Habitation-Revel spring (HR) is located
outside the Amic crater structure, on the eastern flank of the Grande
Découverte volcano, 3.5 km east of the dome and at an altitude of
around 600 m.
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Table 1

Characteristics of studied watershed and sample localization (see Fig. 1).
Site Latitude Longitude Elevation Watershed area Mean age * Soil type " Runoff

(m) (km?) My) (mm/yr)
Northern rivers
Nogent N16°2004.8 W61°44'48.8 560 5.2 > 2.0 Ferralitic soil 780°
Moustique Sainte-Rose N16°17'54.9 W61°42'38.8 114 6.2 2.0 Ferralitic soil 1620°
Deshaies N16°1805.3 W61°47'29.8 30 4.4 > 2.0 Ferralitic soil 430°
Central rivers
Grande-Plaine N16°12'33.6 W61°45'39.2 428 10.8 1.5 Ferralitic soil 2000°
Bras-David N16°10'33.6 W61°41'34.8 233 11.0 1.15 Ferralitic soil 2037
Ravine-Quiock N16°10'40.2 W61°41'39.2 300 0.08 1.5 Ferralitic soil 1130°
Southern rivers
Vieux-Habitants N16°05'11.8 W61°43'31.3 257 19.1 0.45 Ferralitic soil andNitrisols 2580
(smectite, halloysite)

Capesterre N16°04'18.0 W61°36'34.1 208 16.2 0.55 Andosol 4206
Riviere Rouge N16°02'51.7 W61°41'09.4 677 2.4 < 0.45 Andosol 4000
Riviere Noire N16°02'13.7 W61°40'52.1 748 1.2 < 0.45 Andosol 4000°
Galion N16°0024.0 W61°41'35.2 640 3.0 < 0.45 Andosol 4000

& Samper et al., 2007, 2009;Favier et al., 2019.
b Colmet-Daage and Bernard, 1979.

¢ Clergue et al., 2015;Guérin et al., 2019.
Dessert et al., 2015.

€ Lloret et al., 2011.

f Gaillardet et al., 2011.

a

3. Methods
3.1. Sample collection

River water samples were collected manually upstream of anthro-
pogenic (e.g. crops, urban environments) parts of each catchment be-
tween 2006 and 2015. Some of these samples have already been studied
for their isotopic boron (Louvat et al., 2011) and magnesium composi-
tion (Dessert et al., 2015). Capesterre, Bras-David, Vieux-Habitants
rivers and Quiock Creek are studied as part of the ObsERA observatory
and data are available on the website of the observatory (https://www.
ipgp.fr/obsera). Temperature, pH and conductivity were measured in
situ. After collection, a non-filtered aliquot of 20 mL was used for
measuring alkalinity. The rest of the sample was then filtered at the
observatory through a 0.2 um cellulose acetate membrane filter and
stored in polypropylene bottles. A non-acidified aliquot was set apart for
anion quantification and another aliquot was acidified with 2 % HNOg
for cation and trace analyses. Then, samples for Li isotopic measurement
were stored in polypropylene bottles previously washed with distilled
HNO3 0.5 N and acidified with 2 % HNOs.

The water from the four thermal springs was collected in November
2011 and April 2014 on the slopes of La Soufriere volcano. Temperature,
pH and conductivity were measured on site and samples were filtered in
situ through 0.2 um cellulose acetate membrane filters.

3.2. Analytical method

Alkalinity was determined using an automatic acid-base titration
stand (Radiometer TIM840 with Schott probe). Base cations were
measured with an ICP-AES Thermofisher iCap 6200 series at the Institut
de Physique du Globe de Paris (IPGP). The detection limits for Na and K
were around 10 ppb and around 2 ppb for Mg and Ca. Anions were
measured with a Dionex DX 120 chromatography at the IPGP (river
samples) and at the OVSG/IPGP (spring samples). The detection limits
were around 5 ppb for SO4 and Cl. Dissolved Li concentrations were
measured using a HR-ICP-MS Element II ThermoScientific at IPGP. The
limit of quantification for Li was estimated to be 20 ppt and the accuracy
was controlled by repeated measurements of SLRS-5 with an external
reproducibility of 3 %.
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Before the column purification step, water samples were evaporated
to dryness and then refluxed with concentrated HNO3 at 100-120°C to
remove the organic matter. As ~20 ng of Li is necessary for measure-
ment with the MC ICP-MS, the volume of water to evaporate varied
between 1.2 mL (for the most concentrated hydrothermal spring) to 125
mL (for the least concentrated river). The dry residues were solubilized
in 1 mL of HCI 0.2 N before being loaded onto the columns. Li purifi-
cation was achieved using a cation exchange column filled with Biorad
AG50X-12 resin on HCI 0.2 N media following the protocol detailed in
Dellinger et al. (2014).

Li isotopes analyses were performed on the Neptune multicollector
ICP-MS (Thermo Scientific) at IPGP using the Apex sample inlet system.
Details on the analytical procedure are available in Clergue et al. (2015).
The 87Li is calculated relative to the L-SVEC standard (Flesch et al.,
1973) as follows:

(%) sample
Jli= | ~——

-1
<%>L — SVEC

x 1000 €8]

The external reproducibility, based on repeated measurements of stan-
dards is below 0.5%o. The §’Li of the NASS-5 seawater standard was
measured at +30.73+0.35%o (20; n =9 separations and measurements).

3.3. Source partitioning of major dissolved elements and lithium

The concentration of Li*, Na™, K*, Mg+, Ca?*, SOF, SiO, (Table 2)
depends on four different sources: atmospheric input ([Xlam), low-
temperature dissolution of andesite rocks ([X]pTwea), dissolution of
clay-rich, hydrothermally-altered rocks ([X]urrock) and the discharge of
thermal springs ([XIspring):

[X]diss = [X} atm + [X]LTwea + [X]Hl—rock + [X]spring (2)
With [Xlatm, [Xlitweas [XIHirock and [Xlspring the dissolved ions con-
centration in the river water derived from each source (see Table 3 and
Table A.1. for calculation results for each element).

For NI rivers, there are no input from thermal springs ([X]spring = 0)
and from hydrothermally altered rocks ([X]nrrock = 0). The atmospheric
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Table 2

Chemical and isotopic composition of rivers and thermal springs (location in Fig. 1). Concentrations are expressed in pmol/L and Cat and TDS in mg/L.
Site Date T C pH Na K Mg Ca Cl SO, Alc SiO, Li 57Li Cat TDS

Q) (pS/cm) Yoo

Northern rivers
Nogent 23/04/2014 21.8 93 7.7 464 28 80 73 429 49 271* 678 0.109 16.9 17 94
Moustique Sainte-Rose” 12/12/2006 22.6 7.3 373 19 84 78 370 43 226 389 16.0 14 69
Moustique Sainte-Rose 23/04/2014 22.6 69 7.4 325 19 63 65 312 48 192* 260 0.070 18.2 12 55
Deshaies 23/04/2014 21.3 116 7.6 600 36 101 94 490 63 410* 855 0.106 18.0 21 121
Central rivers
Grande-Plaine” 04/12/2006 22.6 7.2 474 48 164 229 434 356 274 275 0.027 26 109
Grande-Plaine 23/04/2014 24.6 203 7.2 556 31 208 378 385 476 422* 471 0.137 7.6 34 148
Bras-David® 17/05/2010 6.8 222 12 28 50 238 24 130 226 23.2 8 41
Bras-David 23/04/2012 24.2 70 6.1 255 16 64 102 222 24 336 227 0.029 26.4 12 56
Bras-David 05/08/2012 24.2 72 7.2 297 14 64 98 231 23 313 320 0.028 26.4 13 77
Bras-David 20/03/2013 21.6 50 7.4 229 11 41 59 227 21 129 139 0.020 28.0 9 35
Bras-David 21/06/2013 24.0 72 254 14 69 106 216 18 328 290 22.5 12 59
Bras-David 25/06/2013 22.8 74 7.2 296 17 65 104 170 20 162 102 20.5 13 37
Quiock Creek” 23/04/2012 184 6 25 11 229 15 37 109 0.042 9.3 5 24
Quiock Creek? 21/03/2013 22.6 43 4.8 211 3 32 15 274 13 28 112 0.045 7.9 6 26
Quiock Creek? 03/04/2013 22.6 39 4.6 217 5 28 12 249 15 34 112 0.038 8.3 6 25
Quiock Creek? 25/06/2013 24.2 38 185 5 27 11 246 13 39 130 8.0 6 26
Quiock Creek® 21/10/2015 24.7 48 5.3 262 5 28 13 326 10 7 197 0.058 9.0 7 32
Quiock Creek® 25/10/2015 24.3 35 4.9 201 5 22 11 226 18 0 131 0.041 7.7 6 23
Quiock Creek® 26/10/2015 24.5 42 4.9 245 4 27 11 297 13 0 156 0.051 7.2 7 28
Southern rivers
Vieux-Habitants" 01/11/2006 78 7.6 266 15 72 142 157 29 453 451 18.9 14 77
Vieux-Habitants" 11/07/2007 24.4 81 7.8 283 19 77 142 155 33 529 496 0.033 21.3 15 86
Capesterre” 11/07/2007 23.8 66 7.7 245 16 59 118 146 28 431 354 31.6 12 68
Capesterre” 07/12/2010 115 9 14 33 84 13 181 152 0.014 29.5 5 29
Riviere Rouge 31/10/2012 20.9 178 3.7 288 22 109 400 141 786 0 679 0.138 3.0 26 147
Riviere Rouge 22/04/2014 19.3 69 5.2 171 16 44 125 121 187 30* 271 0.054 4.0 11 51
Riviere Noire 22/04/2014 19.9 172 7.4 397 50 172 362 290 341 543* 506 0.222 12.4 30 136
Galion 22/03/2013 5.6 446 48 299 601 794 725 51 0.289 6.8 43
Galion 22/04/2014 20.2 103 7.4 268 23 101 199 266 182 261* 280 0.105 9.4 17 77
Thermal springs
BJB 11/04/2014 29.2 709 5.1 1318 123 766 1984 1106 2803 140 1.776 8.7 133
GA 11/04/2014 46.9 2080 4.9 2592 474 2767 7064 9976 7074 572 1.169 13.0 428
HR 01/04/2014 32.2 279 6.6 1112 89 212 520 232 210 1834 2.450 8.3 55
RM3 07/11/2013 45.1 1911 5.3 2016 406 1649 3870 3516 4660 1247 1.992 12.1 257

Cat: cationic dissolved load (Na + K + Ca + Mg); TDS: total dissolved load (Cat + HCO3 + Cl + SO4 + SiO3).

*: estimated from charge balance.
2 : Dessert et al., 2015; % Clergue et al., 2015; 3:Fries et al., 2019.

Table 3

Mean source partitioning of Lithium and TDS (see Table A.1. for other chemical species).
Site Li atm Li LT-wea Li HI-rock Li spring TDS atm TDS LT-wea TDS HI-rock TDS spring
Northern rivers
Nogent 23 % 77 % 0% 0% 52 % 48 % 0% 0%
Moustique Sainte-Rose 26 % 74 % 0% 0% 61 % 39 % 0% 0%
Deshaies 27 % 73 % 0% 0% 51 % 49 % 0% 0%
Central rivers
Grande-Plaine 16 % 28 % 55 % 0% 37 % 16 % 47 % 0%
Bras-David 53 % 47 % 0 % 0% 60 % 40 % 0 % 0%
Quiock Creek 34 % 66 % 0% 0% 67 % 33% 0% 0%
Southern rivers
Vieux-Habitants 27 % 73 % 0% 0% 51 % 49 % 0% 0%
Capesterre 35% 65 % 0% 0% 56 % 44 % 0% 0%
Riviere Rouge 9% 22% 69 % 0% 11 % 21 % 68 % 0 %
Riviere Noire 3% 8% 45 % 44 % 31% 16 % 13 % 41 %
Galion 5% 11 % 62 % 22 % 32% 27 % 11 % 29 %

SiO5 input is negligible and [SiO2],m = O and the elemental mass- origin:

balance (X = Li*, Na™, KT, Mg?*, ca®*, 05 is: ~ -

[CU gy = [CT Jom C))
[X]Nlriv = [X]atm + [X]LTwea (3)
Lloret et al. (2011) estimated that the concentration of atmospheric Cl™
For quantifying the atmospheric input, we can use Cl™ in the dissolved in rivers varied between 200 pmol/L in the southern part and 800 umol/
load. In NI rivers, all of the Cl™ in the dissolved load has an atmospheric L for the Deshaies River in the northern part of the island, depending on
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the rainwater Cl~ concentration and the evapotranspiration factor. We
can thus assume that all the CI™ content has mainly an atmospheric
origin.

The concentration of the dissolved element (X = Li*, Na*, K+, Mg?*,
Ca?*, SOF") resulting from atmospheric input is equal to:

K = (€L am % ()

(the rainwater X/Cl molar ratio is from Clergue et al., 2015; Dessert
etal., 2015; Na/Cl=0.92, Ca/Cl =0.11, SO4/Cl = 0.09, Mg/Cl = 0.1, K/
Cl = 0.05, Li/Cl = 5.8 107°).

Hence, the concentration of the dissolved elements resulting from
low-temperature weathering in NI rivers is equal to:

()

rain

Krves = W~ 1O L ¢ () ©

rain

And the mixing proportions of the dissolved element X in each source
are:

. [X]atm — [X]LTweu
= gy 2P =

This commonly used Cl-based method provides a maximum estimate
of atmospheric input contributions, as it assumes that precipitation-
derived solutes behave conservatively and are not significantly
affected by secondary processes such as clay precipitation or ion-
exchange. This assumption is most likely valid during wet periods in
humid tropical catchments such as Guadeloupe, when soils are close to
saturation and fast hydrological pathways dominate.

In HI rivers, two supplementary inputs may influence the riverine
dissolved load: the leaching and dissolution of clay-rich, hydrother-
mally-altered rocks ([X]lgrrock) and the discharge of thermal springs
([XIspring)- Two rivers (Riviere Galion and Riviere Noire) have Cl™
contents exceeding [Cl ]am (as estimated from nearby NI rivers; 120
umol/L), which suggests that they are significantly influenced by the
discharge from thermal springs on La Soufriere volcano:

an (7 and 8)

Yatm

[CT Jariy = [CU ] g + [CT7] ©

spring
The concentration of the dissolved elements (X = Li*, Na*, K, Mg?*,
Ca2+, SO?(, SiO9) resulting from the discharge of thermal springs is
equal to:

X
X spring = [CU ] gpring X (—) (10)
pring pring Cl -

Making it possible to calculate the proportion of each element (yigm'ng:
[X]spring/ [X]r) derived from thermal springs. We use the X/Cl ratio of the

springs GA and RM3 to determine respectively the [X];,;,, for Riviere
Galion and Riviere Noire.

All HI rivers are characterized by a high SO content, mainly
resulting from leaching and dissolution of sulfate hydrothermal minerals
(Gaillardet et al., 2011) and from thermal springs. The SO%’ mass-

balance is:

[Soii]HIriv = [Soii]atm + [Soii]LTwea + [Soii}spring + [Soii}HI—rock (11)

With [SO3 lam calculated using equation (5) and [SO%77] spring
calculated using equation (10).

We consider that the [SO%’]LTWea in HI rivers is relatively close to the
[SOZ 1iTwea estimated in adjacent NI rivers. In S-rich magma contexts
like subduction-related volcanoes, the low [SO3 1 Twea contents result
from the weathering of silicate minerals containing traces of S-rich in-
clusions (e.g. Parat et al., 2002; Metcalfe et al., 2022). The concentration
of dissolved elements in HI rivers resulting from low-temperature
chemical weathering is equal to:
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[X]LTwea = [Soii]LTwea X (X/ Soizti)LTwea (NIriv) (12)

We used the [SO3 ]iTwea value of the Moustique River to determine
[X]LTwea for the Grande Plaine River, and values of Capesterre River for
Riviere Rouge, Riviere Noire and Riviere Galion (respectively 19.9 and
5.4 pmol/L). This choice allows us to compare watersheds flowing
through the same lithology and soil.

For all rivers, the total dissolved solid values (mg/L) are equal to:

TDS = X[X] 13)

The chemical rates expressed in t/yr were determined from TDS
concentrations, runoff and watershed area. The rates expressed in t/
kmz/yr were determined from TDS concentrations and runoff (Table 4).

4. Results
4.1. Hydrothermal spring waters

The temperatures of the four hydrothermal springs range from 29.2
to 46.9°C, and their pH values range from 4.9 and 6.6 (Table 2). The
springs (sampled in 2013 and 2014) exhibit values within the range of
previously reported values (Villemant et al., 2014).

The springs are characterized by high ionic concentrations (Table 2
and Fig. 2). CI” and SOZ  are the dominant anions (232-9976 and
210-7074 pmol/L, respectively), followed by HCO3 (140-1834 pmol/L).
Nat and Ca®' are the dominant cations (1112-2592 and 520-7064
umol/L, respectively), followed by Mg?t (212-2767 pmol/L) and K+
(89-474 pmol/L). The Habitation Revel (HR) thermal spring is the least
mineralized and presents a relatively stable chemical composition
through time (e.g. Bigot et al., 1994; Villemant et al., 2014). Its Ca-Na-
HCO3 composition suggests a shallow origin of the water, which is
heated via conductive heat transfer from La Soufriere volcano. In
agreement with previous studies, the Galion (GA) and Ravine-Marchand
(RM3) springs have a Ca-SO4-Cl composition whereas the Bains-Jaunes
(BJB) spring has a Ca-Na-SO4-Cl composition. These water compositions
result from absorption of volcanic vapors or water-rock interactions
with shallow groundwaters. Since the mild reactivation of fumarolic
activity in 1990, periodic analysis of the springs has shown a remarkable
chemical evolution, mostly marked by an evolution in Cl content
(Villemant et al., 2014; Li et al., 2015). This evolution has mainly been
observed in GA, with a culminating Cl content in 2009, and a gradual
decrease until 2014, the time of our study. This Cl anomaly has been
observed to a lesser extent in BJB, with a very slight increase of Cl
content observed until 2011, followed by a gradual decrease. Concern-
ing the RM3 spring, a gradual slight increase in Cl content was still in
progress in 2014 at the time of the sampling.

Lithium concentrations ranged from 1.2 to 2.5 pmol/L. The 87Li
values varied between 8.3%o0 and 13%. and were slightly higher than
isotopic ratios previously reported in other springs in Guadeloupe and
Martinique (from 1 to 6%o; Millot et al., 2010a; Rad et al., 2013). Our
values are also in the high range of Li isotopic data for hydrothermal
springs reported in the literature for worldwide geothermal waters (e.g.
Henchiri et al., 2014; Pogge von Strandmann et al., 2016; Bénard et al.,
2020).

4.2. River waters

Two types of rivers can be distinguished: (1) rivers without hydro-
thermal influence (called non-impacted NI rivers); and (2) rivers that are
partially affected by hydrothermal inputs (called hydrothermal-
impacted HI rivers). The HI rivers are located around the fossil system
of Les Mamelles (Grande-Plaine River), the fossil system of Carmichael
(Riviere Rouge) and the active system of La Soufriere Volcano (Riviere
Galion and Riviere Noire). The chemical composition of HI rivers is
attributed to the leaching and dissolution of clay-rich, hydrothermally-
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Table 4
Site Li riv* Li riv* TDS riv* TDS LT-wea* TDS HI-rock* TDS spring* Cat WR* CWR* CWR**
kg/yr kg/km?/yr t/yr t/yr t/yr t/yr t/km?/yr t/km?/yr t/km?/yr
Northern rivers
Nogent 3.07 0.59 380 184 - - 3.0 35.5
Moustique Sainte-Rose 4.88 0.79 624 242 - - 5.2 39.0
Deshaies 1.39 0.32 229 113 - - 2.9 25.7
Central rivers
Grande-Plaine 20.54 1.90 2390 389 1121 -
Bras-David 3.99 0.36 1140 461 - - 9.8 41.9 51.7
Quiock Creek 0.03 0.36 2.38 0.78 - - 0.4 9.8
Southern rivers
Vieux-Habitants 11.29 0.59 4008 1963 - - 25.3 102.8 84.6
Capesterre 6.62 0.41 3301 1449 — — 21.4 89.4 91.8
Riviere Rouge 6.40 2.66 952 202 647 -
Riviere Noire 7.40 6.16 654 101 85 266
Galion 16.41 5.47 925 252 105 269

*: Mean rates determined from data of this study.

**: Mean annual rates determined by Dessert et al. (2015) from total riverine concentrations and total water discharges, between 2007 and 2012.

altered rocks (fossil hydrothermal system) and/or to the discharge of
thermal springs (active hydrothermal system).

In Fig. 2, HI rivers were distinguished from NI rivers. In NI river
samples, pH varied between 4.6 in Quiock Creek and 7.8 in the Vieux-
Habitants River. In HI river samples, pH was slightly more acidic and
varied between 3.7 in Riviere Rouge and 7.4 in Riviere Noire. The
chemical composition of HI rivers was clearly distinct from NI rivers
(Table 2 and Fig. 2). The HI rivers were globally more concentrated in
major and trace elements compared to NI rivers. They were character-
ized by SO%~ and Ca?" concentrations higher than 100 umol/L, resulting
from the weathering of high-temperature hydrothermal minerals (as
clay, pyrite, gypsum). Note the particularly high CI™ content in Riviere
Galion (266 to 1083 umol/L), influenced by the Galion Spring enriched
in dissolved volcanic gas (Villemant et al., 2014). Apart from the rivers
directly influenced by the active system of La Soufriere, all the other
rivers were characterized by oceanic Cl, with concentrations lower than
500 umol/L on the northern island and lower than 150 umol/L on the
central-southern island. This north-south variation in CI”™ concentration
has been previously interpreted as the effect of the evapotranspiration
factor (from 4 in the north to 1.2 in the south; Lloret et al., 2011; Dessert
et al., 2015). In NI rivers, Na™ was the most abundant cation, ranging
from 113 pmol/L in the Capesterre River during a flood event to 600
umol/L in the Deshaies River. SiO, was also an abundant element in
waters and varied between 102 pmol/L in the Bras-David River (during a
flood event) or 109 umol/L in Quiock Creek and 855 pmol/L in the
Deshaies River. All our observations are in good agreement with those
previously reported in studies on Guadeloupean rivers (Rad et al., 2006;
Gaillardet et al., 2011; Lloret et al., 2011; Rivé et al., 2013; Dessert et al.,
2015; Gaspard et al., 2021).

We observed a relatively large variability in Li concentrations and
87Li values in rivers in Guadeloupe (Fig. 2). HI rivers were the most
concentrated and were characterized by the lightest 8”Li isotopic ratio
(from 3.1 to 12.3%o). Inversely, NI rivers were more diluted and isoto-
pically heavier (16.0 to 31.6%o), except for Quiock Creek (7.2 to 9.3%o).
This is consistent with values measured in tropical rivers draining
andesitic or basaltic islands (e.g. Martinique, Réunion and Puerto Rico;
Rad et al., 2013; Henchiri et al., 2014; Chapela Lara et al., 2022).

5. Discussion
5.1. High-temperature water-rock interactions
The Fig. 3 presents the Li isotopic composition for various waters

from Guadeloupe plotted against the Li/Na (nmol/umol) and the Cl/Li
(umol/nmol) ratios. The hydrothermal springs displayed high Li/Na,

emphasizing that Li from seawater does not contribute significantly to
these fluids (Li/Na = 0.08 and Cl/Li = 15.8 for seawater in Guadeloupe;
Millot et al., 2010a) and that they are mainly influenced by high-
temperature water-rock interactions.

The comparison between hydrothermal springs and their corre-
sponding andesitic parent rock (Fig. 3) shows that §’Li values for spring
water around the La Soufriére volcano are slightly heavier than those of
the parent rock (5.3%o; Clergue et al., 2015). Such a result confirms that
the preferential release of the heavy isotope (“Li) is into the water.
However, at high temperatures the isotopic fractionation is limited, with
A7Liwater-andesite (A7Liwater-andesite = 67Liwater 67]--iandesite) values
ranging between +3%. and +7.7%o in our samples, which is in good
agreement with previous studies showing limited fractionation during
high-temperature water-rock interactions (e.g. Bénard et al., 2020;
Henchiri et al., 2014; Millot et al., 2010, 2012, Pogge von Strandmann
et al., 2006, 2016; Zhang et al., 2022b). To constrain the controls on Li
isotope fractionation in hot springs, we draw on insights from prior
experimental and field studies, as discussed below. The fractionation of
Li isotopes during water-rock interaction can vary as a function of the
type of hydrothermal clays that release or incorporate lithium which
itself depends upon the reaction temperature (Franzson et al., 2008;
Verney-Carron et al., 2015). Experimental and field-based studies (e.g.
Williams and Hervig, 2005; Vigier et al., 2008; Millot et al., 2010a;
Verney-Carron et al., 2011, 2015) have shown that the Li isotopic
fractionation factor inversely correlates with temperature during the
formation of Li-bearing secondary minerals (e.g. A Ligmectite-solution Of
—1.6%o at 250°C as opposed to —10%o at 90°C, Vigier et a., 2008). There
are few Li isotopic data for natural solids altered at high temperatures (e.
g. Chan et al., 1994; Verney-Carron et al., 2015; Bobos and Williams,
2017), but with some evidence for Li enrichment in secondary phases,
especially at temperatures higher than 250°C (Verney-Carron et al.,
2015).

Because Li presents a low reactivity during fluid ascent up to the
surface, it can be used as geothermometer, in particular using empirical
Na/Li and Li isotope geothermometric relationships for hydrothermal
fluids (e.g. Fouillac and Michard, 1981; Kharaka et al., 1982; Sanjuan
et al.,, 2014; Millot et al. 2010a). In the hydrothermal waters of La
Soufriere, Ruzié et al. (2013) determined the proportion of magmatic
signal from the He isotopic ratio measured in waters. This magmatic
component is dominant in RM3 (100 % of dissolved He) and GA (90-95
%) spring waters, showing that a deep aquifer has been sampled, with
minimal dilution by meteoric water. This study also showed that, for BJ
and HR springs, the dilution of the magmatic signal is significant, sug-
gesting a contribution from a meteoric or organic component. We then
only applied the Na/Li geothermometer (T(K) = 2002/[log(Na/Li)spring
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Fig. 2. (a) Lithium isotopic ratios (5”Li) against the 1/Li molar ratio in waters
from Guadeloupe. Data from the literature have been added for comparison:
Bouillante spring (Millot et al., 2010a), Ravine Quiock (river and throughfall;
Clergue et al., 2015; Fries et al., 2019) and waters from Martinique (Rad et al.,
2013). (b) SO4 concentrations plotted as a function of Cl concentrations. (c) Mg
concentrations plotted as a function of Ca concentrations (additional data are
from Rivé et al., 2013; Dessert et al., 2015).

+ 1.322]; Sanjuan et al., 2014) and the &7Li geothermometer (T(K) =
7847/[8"Li spring — & Lirock + 8.093]; Millot et al., 2010a) on GA et RM3
springs. The estimated temperature of the reservoir source is different
depending on the geothermometer used: temperature varies between
156°C (Tna/1i) and 224°C (Tsy1;) for GA and between 190°C (Tya, 1) and
253°C (TsyL) for RM3. This temperature range is consistent with those
previously estimated in gas samples from the summit fumerolic events
(190-260°C; Brombach et al., 2000). More measurements of Li in the
springs of La Soufriére volcano would confirm the robustness of these
geothermometers and would add new constraints to the understanding
of Li behavior in volcanic arc systems in tropical context.
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5.2. Origin of dissolved Li in river water

In such a volcanic and tropical context, potential sources of dissolved
Li include atmospheric deposits and water—rock interactions (both low-
temperature and high-temperature).

Previous studies (Clergue et al., 2015; Dessert et al., 2015; 2020;
Fries et al., 2019) have emphasized the significant effect of atmospheric
inputs on the chemistry of rivers in Guadeloupe, particularly in the
central and northern part of the island where a deep base cation-
depleted regolith prevents roots to access to nutrients. Among the
rivers not impacted by hydrothermal input, the Capesterre River had the
highest Li isotopic composition, close to seawater (29.3%o; Millot et al.,
2010a). The other NI rivers had 8’Li values close to the throughfall
signature, i.e. the atmospheric signature above the canopy (Fig. 3;
Clergue et al.,, 2025). However, the Cl/Li ratios of these rivers are
significantly lower than the Cl/Li ratios of atmospheric deposits, indi-
cating a supplementary source of Li in the river waters. One exception is
Quiock Creek, presenting a chemical and isotopic composition very
close to the mixing curve between soil/regolith minerals and through-
fall. An estimation of the atmospheric contribution can be obtained
using the measured Cl concentrations and the atmospheric Li/Cl ratio
(mean Li/Cl = 5.8107%; Clergue et al., 2015), assuming that all of the Cl
in the dissolved load has an atmospheric origin and a conservative
behavior (equ. 5). Note that this calculation assumes that no atmo-
spheric Li is incorporated into soil-forming secondary minerals, and
hence is a maximum estimate of atmospheric Li contribution. The pro-
portion of atmospheric Li in NI rivers varies between 23 % in the Nogent
River and 34 % in Quiock Creek (Fig. 4 and Table 3). The highest at-
mospheric influence is in the Bras-David River, ranging between 44 %
and 66 % during a flood event and resulting from strong rain events. The
proportion of atmospheric Li is significantly lower in HI rivers, varying
from 3 % in Riviere Noire to 16 % in Grande-Plaine River but still sig-
nificant compared to other settings like the Amazon basin (0.1 to 2 %j;
Dellinger et al., 2015). This atmospheric input represents between 11 %
and 67 % of the TDS, in Riviere Rouge and Quiock Creek respectively
(Fig. 4 and Table 3).

Another important source of dissolved Li in river water is the
discharge of thermal springs on La Soufriere volcano. Two rivers flowing
through the southern flank of the volcano are impacted by this input: the
Riviere Galion and Riviere Noire. These HI rivers are enriched in Li and
are characterized by a high Li/Na ratio close to that of thermal springs
(Fig. 3). These two rivers also have a C1~ content higher than that of the
atmosphere, suggesting that part of the riverine Cl™ content is derived
from high-temperature fluids enriched with dissolved volcanic gas. This
input from springs represents between 22 % and 44 % of the Li content
and between 29 % and 41 % of the TDS, in Riviére Galion and Riviere
Noire respectively (Fig. 4). In HI rivers, the riverine dissolved load is also
influenced by the leaching and dissolution of clay-rich, hydrothermally-
altered rocks (Cyr.rock)- Because hydrothermal clays, that were formed
during past hydrothermal activity, are strongly enriched in Li, their
leaching and dissolution represent a significant Li input, characterized
by a low §’Li isotopic ratio (e.g. Chan et al., 1994; Verney-Carron et al.,
2015; Bobos and Williams, 2017). This process (HI-rock; Fig. 4 and
Annexe Tab.1) explains between 46 % and 69 % of the dissolved Li
content and between 11 % and 68 % of the TDS. Altogether, we show
that the input of hydrothermal Li (spring + HI-rock) is a major part of
the dissolved Li in HI rivers (between 55 and 89 %), confirming previous
studies on rivers in a volcanic context (Pogge von Strandmann et al.,
2006; Rad et al., 2013; Henchiri et al., 2014). This hydrothermal input
also strongly influences the 87Li of the HI rivers. The study by Henchiri
et al. (2014) on the rivers on the volcanic island of La Réunion showed
an inverse correlation between riverine 8’Li and the proportion of Li
coming from hydrothermal inputs. This relationship is also observed in
the rivers in Guadeloupe, where the lowest 8Li ratio has been measured
in rivers impacted by hydrothermal input (3.5 to 12.4%). The 5’Li of the
riverine dissolved phase (coupled with the Na/Li ratio) is therefore a
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Fig. 3. Lithium isotopic ratios as a function of Na/Li, Cl/Li or Ca/Mg molar ratios in all river samples (HI and NI rivers, respectively illustrated by circles and squares)
and in hot springs (GA, RM3, BJ and HR; illustrated by diamonds). Data for andesite and ferralitic regolith are from Clergue et al., 2015.

249



C. Dessert et al.

[ ]atm [] LT-wea

100

o)

= 804

N

_160_

Y —

O —

2 407 — ||

S — — L —

EZO- ||

5 0 N

a n oo L o ¥ & O C O O
855228 LELEE O L
®m S 58 o 2 F 07 2 8
c B 5 0 3 7T B o =
$‘£z_é,O‘§q,@’1.
o2 O © o g £ %

om > 0O

Geochimica et Cosmochimica Acta 417 (2026) 241-255

[ HI-rock Il spring

?100

s

m80'

E —

o 60 ] = |

5 - — |

gad ||| |- |

s

"220-

5 0 N

o W O E QT X g5 QC OO
2 35 csSYLLES O
®m 8 gmmmo 2T 8% 2 28
‘C“OED:’I"G)‘ o =
g 9 O x 9O & ¢
v I3 Z . n > a . o
[ae] O © QO © a2
= @ S O

Fig. 4. Partitioning of Li and TDS deriving from each source.

good tracer of hydrothermal input,
geothermal prospection.

Finally, our calculations show that the low-temperature chemical
weathering process (LT-wea) is a major source of Li in NI rivers (47 to 77
%) that decreases significantly in HI rivers (8 to 28 %). The low-
temperature weathering process explains between 33 and 50 % of the
TDS of NI rivers and only 16 to 27 % of the TDS of HI rivers.

Overall, our results show that the sources of dissolved Li vary
significantly across the small tropical volcanic island of Basse-Terre. In
contrast to most other settings, the Li atmospheric contribution to the
river dissolved load is large (3 to 50 %) and cannot be neglected. The
riverine 8’Li is very sensitive to hydrothermal input and seems to be a
good geothermal prospecting tool. Because the flux of the hydrothermal
resurgences is integrated into the global riverine flux, the chemical
budget can be used to estimate the first order weathering rate of the
volcano (Table 3).

which could be very useful for

5.3. Controls on Li fractionation processes during low-temperature
weathering

In this section, we focus on NI rivers (no hydrothermal inputs).
Values of 8”Li in NI rivers are highly variable at the scale of Basse-Terre
Island, ranging from 8.2%o in Quiock Creek to 31.6%o in the Capesterre
River, and are significantly higher than those of the andesitic source
rock (5.3%o; Clergue et al., 2015). This result confirms that a large
fractionation of Li isotopes occurs during weathering processes and
specifically during the incorporation of Li in secondary minerals.

To understand the impact of secondary minerals on 8”Li of the NI
riverine dissolved load, we used the (Li/Na) ratio (Millot et al. 2010b).
Indeed, Li and Na have the same behavior during andesite dissolution
and are released into solution at the same rate (Verney-Carron et al.,
2011). However, because of the strong affinity of Li for clays and oxy-
hydroxides, Li is re-incorporated into secondary minerals, contrary to
Na which remains in solution (e.g. Sawhney, 1972). We calculate the
fraction of Li left in solution after secondary mineral precipitation (fr;)
by comparing the Li/Na ratio in the residual solution to the Li/Na in the
initial solution (Millot et al., 2010b; Henchiri et al., 2014; Dellinger
et al., 2015):

fii = (Li/Na)residual/ (Li/Na)initial

A fi; value of 0 means that all the Li present in the initial solution is
re-incorporated into secondary minerals while a f; value of 1 means that
Li is not re-incorporated into secondary minerals after its initial disso-
lution. We used both steady-state open system (“batch” model) and
Rayleigh distillation models to explain the &’Li of the dissolved load of
rivers compared to the source rock (e.g. Huh et al., 2001; Kisakurek
et al.,, 2005; Vigier et al., 2009; Dellinger et al., 2015; Pogge von
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Strandmann et al., 2019). For the Rayleigh model, the evolution of the Li
isotopic composition of the residual solution as a function of fj; is given
by the following equation:

57Liresidual = 57Liinitial + 1000(aclay—water - 1) X ln(fLi) (15)

The fractionation factor cay.water iS the isotopic shift occurring
during the incorporation of Li into secondary minerals (Aclay-water =
1000 In).

For the steady-state open system model, the evolution of the Li iso-
topic composition of the residual solution as a function of fi; is given by
the following equation:

67Liresidual = 57Liinitial + 1000 (aclay—water - 1) X (1 - fLi) (16)

In Guadeloupe, a significant proportion of dissolved Li is derived
from atmospheric input (see section 2 in the discussion above). To
determine the proportion of Lit incorporated into secondary minerals,
we consider that all the wet atmospheric inputs (rainwater) percolate
through the weathering zone before entering the rivers (Guérin et al.,
2019). In that scenario, secondary weathering minerals form from a
solution that corresponds to a mixture of dissolved ions derived from
both mineral dissolution and from atmospheric inputs. The mass-
balance for the concentration of initially dissolved lithium (before
incorporation into secondary minerals) in NI rivers is:
[Ll]?w = [Ll]gtm + [Li]gTwea (17)
The initial Li concentration derived from atmospheric ([Li] Stm) and low-
temperature andesite dissolution ([Li] ETwea) can be calculated using the
following equations:

. Li

[Lilaim = [N@J ¢ (m) . (as)
o Li

[Ll]LTwea - [Na]LTwea x (Na) Andesite (19)

With (Li/Na)andesite = 1.46 x 1072 mol.mol~! and (Li/Na)pain = 7.02
+0.15 x 10~ mol.mol ! (Clergue et al., 2015). This value for rainwater
is derived from rain and throughfall samples (n 48) collected in
Quiock Creek and corresponds to 75415 % proportion of Li derived from
sea salt and 25+15 % derived from leaching of saharan dusts (Clergue
et al., 2015).

We can use the mixing proportion for sodium (/Y% and /N4 .
equations 7 and 8) to quantify the initial (Li/Na), for each NI river:

(),

Li) Li
2.t ()
(Na Andesite Lwea Na Rain

a
atm

(20)
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The Li isotopic composition (67Li0) of the initial solution (before sec-
ondary mineral precipitation) is:

&"Lio = &' Liandesite X V11wea 0 Lirain Vg (21
With 8 Liandesite = +5.3%0 and 8’ Ligain = +23.144.8%0 (Clergue et al.,
2015).

The isotopic composition of the residual solution for the Rayleigh
model is assumed to be equivalent to those of river water, so equation
(15) becomes:

& Liver = &' Lip + 1000 (etay water — 1) x In(fis) (22)

The isotopic composition of the residual solution for the “batch”
model is assumed to be equivalent to those of river water, so equation
(16) becomes:

67Liriver = 67Li0 + 1000 (aclay—water - 1) X (1 - fLi) (23)

Fig. 5 presents the evolution of the 8 Liyiyer- 8 Lio (the Li fraction-
ation during its incorporation into secondary minerals) as a function of
fii predicted by both the Rayleigh and batch models at different frac-
tionation factors clay-water- The Oclay.water factor varies between 0.975
(Pistiner and Henderson, 2003) and 0.988 (Millot and Girard, 2007) for
gibbsite and is equal to 0.993 for kaolinite (Millot and Girard, 2007; Li
and Liu, 2020).

For the southern and central rivers, the f;; factor is between 0.15 and
0.23 for Vieux-Habitants River (VH) and Capesterre River (CAP),
meaning that 85 % and 77 % of the initial Li is incorporated into sec-
ondary minerals. The fi; factor determined for Bras-David River (BD) is
higher and varies between 0.20 and 0.45. This large variability for BD
may be linked to the hydrologic stage of the river, lowest & Lisiver and
highest fi; (0.45) corresponding to a flood water sample. A decrease of
8 Lisiver during storms has already been observed in Elder Creek (Cali-
fornia, USA) by Golla et al. (2022). The authors explained the isotopic
shift during flood as the result of the increase of groundwater flow rates
and/or a greater contribution of Li from the sub-surface regolith with
limited incorporation of Li into secondary minerals. In Guadeloupe,
Guérin et al. (2019) have shown that, during strong rain events, the
percolation of water through the regolith is also more important,
inducing a shorter transit time of fluid through the sub-surface regolith.
The greater influence of shallow groundwaters during floods in
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Fig. 5. Estimated lithium isotopic ratios (8 Liyiver-8’Lig) vs. the fraction of Li
remaining in solution (fi;) after secondary mineral precipitation. The curves
represent the evolution of 8”Li vs. fi; predicted by the Rayleigh model (in black)
and steady-state open system model (in grey) at different fractionation factors
Oclay-water- The fractionation factor o varies between 0.975 (Pistiner and Hen-
derson, 2003) and 0.988 (Millot and Girard, 2007) for gibbsite and is close to
0.993 for kaolinite (Millot and Girard, 2007). The models explain the signatures
of the central and southern rivers with « consistent with values in the literature.
Only the data from NI rivers are represented on this figure.
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Guadeloupe was also emphasized by Lloret et al. (2011), who have
measured enrichment into dissolved soil organic carbon during storms.

The southern and central rivers of Basse-Terre Island can be
described by the Rayleigh model, with a fractionation factor dclay-water
varying between 0.979 and 0.992, consistent with the mineralogy of the
soils and the regolith on the volcanic island.

The northern rivers, flowing through the oldest part of the island
have very different characteristics. First, they have lower 8 Liyiver- 67Lio
values and higher f; values relative to southern and central rivers. This
shows that the incorporation of Li into secondary minerals is reduced in
this context. Second, we note that the isotopic composition of the
Moustique River (MOU) and Nogent River (NO) cannot be explained by
the Rayleigh model and that another process is required. In the highly
weathered ferralitic catchment of Quiock Creek, we have previously
showed that the secondary mineral dissolution was a major solute source
for this small watershed (8 ha) and that andesite no longer participated
in significant production of cations and Li (Clergue et al., 2015; Fries
etal., 2019; Dessert et al., 2020). The Quiock Creek is characterized by a
fri > 1 and a very low 5’Li ratio (8.2%o) associated with a transport-
limited weathering regime. Due to the presence of a deep and highly
weathered regolith in the northern catchments, the dissolution of
previously-formed secondary minerals could partially explain why the
Nogent and Moustique Rivers have fi; close to 1 and do not plot on the
same trend on Fig. 5, i.e., the (Li/Na)g is higher than (Li/Na)andesite due
to the contribution of older clays with high Li/Na. Such influence of
regolith-derived secondary minerals on the riverine budget in
Guadeloupe has also been shown with Mg isotopes in previous studies
(Dessert et al., 2015; Fries et al., 2019).

The effect of secondary mineral dissolution on dissolved §’Li values
was also studied in the highly weathered catchment of Bisley in Puerto
Rico (Chapela Lara et al., 2022). Quiock Creek and Bisley catchments are
relatively similar, with small surface (respectively 8 and 7 ha), underlain
by andesitic bedrock and covered by deep (>10 m) highly weathered
regolith under a wet tropical climate. From the Li isotopic composition
of both the solid and liquid products of the weathering regolith profile,
the authors have shown that dissolution of secondary minerals produced
porewaters enriched in °Li. However, the extremely low §”Li values of
porewater (—27 to + 8%o) are not reflected in the §Li signature of the
local Bisley stream (+32 to + 37%o), indicating that stream water is not
directly impacted by the regolith porewaters. The reason for this
apparent decoupling between the Li signature of porewater and Bisley
stream water was not definitively established by the authors, who
mentioned the hydrological setting. In contrast to what we observe in
Quiock Creek river, the Bisley stream is not influenced by shallow
porewaters but is influenced by deeper groundwaters, reflecting re-
actions along water pathways in the deep regolith, where relatively Li-
rich primary minerals are still being altered.

In summary, our results have shown that secondary minerals played
a critical role in the Li isotopic signature of the rivers of Basse-Terre
Island. We interpret this large &’Li offset as resulting from two distinct
weathering processes in the regolith. In the central and southern parts of
the island, the rivers were characterized by high 8’Li values, empha-
sizing that dissolved Li is mainly driven by the very efficient incorpo-
ration of Li into secondary minerals (around 80 % of the dissolved Li)
that preferentially incorporated 6Li. In the northern part of the island,
the rivers were characterized by lower §”Li values, which were partly
attributed to a low 5’Li source coming from the dissolution of secondary
minerals contained in the regolith (the 8"Li values of ferralitic regolith in
Guadeloupe ranged between + 3.9 and —13.5%o; Clergue et al., 2015).
Overall, the balance between Li dissolution and its incorporation into
secondary minerals varies from north to south, following the bedrock
age gradient, and accounts for the diversity of 8”Li signatures of the NI
rivers in Guadeloupe.
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5.4. Relation between the 5’Li ratio and the low-temperature weathering
rate

The chemical weathering rate (CWR) of NI rivers ranges between 9.8
t/km?/yr for Quiock Creek and 102.8 t/km?/yr for the Vieux-Habitants
River (Table 3; Fig. 6). The North—South weathering gradient on Basse-
Terre Island has already been documented in previous studies (e.g.
Gaillardet et al., 2011; Lloret et al., 2011; Dessert et al., 2015). Except
for Quiock Creek, the lowest rates were measured in the northern, oldest
part of the island (rock age > 2 Ma; Table 1), where thick ferralitic
regoliths are mainly constituted of secondary minerals such as clays and
iron oxides (Fig. 7). The northern watersheds are also characterized by
moderate topography (only 3 to 7 % of the watershed surface are slopes
> 49 %) and moderate precipitation (<3000 mm/yr) and runoff, which
contributes to reduced weathering processes. The chemical weathering
rates are greater in the central part of the island (Bras-David River) and
the highest values are in the youngest, Southern area, where the pool of
weatherable primary minerals (contained in ferralitic regoliths and
Andosols) is the highest (Henriet et al.,, 2008). These central and
southern watersheds are also characterized by high topography (14 to
55 % of the watershed surface are slopes > 49 %) and high precipitation
(>3500 mm/yr) and runoff, which all boost weathering processes.

A positive trend is observed between the 8”Li ratios of rivers and the
CWR for NI rivers (Fig. 6). The chemical and isotopic composition of the
Northern rivers is significantly influenced by the dissolution of the
secondary minerals contained in the old and highly depleted regoliths.
Conversely, the rivers of the central and southern part of the island are
mainly controlled by the dissolution of primary andesitic minerals and
the formation of secondary minerals.

5.5. Comparison with other volcanic islands and global implications

In this section, we compare the results from Guadeloupe with other
volcanic islands (Iceland and Hawaii). The Li-specific yield (kg/kmz/yr)
of rivers in Basse-Terre, Guadeloupe, decreases with bedrock age
(Table 4). Rivers draining the young Soufriere Volcano show Li yields
(2-7 kg/km?/yr) an order of magnitude higher than those draining older
formations (>0.45 Myr; Li yield < 0.8 kg/km?/yr). The main exception
is the Grande Plaine River, whose elevated Li yield (1.9 kg/km?/yr)
reflects the dissolution of Li-rich hydrothermal clays from the fossil Les
Mamelles hydrothermal system. This decline in Li-specific yield with
bedrock age is consistent with observations from Icelandic rivers (Vigier
et al., 2009; Pogge von Strandmann et al., 2023), and Hawaiian regolith
(Ryu et al., 2014), where most Li depletion occurs within the first ~ 0.02
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Fig. 6. Lithium isotopic ratios (87Li) vs. chemical weathering rates (CWR in t/
kmz/yr). CWR data from the Capesterre, Bras-David and Vieux-Habitants rivers
are from Dessert et al. (2015). The topographic index is determined as the % of
watersheds with slopes > 49 %. This index is equal to: 0 % for Quiock-Creek; 3
to 7 % for northern rivers; 14 % for Brad-David; 50 to 55 % for southern rivers
(see Lloret et al., 2011 for details).
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Fig. 7. Map of the dissolved lithium isotopic composition of rivers and the
distribution of soil types (Colmet-Daage and Bernard, 1979). Soil types are
related to rock age, precipitation and topography: (A) Ferralitic soils with iron
oxides and kaolinite-halloysite; (B) Vertisols with Ca,Mg,Na smectites or
Nitrisols with smectite and halloysite; (C) Andosols with allophanes; (D) young
Nitrisols with halloysite. The substratum ages range from 4.3 to 1.1 Ma above
the dotted line and are < 0.9 Ma below this line (see Fig. 1). Nl-rivers are
represented by squares and HI-rivers by circles.

Myr. In Guadeloupe, high Li yields partly reflect inputs from active and
extinct hydrothermal systems, whereas in Iceland they are mainly
driven by the high reactivity of glassy basalts and possibly enhanced by
intense physical erosion (Pogge von Strandmann et al., 2023; Louvat
et al., 2008).

The temporal evolution of dissolved river 8’Li with bedrock age in
Guadeloupe shows a non-linear pattern similar to Hawaii (Ryu et al.,
2014), with low §Li during early (<0.45 Myr) and late (>2 Myr) stages
of weathering. Early-stage weathering is dominated by rapid (high Li-
specific yield), congruent dissolution with limited incorporation of Li
in secondary minerals; in Guadeloupe, this is further promoted by high-
temperature weathering (Henchiri et al., 2014). Maximum §Li values,
reflecting high Li sequestration into clays, occur at intermediate ages
(between 0.45 and 1.15 Myr in Guadeloupe and ~ 1.4 Myr in Hawaii).
The subsequent decline after ~2 Myr is consistent with clay re-
dissolution (Ryu et al., 2014) and slow associated Li release (low Li-
specific yield). As for the Li-specific yield, the Grande Plaine River
also deviates from this trend with lower 8’Li compared to other rivers of
similar bedrock age.

Our study highlights a completely different story than that presented
by Vigier et al. (2009) and Pogge von Strandmann et al. (2023) on the
behavior of Li isotopes during weathering in Iceland's watersheds. In
Iceland, high §’Li values are measured in rivers draining old (> 2 Myr)
and weathered basalt catchments, whereas low 8Li values are (as in
Guadeloupe) measured in rivers draining the younger parts of the island
where the highest CWR values are recorded. In addition the dissolved
5’Li of NI Rivers in Guadeloupe is positively correlated to average runoff



C. Dessert et al.

(r> = 0.58, n = 7 rivers, not shown), which is the opposite of rivers from
Iceland (Pogge von Strandmann et al., 2023) and at global scale (Zhang
et al., 2022a). We justify these major differences in light of the weath-
ering intensity described by Bouchez et al. (2014) and Dellinger et al.
(2015). Unlike Guadeloupe, the regoliths in Iceland are thin and not
highly depleted in Li (Pogge von Strandmann et al., 2021), with an
important pool of weatherable primary minerals. The weathering
regime in Iceland is of low to intermediate weathering intensity (Pogge
von Strandmann et al., 2023), and the dissolved §Li is mainly driven by
two processes: Li release from primary minerals and Li uptake by sec-
ondary minerals. In Guadeloupe, the weathering intensity is interme-
diate in the south and high in the north of the island. In addition to
primary mineral weathering and secondary mineral formation, a third
key process — absent or minor in Iceland — controls the dissolved 8Li: the
release of Li from Li-bearing soil secondary phases that have accumu-
lated Li over long timescales. As a consequence, the dissolved 8”Li in
Guadeloupe is primarily controlled by the solid residence time and the
long-term weathering intensity, rather than by modern hydrological
parameters such as the fluid residence time. Because of the drastic dif-
ference in temperature and weathering regime, it is therefore not sur-
prising to observe an inverse trend between Iceland and Guadeloupe.

Vigier et al. (2009) stated that their empirical law on the relationship
between chemical weathering rate and dissolved 5’Li may be applicable
to most large scale watersheds. However, our results have shown that
under a tropical regime with intermediate to high weathering intensity,
the &’Li ratio behaves differently from that observed in Iceland. Early
stage weathering on tropical volcanic islands produces both high Li
yields and low &’Li values, similar to rivers draining high-elevation
mountain belts (Zhang et al., 2022a). Our results therefore indicate
that tropical volcanic settings can exert a large influence on the global Li
flux and the 87Li composition of seawater (Henchiri et al., 2014), but
only during the initial phase of weathering. Beyond this early stage, Li
yield declines sharply and becomes comparable to those of rivers
draining high weathering intensity (W/D) environments (Pogge von
Strandmann et al., 2021). More studies on volcanic tropical islands are
needed to improve our understanding of the global Li geochemical cycle
and for better constraining past changes in continental weathering based
on the record of past Li isotope compositions (Misra and Froelich, 2012;
Pogge von Strandmann et al., 2013).

6. Conclusion

To better constrain the origin of dissolved Li and the behavior of Li
isotopes during water-rock interactions in a tropical volcanic context,
we sampled and measured river and hydrothermal spring waters on the
volcanic island of Guadeloupe. The §’Li values measured in four hy-
drothermal springs around La Soufriére volcano are low and (between
8.3%o0 and 13%o) in accordance with previous studies on other settings.
We also observed a remarkable variability of the Li concentrations and
87Li values in rivers. The rivers affected by hydrothermal inputs have the
highest Li concentration and lowest 87Li (from 3.1 to 12.3%o). Inversely,
the rivers not impacted by hydrothermal inputs (NI rivers) were more
diluted and isotopically heavier (7.2 to 9.3%. for Quiock Creek; 16.0 to
31.6%o for other rivers), highlighting different processes and degrees of
weathering. We interpreted this large §’Li offset as resulting from two
distinct weathering processes in the regolith, both driven by secondary
minerals dynamics. In the central and southern parts of the island, the
high 8’Li values are explained by the dissolution of primary andesitic
minerals and the very efficient incorporation of Li into secondary min-
erals (80 % of the initially dissolved Li) that preferentially incorporated
®Li. In contrast, in the northern part of the island, the NI rivers are
characterized by lower §’Li values which we attribute to a low 8"Li
source coming from the dissolution of secondary minerals contained in
the regolith (the 8’Li values of highly-weathered regoliths ranged be-
tween —13.5 and +3.9%o Clergue et al., 2015). In Guadeloupe a positive
relationship between &”Li of river waters and chemical weathering rates
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is observed and corresponds to the gradient of weatherable primary
minerals in watersheds. We noted that this gradient is linked to rock age,
precipitation, regolith thickness and geomorphologic parameters such
as elevation and slope.

In a broader context, we have shown that, in Basse-Terre Island
chemical weathering on a volcanic island could produce waters with a
large range of Li contents and 8”Li ratios, making the estimation of the Li
riverine budget challenging. As volcanic and tropical zones contribute
significantly to the global Li flux to the ocean (Henchiri et al., 2014), our
study highlights the importance of further research to improve the un-
derstanding of the global riverine and oceanic Li budgets. That will be
particularly useful for better constraining past changes in continental
weathering based on the record of past Li isotope compositions.
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