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Abstract

Variations of strontium isotope ratios (*’Sr/%Sr) in river systems are increasingly utilised to geochemically trace origin and
movement patterns of migratory fish species. Accretionary calcified structures, such as otoliths, preserve 8’Sr/*®Sr signatures
of the surrounding water during a fish’s lifetime. In this study, we present ¥’Sr/%6Sr measurements of water samples and
catfish otoliths collected in the estuaries of the Sine-Saloum (Senegal), the Gambia River (The Gambia), and the Volta River
(Ghana) to assess their systematics and relationships with salinity. The three rivers possess distinct hydrological properties
resulting in variable degrees of correlations between ’Sr/*°Sr and salinity. The Gambia River (*’St/*Sr of ~0.71209) proved
exceptionally preconditioned for the approach due to well-defined geochemical end-members, allowing for quantitative esti-
mates of salinity based on otolith 8’Sr/%*Sr measurements. The Volta River (~0.71392) presents a more complex case due the
possible influence of multiple water sources to the main channel, while the inverse salinity gradient and excessive evapora-
tion in the Sine-Saloum estuary (~0.70915) impede any significant correlations between ’Sr/2°Sr and salinity. Bulk otolith
87Sr/%6Sr values in the Gambia River and Volta River clearly depicted a mixed influence of seawater and riverine composi-
tions, strongly encouraging the application of this approach for geochemical fingerprinting of critical NW African species.
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Introduction

Strontium isotope ratios (¥’Sr/*°Sr) preserved in natural
materials reflect the available Sr sources during their for-
mation, enabling the use of Sr/%Sr signatures as chemical

Communicated by Jill A. Olin

P4 Sebastian N. Hopker
seb.hoepker @ gmail.com

>4 Henry C. Wu
henry.wu@leibniz-zmt.de

! Leibniz Centre for Tropical Marine Research (ZMT) GmbH,
Bremen, Germany

Faculty of Geosciences, University of Bremen, Bremen,
Germany

Present Address: Environmental Research Institute, School
of Science, Faculty of Science and Engineering, University
of Waikato, Hamilton, New Zealand

* Faculty of Geosciences and MARUM — Center for Marine
Environmental Sciences, University of Bremen, Bremen,
Germany

@ Springer

tracers for a range of applications. Traditionally a tool for
geological provenance studies (Meyer et al. 2011; Zhao et al.
2018) and chronostratigraphy in marine sediments (Marcano
et al. 2009; Veizer et al. 1999), geochemical “fingerprint-
ing” based on ¥’Sr/%®Sr is increasingly utilised in other
disciplines, such as fisheries and (palaeo-)ecology studies
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(Crowley et al. 2017), archaeology (Hodell et al. 2004), or
forensics (Beard and Johnson 2000; DeBord et al. 2017).

The marine Sr budget and isotopic composition of seawater
varied during Earth’s history in response to climatic and/or tec-
tonic forcings that largely control the supply and geochemistry
of continental inputs (Banner 2004; Jones et al. 2014; McArthur
et al. 2001; Mokadem et al. 2015). The residence time of Sr
(~2-5% 10° years) greatly exceeds the time it takes for the world
oceans to mix (~103 years; Burke et al. 1982; Veizer et al. 1999).
Therefore, the Sr isotopic composition of seawater is globally
highly homogeneous at any given time. The modern ¥’Sr/%Sr
value of approximately 0.70918 +0.00001 (2c; Faure and
Mensing 2005), which presents a more conservative estimate
representative of a wide range of measurements from different
oceanic regions with variable analytical precision (e.g., Ando
et al. 2010; Elderfield 1986; El Meknassi et al. 2018; Farrell
et al. 1995; McArthur et al. 2001; Mokadem et al. 2015), has
not significantly changed over the past ~40,000 years (Mokadem
etal. 2015).

In marginal seas, the 8Sr/*Sr values of water may locally
vary as a result of mixing of seawater with continental runoff
(Huang et al. 2011). While the Sr content is also depend-
ent on the water chemistry and available ligands, both the
Sr concentration and the isotopic composition of riverine
waters are at large governed by the drainage basin lithology
and temporal variations in weathering rates (Blum and Erel
2003). Importantly, Sr and ¥’Sr/%°Sr typically exhibit near-
conservative mixing behaviour allowing for the establishment
of quantitative relationships between these parameters and
salinity along estuarine gradients (e.g., Hobbs et al. 2019;
Ingram and Sloan 1992; Peros et al. 2007; Widerlund and
Andersson 2006; Wierzbowski 2013). Such mixing lines can
in turn be used to infer salinity histories based on Sr iso-
lated from calcareous skeletal materials, e.g., fish otoliths,
of estuarine calcifying organisms. Bioavailable Sr is readily
incorporated into the crystal structure of calcium carbonate
because Sr** and Ca** ions have the same valence and similar
ionic radius (1.18 A and 1.00 A for Sr and Ca cations, respec-
tively; Capo et al. 1998). However, the Sr/Ca ratios in fish
otoliths and bivalve shells depend on multiple complex con-
trols during the precipitation of aragonite that significantly
limit their applicability as environmental proxies (Elliot et al.
2009; Gillikin et al. 2005; Poulain et al. 2015). These controls
include effects of water chemistry and salinity, temperature,
and various physiological processes (Campana 1999; Freitas
et al. 2006; Mohan et al. 2012; Panfili et al. 2015), some of
which may be species-specific (Chang et al. 2004; Gillikin
et al. 2005). In contrast, 87Sr/80Sr values are not subject to
any significant fractionation during the precipitation of bio-
genic carbonates due to their relatively large atomic mass
and directly reflect the composition of the surrounding water
(Flockhart et al. 2015; Liu et al. 2015; Palmer and Edmond
1989; Reinhardt et al. 1998).

Presently, there are limited accounts of 8’Sr/*Sr systemat-
ics in NW African estuaries with exception of few measure-
ments in the lower Volta River estuary in Ghana (Jgrgensen
and Banoeng-Yakubo 2001) and the coastal Oualidia Lagoon
in Morocco (El Meknassi et al. 2020). Models aiming to
constrain the contribution from NW Africa to the global
marine Sr budget thus rely entirely on estimates of both Sr
concentrations and isotopic ratios based on the dominant
catchment lithology of the region. In contrast to river water
analyses, such model estimates do not account for potentially
altered aqueous element budgets. For instance, the Senegal
River and the Casamance in southern Senegal present NW
African examples of systems substantially modified from
their natural state through extensive land-use changes,
anthropogenic inputs across their catchment, and climatic
extremes (Degeorges and Reilly 2006; Barusseau et al. 1998;
Simier et al. 2006). Moreover, the paucity of information
on the geochemical properties of modern continental runoff
along the NW African coast restricts the potential of pal-
aeoenvironmental applications, such as tracing the temporal
patterns in riverine discharge to inform past hydroclimate
variability (e.g., Hopker et al. 2019 (Banc d’Arguin, Mauri-
tania), Ingram and Sloan 1992 (San Francisco Bay, USA),
Peros et al. 2007 (Laguna de la Leche, Cuba)).

This study provides the first measurements of Sr concen-
trations and ®’Sr/%Sr in three selected systems with varying
hydrological properties from NW Africa. The Gambia River
(The Gambia) is one of very few remaining aquatic eco-
systems in West Africa that has not been strongly modified
by anthropogenic disturbances, and as such presents a rare
example of a rather natural riverine system in this region
(Sarré et al. 2018; Simier et al. 2006). Notwithstanding its
similarly pristine ecological state, the nearby Sine-Saloum
in Senegal presents a stark contrast with an inverse salinity
gradient caused by excessive evaporation over recent dec-
ades. Finally, we present data from the Lower Volta River in
Ghana, the terminus of one of the largest fluvial networks in
West Africa. Despite vastly altered in flow by the Akosombo
dam, knowledge of the Sr geochemistry of modern outflow
from the Volta River is highly relevant to the ongoing revi-
sion of the marine Sr budget (Beck et al. 2013; Peucker-
Ehrenbrink and Fiske 2019).

Various economically significant catfish species targeted
by both industrial and artisanal fisheries are common to
these estuaries, including the Guinean sea catfish (Carlar-
ius parkii; Giinther 1864) and Bagrid catfish (Chrysichthys
nigrodigitatus; Lacepede 1803). C. parkii are a demersal
and marine-estuarine generalist predatory species that repro-
duces at sea, but otherwise regularly inhabits the brackish
waters of estuaries and coastal lagoons between Mauritania
and Angola (Marceniuk and Menezes 2007; Schneider 1990;
Simier et al. 2021; Taylor 1986). Juvenile and adult C. parkii
move relatively freely through estuaries and are found as
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far as ~190 km upstream in the Gambia River (La& et al.
2004), while salinities exceeding 50 restrict their presence
to the lower ~30 km of the adjacent Sine-Saloum (Panfili
et al. 2006; Simier et al. 2021). Along with other Ariidae, C.
parkii form a major component of fisheries along the Sen-
egalese and Gambian coast (Ba et al. 2018; Lag et al. 2004),
while also highly impacted by bycatch (e.g., Castro et al.
2013). C. nigrodigitatus are of freshwater origin and com-
mon to most western African basins, primarily inhabiting
the shallow waters of lakes, rivers and swamps. Although
considered potamodromous, they also frequent the estua-
rine waters of the lower Volta River and adjacent brackish
lagoons (Dankwa and Gordon 2002). However, catch num-
bers from the nearby Pra River estuary (Ghana) decrease
with higher salinity and turbidity, suggesting that move-
ments towards brackish waters are likely short-lived and
driven by a greater diversity in food sources for the demer-
sal omnivores (Okyere and Boahemaa-Kobil 2020). Despite
their economic importance, a lack of tagging or chemical
tracing studies of Ariidae and Chrysichthys spp. limits our
knowledge of specific migration patterns and habitat use that
may be critical in better constraining population dynamics.

In this study, we assess the potential in each of the three
estuaries for establishing quantitative relationships between
water 'Sr/%Sr and salinity. With view to facilitating geo-
chemical provenance studies of key aquatic species, we
include exemplary salinity reconstructions based on C.
parkii and C. nigrodigitatus otoliths collected from each
estuary. The study further aims to provide modern reference
to extend the record of historical salinity and discharge pat-
terns through archaeological carbonate deposits ubiquitous
to the NW African coast. At large, our results aid in refining
the marine Sr budget, while also presenting fundamental
data relevant to a range of geological, archaeological and
ecological applications.

Material and Methods
Study Areas
The Gambia River, The Gambia

The Gambia River (Fig. la) originates from the Fouta
Djalon plateau in northern Guinea, from which it flows
~1200 km through Guinea, Senegal, and The Gambia,
draining a catchment area of ~78,000 km? primarily com-
prised of lowlands. The lower part of the river consists
of a single main channel lined by tidal floodplains and
mangrove swamps (Mikhailov and Isupova 2008), and dis-
charges into the Atlantic Ocean at ca. 13° 30’ 22" N, 16°
34" 58" W. The climate is Sahelo-Sudanian with a wet sea-
son from June to October and a dry season from November

@ Springer

to May (Simier et al. 2006), and an annual precipitation
of 1100 to 1500 mm (Mikhailov and Isupova 2008). The
estuarine zone generally extends to~180 km from the
river mouth (Laé et al. 2004), although peak discharge
(~1500 m?/s) in late September/October may result in fully
riverine conditions as close as 80 km to the sea (Albaret
et al. 2004). Between December and June, discharge may
episodically cease completely (< 4.5 m%/s), resulting in
tidal effects and brackish water as far as 220 km upstream
(Simier et al. 2006).

The Volta River, Ghana

The transboundary Volta River system enters the Gulf of
Guinea via the common Volta estuary (5° 46’ 13" N, 0°
40" 41" E) near Ada Foah, Ghana (Fig. 1b, c). Compris-
ing ~400,000 km?, its basin is drained by several larger
rivers that originate from the plateau highlands of Burkina
Faso. In north-central Ghana ~ 500 km north of the coast-
line, the Black and White Volta branches merge, before
entering the Volta Lake together with the Oti River. The
Volta Lake became one of the world’s largest artificial
reservoirs with the construction of the Akosombo dam
in 1965 and two hydropower facilities at Akosombo and
Kpong in 1982. The flow regime and sediment transport in
the Lower Volta have been substantially altered by the dam
and are now primarily governed by turbines, altogether
reducing the natural discharge volume and effectively mut-
ing seasonal fluctuations (Logah et al. 2017; Ndehedehe
et al. 2017). In response to the damming, the saline bound-
ary has moved from previously ~40 to ~15 km from the
river mouth today (Petr 1986). The climate is monsoonal
and characteristic of the Southern Savannah zone with an
average annual rainfall of ~ 870 mm, most of which occurs
between March and November during the main wet season
in May/June, and a second, less pronounced rainy period
between September and November (Logah et al. 2017).
The estuary includes various open and restricted lagoons,
some of which developed following the dam constructions.
The largest of these is the Keta Lagoon east of the river
mouth (Fig. 1¢), which is generally disconnected from the
sea with the exception of seasonal seawater influx at high
tides. Mangroves fringe the lower estuary, while grass-
land and shrub are dominant upstream (UNEP-GEF Volta
Project 2013).

The Sine-Saloum, Senegal

The Sine-Saloum estuary (between 13° 40’ N and 14° 20’
N) encompasses ca. 800 km? of open water across a com-
plex network of numerous interconnected smaller chan-
nels and creeks, and the three main branches Saloum,



Estuaries and Coasts (2022) 45:1780-1802

1783

Fig.1 Overview of sampling 16°48'W

16°30'W

stations in the three estuaries in
NW Africa. Locations of water a
samples are indicated as yellow 14°6'N £
diamonds with corresponding
sample ID (A, B, and C denote
replicates). Otoliths analysed in
this study were retrieved from
fish caught at stations marked
with red diamonds. Perennial
water bodies and connecting
streams of water are indicated
by solid blue areas and lines,
respectively, while non-peren-
nial (e.g., seasonally fluctuating)
systems are marked by stippled
blue areas. Close-up maps

show the predominant surface
lithology based on data and
classifications from Persits et al.
(2002). a The Sine-Saloum
delta (Senegal) with its three
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the Gambia River (The Gambia)
in the south. b Overview of the
extensive Volta Basin in Ghana.
The yellow diamond indicates
the sample location at Accra
beach. ¢ Sample locations in the
Volta River estuary from the
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river mouth to the Kpong dam.
A more detailed overview of
geological units of the Lower
Volta can be found in Jgrgensen
and Banoeng-Yakubo (2001)
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Diomboss, and Bandiala (Fig. 1a). Its southern extent is
almost exclusively covered in mangrove forests, which
progressively vanish towards the sparsely vegetated North
(Simier et al. 2004). The ~29,700 km? large drainage basin
has a Soudano-Sahelian climate, and freshwater input to
the estuary is limited to local rainfall (~700 mm/year),
most of which occurs during the wet season from July to
October (Doumouya et al. 2016). In the course of the Sahe-
lian droughts (1968—-1993), a lack of rainfall, coinciding
intense evaporation rates, deforestation and tidal seawater
intrusions resulted in the inversion of the salinity gradient
that generally persists throughout all seasons (Faye et al.
2019). As a consequence, salinities increase from the river
mouth (~36) to over 100 in Kaolack, ~110 km upstream,

1
0°0° 0°30'E

while lower salinities are only rarely observed after the
rainy season in the seaward part of the estuary. Regard-
less of the season, discharge is negligible and the estuary
is tidally influenced (Azzoug et al. 2012; Mikhailov and
Isupova 2008; Simier et al. 2004).

Methodology

Collection and Preparation of Water Samples

Sampling campaigns in the estuaries of the Sine-Saloum (Sen-
egal), Volta River (Ghana) and Gambia River (The Gambia)

were carried out in 2017 (see Fig. 1 and Table 1 for sampling
locations and geochemical data of water samples). In the
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hypersaline Sine-Saloum, water samples were obtained from
7 stations in the comparably narrow and shallow (< 10 m)
Bandiala branch along a~12 km transect in the southern part
of the delta in April (8"/9"%) 2017 (Fig. 1). In addition, water
was retrieved near Kaolack, situated approximately 110 km
upstream along the main channel with typically extreme
salinities. In Ghana and The Gambia, sampling locations
were pre-selected aiming for representative samples across a
salinity gradient from the river mouth (~marine) to fully riv-
erine (~freshwater) conditions upstream. Stations were cho-
sen based on previous records of estuarine salinity variability
reported for these rivers (Albaret et al. 2004; Nyekodzi et al.
2018), and with considerations of the sampling period and
expected precipitation amounts. The sampling in the Volta
estuary was carried out between the 24™ and 28" of August
2017. Water samples were collected from 11 stations between

Table 1 Geochemical data and locations of water samples analysed herein

the river mouth and the Kpong Dam ~90 km upstream. In
addition, one sample was retrieved off the beach in Accra
away from any significant runoff as a local reference for sea-
water. In the Gambia River estuary, samples were collected
from the 20™ to 23" of September 2017 towards the end of
the wet season. Water samples were taken from the river
mouth to~150 km upstream at 9 stations. All water samples
were obtained from the sub-surface (~20 cm depth) near the
centre of the stream in plastic vials. The vials were rinsed
with sample water several times before retrieving ca. 25 ml of
water. In situ measurements of water temperature were taken
at stations in the Volta estuary, and both temperature and sub-
surface salinities were measured for sampling locations in the
Sine-Saloum and the Gambia River.

Upon arrival at the laboratory, water samples were filtered
using surfactant-free cellulose acetate membrane syringe

Site Sample ID  Salinity ¥’Sr/%Sr  87Sr/*°Sr 2SE  Sr (mg/L) Ca (mg/L) Sr/Ca Latitude Longitude
(mmol/
mol)

Gambia River GRM-A 36.0  0.70918  0.00001 6.44 36451  8.08 N 13°29'41.5212" W 16° 34’ 52.9212"
GRM-B 354 0.709183 0.000005 6.32 368.25  7.85 N 13°29'41.9388" W 16° 34 52.4388"
Gl-A 325 0.70919  0.000004 5.86 336.54  7.96 N 13°26' 13.9812" W 16° 32' 19.7988"
G1-C 348 0.709197 0.000006 6.16 359.87  7.83 N 13°25'40.0188" W 16° 32 32.5788"
G2-A 263 0.709193 0.000006 4.37 252.08  7.93 N 13°21'53.8812" W 16° 32 5.5788"
G3-A 264 0.709194 0.000006 4.47 257.02  7.96 N 13° 18'40.7988" W 16°23' 13.2"
G3-B 264 0.709207 0.000006 4.39 25341  7.92 N 13° 18’ 34.8012" W 16°23'25.8"
G4-A 142 0.709268 0.000009 1.72 101.42  7.76 N 13°21'53.3988" W 16° 14’ 29.4"
G4-B 152 0.709267 0.000005 1.98 11630  7.79 N 13° 21’ 57.6" W 16° 14 18.6"
G5-A 50 0709322 0.000004 1.07 6325 1.76 N 13°25'58.8" W 16° 9’ 30.6"
G5-B 50 070932  0.000005 1.05 6438 7.46 N 13°26'8.9988" W 16°9'16.2"
G6-A 0.1  0.71154  0.000007 0.05 523 455 N 13°28'55.8012" W 15°35'47.4"
G7-A 0.1  0.711748 0.000014 0.05 495 453 N 13°30'29.9988" W 15° 34’ 43.2012"
G8-A 0.1 0.712091 0.000006 0.04 457 440 N 13°29'33.6012" W 15°29' 57.0012"

Volta River ~ Accra 41.0  0.709166 0.000005 7.60 48407  7.18 N 5°33'7.6464" W 0°9' 50.7384"
V-1 8.9  0.709511 0.000006 0.76 4418  7.82 N 5°46'25.9212" E0°39'45"
V-2 3.6 0.712354 0.000012 0.08 629  5.82 N 5°47'46.2012" E0° 37" 40.7388"
V-3 42 0.713336 0.000012 0.06 515 533 N 5° 49’ 29.46" E 0° 37' 20.5788"
V-4 2.5 0.713449 0.000012 0.06 505 526 N 5°57'9.9612"  E0°37'9.12"
V-5 <0.0  0.713828 0.000014 0.05 487 470 N 6° 0 24.3" E 0°33'41.94"
V-6 <0.0  0.713757 0.000008 0.06 520 519 N6°3'11.6388"  E0°30'21.8988"
V-7 <0.0  0.713723 0.000016 0.06 493 520 N 6°4'55.4988"  E0°24'54.4212"
V-8 <0.0  0.713826 0.000015 0.05 503  4.64 N 6°3'21.6" E 0° 19’ 10.9812"
V-9 <0.0  0.713932 0.00001 0.05 507  4.60 N 6°5'49.6788"  E0° 11'47.8788"
V-10 <0.0  0.713922 0.000009 0.05 506 470 N 6°6'45.18" E0° 8’ 3.48"
V-11 <0.0  0.713919 0.000016 0.06 524 5.06 N 6°6'45.7812"  E0° 6' 32.94"

Sine-Saloum ~ SS-K-2 100.0  0.709152 0.000008 22.19 131444  71.72 N 14°7'0.59988" W 16°4'8.04"
SS-SP-2 440  0.709147 0.000008 8.11 47557  7.80 N 13° 45" 8.39988" W 16° 29’ 28.25988"
SS-4 450  0.709179 0.000006 8.23 52749 714 N 13°49' 42.6" W 16° 29" 45.35988"
SS-2 439  0.709173 0.000005 8.42 49586  7.77 N 13° 48’ 52.2" W 16° 29’ 25.98"
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filters (0.45 um; Minisart® NML, Sartorius) to remove any
particulate matter, as the dissolved strontium fraction was
targeted. Although desirable, filtration in the field was not
possible due to logistical constraints. However, on account
of previous investigations we do not expect significant impli-
cations of delayed filtration in the context of this study (e.g.,
Palmer and Edmond 1989; Scaffidi et al. 2020). The filtrate
was collected in acid-clean (10% HNOj; bath) vials and was
acidified to 2% (v/v) using HNO,. Vials and filters were
rinsed firstly with ultrapure water (Milli-Q®) and subse-
quently with sample prior to filtration. Separate aliquots of
the acidified filtrate were taken for the determination of ele-
mental concentrations and Sr isotopic compositions. Salin-
ity of untreated aliquots was re-measured for each sample
using a WTW®Multi 3410 multi-probe to provide compa-
rable measurements between all locations. The instrument
was operated using a non-linear temperature compensation
and was calibrated prior to measurements to a KCI standard
solution. Salinity measurements are reported as Practical
Salinity (Sp; dimensionless).

Collection and Preparation of Catfish Otoliths

During respective sampling campaigns, Guinean sea catfish
(C. parkii) were caught off the river bank in the Bandiala
channel of the Sine-Saloum in close proximity of water sam-
pling stations in the centre of the Gambia River mouth. In
the Volta River, catch efforts yielded only the freshwater spe-
cies C. nigrodigitatus, which were collected ~10 km from the
river mouth on the river bank near sampling station V-3. All
fish were caught by seine fishing with the aid of local fisher-
men (see Fig. 1 and Table 2 for catch information and otolith
geochemical data). Immediately post-mortem we removed
both lapillal otoliths (the largest type of otoliths in Ariid cat-
fish) from the C. parkii and the two sagittal otoliths from the
C. nigrodigitatus, cleaned the otoliths in tap water, and stored
them in plastic vials after drying. Sagittae were selected for C.
nigrodigitatus because of their clearer growth patterns relative
to lapilli in this species (Fagade 1980). Sagittae and lapilli are
both composed of aragonite and despite some demonstrated
differences in chemical markers due to different growth pat-
terns (Smith and Jones 2006), Sr isotope ratios are expected
to equally reflect the ambient water composition due to the
general lack of significant biological fractionation.

At the petrographic laboratory at the Leibniz Centre for
Tropical Marine Research (ZMT), Bremen, Germany, fish
otoliths were cleaned in an ultrasonic bath (Bandelin Sono-
rex) for 30 min, and dried at room temperature. From each
estuary, otoliths from three female sub-adults were analysed.
To avoid any potential differences in the elemental composi-
tion between the left and right otoliths as reported for some
species (Gao et al. 2015; Loher et al. 2008), although found

Table 2 Otolith geochemical data and catch information of catfish used in this study. Ages for C. parkii were estimated based on the number of annuli, which were however not clearly distin-

guishable in all sections. Additional age estimates (in brackets) are based on age-length relationships using the Van Bertalanffy growth function and parameters established in Conand et al.

(1995). Missing information is denoted by “n.a.”. The fish were caught in April, August, and September 2017 in the Gambia River, Volta River, and Sine-Saloum, respectively

Longitude

87S1/%Sr 2SE  Latitude

87Sr/36Sr

Sr/Ca

Weight (g)  Age (years)

Forc

Sample ID  Total

Species

Site

(mmol/
mol)

length

(mm)

length

(mm)

W 16° 34’ 52.4388"
W 16° 34' 52.4388"
W 16° 34' 52.4388"
E 0°37'20.5788"
E 0°37'20.5788"
E 0°37'20.5788"

N 13°29"43.1988"
N 13°29"43.1988"
N 13°29"43.1988"

N 5°49'29.46"

0.000007
0.000005
0.000008
0.000007
0.000009
0.000006
0.000005

0.709213
0.709203
0.709227
0.710750
0.711875
0.711446
0.709195
0.709202
0.709198

89
20

4.

4.5(3.3)
4.5 (3.4)
4.5 (3.7)

334
343
407
n.a

282
286
303

336
342
355

RAP-GR-1

C. parkii

Gambia River

4.

RAP-GR-2

4.50

RAP-GR-3
RCN-1

17
3.45

3.09
4.72

n.a 3.
4.7

C. nigrodigitatus

Volta River

N 5°49'29.46"

n.a

n.a

RCN-2

N 5°49'29.46"

n.a

n.a

RCN-3

W 16° 29’ 28.25988"

N 13° 45’ 8.39988"

5(4.8)

647

353

400

RAP-SS-1

C. parkii

Sine-Saloum

N 13°45'8.39988” W 16° 29" 28.25988"
N 13°45'8.39988" W 16° 29’ 28.25988"

0.000007
0.000007

1
4.25

5.5 (4.8)
5.5 (4.5)

355 73
395 342 541

408

RAP-SS-2
RAP-SS-3
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to be negligible in others (Campana et al. 2000), the left oto-
lith was consistently used. Otoliths of C. parkii specimens
were cut in half through the core along the transversal plane
with a Uniprec®Woko 50 high-precision saw using a 0.6 mm
diamond coated blade. Posterior halves were embedded on
glass slides with a two-component epoxy resin (Araldite®)
and cut again transversally to produce sections of approxi-
mately 1 mm thickness. Section surfaces were further pro-
cessed using a high-precision G&N®MPS?2 surface grinder,
and finally polished using a Logitech® PM2A instrument
with a 1.0 and 0.25 pm diamond solution. This method ena-
bled the identification of macrostructures, while allowing for
potential future ontogenetic sub-sampling. In C. parkii oto-
lith thin sections, couplets of translucent and opaque zones
were counted as annual growth increments (annuli) between
the opaque nucleus (primordial) and the otolith edge (time
of death). This method yielded age estimates of ca. 4.5 and
5-5.5 years for fish from the Gambia River and Sine-Saloum,
respectively. However, given that growth increments were
not clearly distinguishable in all C. parkii otolith sections,
we further estimated fish ages based on their fork lengths
using the Von Bertalanffy growth function with published
parameters for C. parkii (see Table 1 in Conand et al. 1995).
Length-based estimates consistently yielded slightly younger
ages of ca. 3.3 — 3.7 years (fork lengths of 282—-303 mm) and
4.5-4.8 years (fork lengths of 342—-355 mm) for the Gambia
River and Sine-Saloum, respectively (Table 2). The anterior
halves of the otoliths were crushed and homogenised using
a ceramic grinder to produce bulk samples for geochemical
analyses, i.e. skeletal material reflecting an integrated record
of most of the individual’s lifespan (excluding core mate-
rial deposited during the earliest larval period). Most growth
appears to coincide with the monsoonal period potentially
due to higher food availability (Conand et al. 1995), and it
is thus reasonable to assume that the bulk records are biased
towards this season. Remaining parts of the posterior halves
were archived. Necessitated by their small size, otoliths from
C. nigrodigitatus individuals caught in the Volta River were
prepared following a modified protocol. Accordingly, one
sagittal otolith per C. nigrodigitatus specimen was crushed
entirely in order to yield sufficient material for all analyses,
while the second otolith was archived. This method and the
lack of size information of the fish do not permit the esti-
mation of fish ages. Images of prepared otolith samples are
presented in Fig. 2.

Elemental Analysis

Element concentrations in otolith and water samples were
measured using a Spectro CIROS Vision Inductively Cou-
pled Plasma—Optical Emission Spectrometer (ICP-OES) at
the ZMT. Sub-samples (~10 mg) of homogenised carbonate
powder were dissolved in supra pure 0.5 molar HNO; (Carl
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Roth®). Depending on their salinity, aliquots of filtered and
acidified water samples were diluted in 0.5 molar HNO; aim-
ing for Ca concentrations of < 100 mg/L. Instrument calibra-
tion was achieved using commercial single-element standards.
Each water and otolith sample was measured in triplicates
bracketed by international reference standards JLs-1 (car-
bonate), SLRS-6 (water), and an in-house carbonate standard
material (ZMT-CM1; coral aragonite) as consistency stand-
ard. Additional triplicate measurements of several water sam-
ples were completed at different dilutions for cross-validation,
and the averages of different aliquot analyses are reported for
these samples. The analytical accuracy for carbonate samples
according to JLs-1 (n=3) was 3.3% for Sr (290.1 +16.1 mg/L))
and 2.5% for Ca (403,488 22,138 mg/L). The precision with
respect to ZMT-CM1 (n=2) was 0.2% for Sr and 0.5% for Ca,
respectively. For water samples, precision was 6.1% and 3.1%
RSD for Sr (0.038+0.001 mg/L) and Ca (0.013+0.001 mg/L)
according to SLRS-6 (n=23), respectively. Additional internal
controls run alongside water and carbonate samples yielded
both an accuracy and precision of better than 1.1% (n=10)
for Sr and Ca.

Strontium Isotope Analysis

Strontium isotope ratios of water and otolith samples
were determined by using a Thermo Scientific Triton Plus
thermal ionisation mass spectrometer (TIMS) in the Iso-
tope Geochemistry Laboratory at MARUM, University of
Bremen, Germany. In preparation for the chemical isola-
tion of Sr from undesired matrix elements, approximately
2 mg of homogenised carbonate powder derived from oto-
lith samples were dissolved in 2 M HNO;, dried, and re-
dissolved in 500 pl of 2 M HNO;. Water samples were pre-
pared by evaporating aliquots of 0.2 to 7 ml, depending on
the Sr concentration of each sample (aiming for ~200 ng
of St in the resulting solids). Adapting the setup and pro-
cedure detailed in Deniel and Pin (2001), Sr was extracted
using miniature columns loaded with 70 pl of Sr-spec
ion exchange resin (Eichrom Technologies, LLC, USA).
The collected Sr was loaded on single Re filaments with
Ta-oxide emitter, and analysed by TIMS using a multi-
dynamic acquisition routine. All 8’Sr/%6Sr measurements
were normalised to a 8Sr/®8Sr value of 0.11940 to correct
for instrumental mass fractionation. The long-term exter-
nal instrumental reproducibility according to NIST 987
standard material is 3’Sr/%°Sr 0.710249 +0.000014 (20,
n=263) and is used in our calculations as a conserva-
tive estimate of the analytical uncertainty. This value is in
excellent agreement with the average of published NIST
987 ¥Sr/*%Sr values (0.710249 +0.000066 (26), n=1555;
values < 0.702 and > 0.703 were excluded, all data ana-
lysed by TIMS; source: http://georem.mpch-mainz.gwdg.
de/, request February 2020).
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Gambia River (Carlarius parkir)

RAP-GRM-2

RAP-GRM-1

RAP-GRM-3

Sine-Saloum (Carlarius parkii)

RAP-SS-1 RAP-SS-2

RAP-SS-3

Volta River (Chrysichthys nigrodigitatus)

RCN-1 RCN-2

RCN-3

Fig.2 Digital microscope images of catfish otolith samples. Note
that different settings were required to visualise density bands in each
sample, resulting in different colourations between C. parkii lapilli
from the Sine-Saloum (thick sections) and the Gambia River (thin

Mixing Models

To assess the systematics of Sr concentration and Sr/*Sr in
water and carbonates along the estuarine salinity gradients,
two-component mixing models were established for each
study area. For a system with two end-members (e.g., seawa-
ter and freshwater) A and B with different concentrations of

sections). In principle, paired dark and light growth bands are consid-
ered to represent one annual cycle, however, banding was not clearly
distinguishable in all sections. C. nigrodigitatus sagittal otoliths were
not sectioned due to their small size, and are shown here in whole

Sr and distinct 8’Sr/%°Sr values, a general mixing model in
hyperbolic form can be described for the Sr isotopic com-
position of a mixture M between the two components as

(Eq. 1):

87 87 87

Sr Sr Sra Sr Srg
=) (X -4 2 1- -5

(86SV>M (86SV)A *JCA*<SVM>+<86S’)B*( qu)*(er

ey
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where Sr, Srp, and Sr,, are the Sr concentrations of com-
ponents A and B, and a mixture M of the two, respectively.
Ratios (87Sr/86Sr)A, (87Sr/86Sr)B, and (87Sr/86Sr)M represent
the respective Sr isotopic compositions (Faure and Mensing
2005). The factor f, denotes the fraction of component A in
the mixture M, given as (Eq. 2):

A

fa= 118 2

As detailed in Wierzbowski (2013) and Phillis et al.
(2011), Eq. (1) can be used to derive an expression that
relates ¥7Sr/%°Sr values of carbonate precipitates (e.g., oto-
liths or bivalve shells) to the salinity of their source water by
redefining the mixing factor of Eq. (2) in terms of salinity
(Eq. 3):

_ Salinityy, — Salinityg
~ Salinity, — Salinityg

A 3)

Elimination of f,, rearrangement, and a revision of sub-
scripts to denote the mixture as brackish water (subscript
bw), end-members as freshwater (fw) and seawater (sw), and
including the otolith chemical composition (subscript carb),
finally yields (Eq. 4):

Salinity,,,  [(¥7Sr/%Sr)

carb

Analyses of water samples from the Gambia River mouth
and Accra beach (Ghana) were considered as the marine
end-member for respective models. Properties observed at
Kaolack served as an upstream end-member for the Sine-
Saloum, although it is noted that this station corresponds to
the highest salinity due to the inverse estuarine gradient. The
same marine end-member as for the Gambia River estuary
was used, which is in close proximity to the Sine-Saloum
delta. Empirical mixing lines and confidence intervals pre-
sent the best curve fit determined using the Grapher® in-
built statistics suite (Golden Software; Ver. 16.2) and solving
for a hyperbolic regression model. The significance level
was set to a=0.05 for all statistics.

Results
The Gambia River

A total of 14 water samples retrieved from the estuary of the
Gambia River were analysed for 87Sr/%Sr, along with Sr and
Ca concentrations, and salinity. At large, all samples coher-
ently reflected mixing along an estuarine gradient. 8’Sr/*°Sr
of the water ranged from ~0.70918 (marine) at the river

* Sry, — (87Sr/86Sr)fW * Srfw] )

Salinity,,, =

[(37Sr/80Sr),,, * Sr,, — (87Sr/36Sr)ﬁN * Srp, — (B7Sr /3087 .y * (STg, — Srs)l

These Sr mixing models assume conservative prop-
erties (i.e. that Sr concentrations and 3’Sr/%®Sr are not
altered by biological processes), and that mixing occurs
between two distinct components with constant elemental
and isotopic compositions (Faure 1986). The validity of
these assumptions was evaluated by inspecting the nature
and strength of various relationships between meas-
ured and derived chemical signatures of water samples,
namely 875r/8°Sr, concentrations of Sr and Ca, the recip-
rocal of Sr concentrations (1/Sr), and salinity. Adapting
the approach of Wierzbowski (2013), we considered a
deviation from the marine end-member beyond exter-
nal instrumental reproducibility as a means to compute
the upper salinity threshold (herein termed the “salinity
determination threshold”) for identifying the effect of
salinity on 8751/80Sr. Above this limit, analytical uncer-
tainty precludes reliable correlations between salinity
and 87Sr/3Sr.

Mixing models for the Gambia River, Volta River, and
Sine-Saloum estuaries were established based on observed
end-member Sr concentrations, 87Sr/80Sr measurements and
salinities (Table 3). In the Gambia River and Volta River
estuaries, freshwater end-members were determined using
measured properties of samples taken furthest upstream.
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mouth to 0.71209 at the station furthest upstream. Over the
approximately 150 km-long transect, salinities decreased
from essentially marine values of 36.0 to a minimum of 0.1
in the upper estuary, while Sr concentrations showed a cor-
responding trend from 6.44 mg/L to 0.04 mg/L in samples
with low salinities. 8’St/3Sr of water were strongly posi-
tively correlated with the reciprocal of Sr concentrations
(R2 >0.99, p<0.0001, Fig. 3a), and showed an inverse lin-
ear relationship with Sr/Ca (R=0.99, Fig. 3b). Sr concen-
trations were strongly correlated with Ca contents (R > 0.99,
Fig. 3c), as well as with salinity (R=0.99, Fig. 3d).

Table 3 Observed end-member compositions used in mixing mod-
els for the three estuaries. Note that salinities and Sr concentrations
increase upstream in the Sine-Saloum

Location End-member  Salinity ~ Sr(mg/L)  %Sr/*Sr
Gambia River ~ Seawater 36.0 6.44 0.70918
Freshwater 0.1 0.04 0.71209
Volta River Seawater 41.0 7.60 0.70917
Freshwater 0.01 0.06 0.71392
Sine-Saloum Seawater 36.0 6.44 0.70918
Upstream 100 22.19 0.70915
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Based on the observed end-members (Table 3), salinity
and ¥7Sr/%°Sr of water were related by a hyperbolic mixing
model approaching an asymptote for salinities above ~15
(Fig. 4a). The relationship was most pronounced at salini-
ties below 10, with a decrease in *’Sr/*%Sr of > 0.00270
corresponding to a salinity increase from 0.1 to 5.0. For
samples with salinities of 5 or higher (i.e. those for which
the mixing line approaches an asymptote), a strong linear
relationship between salinity and 37Sr/%6Sr was observed
(R*=0.94, p <0.0001, Fig. 4a inlet). However, samples
with salinities of 25 or higher were indistinguishable based
on their ¥’Sr/3Sr ratios considering the external reproduc-
ibility. There were clear differences between samples with
salinities of ~5,~15 and those with 25 or more. Based on a
deviation from the marine end-member beyond instrumen-
tal reproducibility, the salinity determination threshold,
or minimal measurable effect of salinity on 37Sr/%Sr as
defined by Wierzbowski (2013), was calculated to be ~20.
A similar although less pronounced hyperbolic relation-
ship was observed between Sr/Ca measurements of water
samples and salinity (Fig. 4b), with ratios increasing with
salinity. The otolith Sr isotopic ratios of three C. parkii
aged ca. 4 years (considering both methods for age deter-
mination) caught in the lower Gambia River estuary varied

Fig.3 Relationships between

between 0.70920 and 0.70923, slightly more radiogenic
(i.e. enriched in 37Sr) than the seawater composition. Car-
bonate Sr/Ca values were between 4.20 and 4.89 mmol/
mol. Based on Eq. (4) and the external instrumental
reproducibility (+0.000014), these values translate to an
overall salinity range from 9 to 25. The smallest (~5) and
largest (~12) ranges of Sr-based salinities estimates cor-
responded to the highest (0.70923) and lowest (0.70920)
otolith 8’Sr/%Sr values, respectively.

The Volta River

Salinities in the estuary of the Volta River reflected con-
siderable freshwater discharge at the time of the sampling
campaign, ranging from <0.01 upstream to~9 at the river
mouth (Table 1). The shallow water at Accra beach had
a salinity of 41 and a marine 3’Sr/*Sr value of 0.70917.
Estuarine samples varied in their Sr contents and isotopic
compositions between 0.76 mg/L and 0.70951 at the loca-
tion closest to seawater, and ~ 0.05 mg/L and 0.71393 near
the Kpong dam. The last seven stations (from ~30 km from
the river mouth) with salinities of < 0.1 yielded Sr con-
tents consistently between 0.05 and 0.06 mg/L. St/%0Sr
of these samples continued to increase to a maximum of

Gambia River

different geochemical signa-

N 0.71250 0.71250
tures in water samples (yellow 1a b f(x) =-7.6"10*x + 0.71521 |
diamonds) and C. parkii otoliths 0.71200 ° R=0.99,n=14L (71200
(red triangles) from the estuary b 3
. . - Wat -
of the Gambia River. Analytical 0.71150 3 0 taoﬁ'zhs 0.71150
uncertainties are m;luded in the mc*,—) 0.71100 4 L 0.71100 (g,
symbol size. Equations and cor- g i L =4
relation coefficients for respec- 9 0.71050 — - 0.71050 ¢3
tive linear fits are presented © - - -
in each plot. a Inverse Sr con- 0.71000 ~ 0.71000
centrations versus ’Sr/%Sr in ) i
water samples. b Sr/Ca versus 0.70950 001 SR‘TO>40.99(3 9;913 vV - 0.70950
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400 40
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Fig.4 Sr isotope ratios and Sr/Ca versus salinity in the Gambia
River estuary. Water and C. parkii otoliths are shown as yellow dia-
monds and red triangles, respectively. a Mixing model of water
87S1/%6Sr across the salinity gradient (solid black line). End-member
compositions used for the model are presented in Table 3. The inlet
shows data that lie along the asymptote in the main graph (salin-
ity >5), which are well described by a linear relationship (R>=0.94,
p<0.0001; orange lines reflect 95% confidence intervals). The salin-
ity determination threshold (grey circle) is based on a deviation
of >0.000014 from the marine end-member (~0.70918) and esti-
mated to be~20. Salinities for bulk otolith samples were estimated

0.71393 at station V-10. Water ¥’Sr/*Sr values were posi-
tively correlated with inverse Sr concentrations (R>=0.98,
p <0.0001, Fig. 5a), and negatively correlated with Sr/
Ca (R=0.97, Fig. 5b). Freshwater samples were largely
consistent amongst each other in both relationships, with
samples from the lower estuary and river mouth showing
a larger variability. Sr concentrations of samples from the
Lower Volta (excluding the sample from Accra beach) were
strongly correlated with Ca contents (R >0.99, Fig. 5c),
and to a lesser extent with salinity (R=0.84, Fig. 5d).
Water from Accra beach was not included in this correla-
tion to avoid bias due to the substantial difference in Sr
content and salinity compared to the estuarine samples.

@ Springer

based on their *’Sr/*0Sr values and Eq. (4). Error bars of otolith salin-
ity reconstructions shown in the inlet are calculated based on the
external instrumental reproducibility of +0.000014 for 8’Sr/%Sr with
respect to NIST 987 standard material. These error bars are omitted
in the main graph of a for clarity. Uncertainties of individual samples
are smaller than the symbol size. b Sr/Ca versus salinity. Error bars
for Sr/Ca present 1o based on replicate measurements. The dotted
black lines and solid orange lines indicate a hyperbolic best-fit curve
and 95% confidence intervals computed for respective water samples
in both a and b

The mixing model derived for the Volta estuary based
on the observed freshwater end-member and the marine
sample from Accra approached an asymptote from~15,
with a salinity determination threshold of ~29 (Fig. 6a).
Sr/Ca measurements of water samples and salinity did not
show a distinctive relationship (Fig. 6b). 8’St/%Sr ratios of
C. nigrodigitatus otoliths collected from the lower Volta
estuary ranged from 0.71075 to 0.71188, with Sr/Ca val-
ues between 3.09 and 3.45 mmol/mol (Fig. 5b). Based on
bulk otolith 37Sr/%°Sr measurements, reconstructed salinities
(Eq. 4) for the three individuals were consistently below 1
(0.2 to 0.6) with minimal ranges of each salinity estimate
(<0.1; Fig. 6a).
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The Sine-Saloum

The seven water samples retrieved from the Bandiala chan-
nel in the southern Sine-Saloum estuary did not exhibit a
pronounced gradient in salinity across the sampled tran-
sect in the lower estuary, while two samples near Kaolack
showed extreme salinities exceeding the instrumental limit
of 100. Given the homogeneity in salinity and prospective
redundancy for the study’s objectives, three samples cover-
ing the observed range of 43.9 to 45.0 were prioritised for
further analysis of elemental compositions and ’Sr/*®Sr,
along with one sample from Kaolack (Table 1). Correspond-
ing to the persistent salinities in the lower transect, Sr con-
centrations in water samples showed little variation with an
average of 8.25+0.16 mg/L (1o) similar to seawater, and
were exceptionally high at Kaolack (22.19 mg/L). There
were no pronounced differences between the 8’Sr/2°Sr values
of water from the estuarine stations and Kaolack at the exter-
nal instrumental reproducibility, with all 8’Sr/%6Sr measure-
ments varying between 0.70915 and the marine composition
of 0.70918 (Fig. 7). Water samples were thereby on average
less radiogenic than seawater, whereas otolith values of C.
parkii (aged ca. 5 years) were consistently higher (~0.70920)
than the marine signature. Sr/Ca ratios differed considerably

Sr (mg/L)

between otoliths and water, varying from 4.25 to 4.72 mmol/
mol and 7.14 to 7.80 mmol/mol, respectively. An adequate
mixing model for the Sine-Saloum could not be established
given the observed Sr signatures and salinities of assumed
end-members (Table 3).

Discussion

The Sr systematics of water and fish otoliths along estuarine
mixing zones have previously been assessed for a range of
major river systems other than the ones studied here, pro-
viding valuable reference to disentangle the life-histories of
several fish species of high ecological and economic sig-
nificance (Brennan et al. 2015; Hobbs et al. 2019; Kennedy
et al. 2002; Phillis et al. 2011). Quantitative relationships
between 8'Sr/%°Sr and salinity of water across estuarine gra-
dients can be derived for the mixture of different components
when their respective geochemical compositions are known.
However, these relationships vary depending on the sources
of weathering products released to the water, and are linked
to the rock types and sediments within the drainage area,
as well as the local hydrology (Sessa et al. 2012). Accord-
ingly, the three estuaries assessed in this study showed clear
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Fig.6 Sr isotope ratios and Sr/Ca versus salinity in the Volta River
estuary. Water and C. nigrodigitatus otoliths are shown as yellow
diamonds and red triangles, respectively. a Mixing model of water
87Sr/%6Sr across the salinity gradient (solid black line). End-mem-
ber compositions used for the model are presented in Table 3. The
salinity determination threshold (grey circle) is based on a deviation
of >0.000014 from the marine end-member (~0.70918) and esti-
mated to be~29. Salinities for bulk otolith samples were estimated
based on their ¥Sr/*°Sr signatures and Eq. 4. Otolith salinity ranges

differences in their Sr geochemistry and correlation of the
latter with salinity, demonstrating both desirable criteria as
well as limiting factors and sampling requirements for this
approach.

The Gambia River

Of the three estuaries considered in this study, samples from
the Gambia River exhibited the best agreement between
theoretically and empirically determined relationships of
87Sr/%6Sr and salinity in the estuarine mixing zone (Fig. 4a).
These findings demonstrate the potential of ®’Sr/*°Sr meas-
urements as quantitative proxy systems. The strong correla-
tions of 37Sr/%°Sr signatures of water with 1/Sr, as well as
with St/Ca, provide good indications that the assumption of

@ Springer

were calculated using the instrumental reproducibility of +0.000014
for 7Sr/%0Sr with respect to NIST 987 standard material. All uncer-
tainties, including instrumental reproducibility are smaller than the
symbol size. b Sr/Ca versus salinity. Error bars for Sr/Ca present
1o based on replicate measurements. Empirical curve fitting did not
yield an adequate hyperbolic relationship for the data in both a and b
due to three samples (encircled) possibly representing an additional
Sr source

a two-component mixing system is largely valid (Fig. 3a, b).
The available Sr is effectively added or removed by changes
in the relative contribution of freshwater and seawater end-
members (Capo et al. 1998; Holmden and Hudson 2003).
This was supported by a pronounced linear relationship
between Sr and Ca concentrations across the salinity gradi-
ent, likewise indicative of a binary mixture (Fig. 3c). The
high correlation between Sr contents of water and salinity in
turn indicates a conservative behaviour of Sr in the estuarine
mixing zone (Fig. 3d), which is another critical prerequisite
for derived models to apply (Faure 1986).

In line with these observations, the theoretical mixing line
based on observed freshwater and seawater end-members
(Table 3) was in very good agreement with water samples
throughout the estuary (Fig. 4a), which are progressively
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Fig.7 Relationships between Sr isotopic signatures and elemen-
tal compositions of modern water (yellow diamonds) and C. parkii
otoliths (red triangles) in the Sine-Saloum. The blue dotted lines and
shadings indicate the average seawater value and corresponding lo
(0.70918+0.00001; Faure and Mensing 2005). Sample error bars

more radiogenic than seawater with distance to the river
mouth. Accordingly, water from furthest upstream corre-
sponded to the highest 8’Sr/%Sr value of ~0.71209, and low
Sr concentrations (~0.04 mg/L). Similarly, Sr/Ca and salinity
measurements were well described by a hyperbolic relation-
ship (Fig. 4a), comparable to those observed in studies using
otolith Sr/Ca ratios as geochemical tracers (e.g., Nelson and
Powers 2020; Phillis et al. 2011). Consistent with a known
influence of various environmental factors on water and oto-
lith Sr/Ca values, such as temperature (Gillanders 2005); how-
ever, the observed correlation between Sr/Ca and salinity is
altogether less distinctive and arguably less predictable than
that of 8’Sr/%Sr with the latter (Fig. 4a). With respect to the
magnitude of dissolved 87Sr/30Sr measurements, these values
appear largely consistent with rock types and sediments in
the drainage basin, although no specific regional accounts
of Sr isotopic ratios of geological units or groundwater are
available with the exception of larger-scale models (e.g.,
Peucker-Ehrenbrink and Fiske 2019). Most of the lower drain-
age region of the Gambia River is dominated by Quaternary
clayey sands and sandstones that overlay the Cretaceous to
Tertiary deposits of the Senegalese-Mauritanian sedimentary
basin, while the upper watershed contains abundant Cambrian
schists, quartzites, and crystalline rocks associated with the
basement complex (Fig. 1; Meybeck et al. 1987; Whyte and
Russell 1988). As part of the West African Craton, the base-
ment mainly consists of crystalline magmatic and metamor-
phic rocks from the late Archean and early to mid-Proterozoic
(~2.0 ga BP; Lécorché et al. 1991), the weathering products of
which exhibit Sr isotopic signatures higher than those of sea-
water (Kumar et al. 2014). Previous investigations of the river-
ine water chemistry, although not including measurements of

Sr/Ca (mmol/mol)

indicate 2SE of the mean. The external instrumental reproducibility is
given as 1o according to NIST 987 (n=263). a Inverse Sr concentra-
tions versus 5’Sr/%°Sr in water samples from the lower Bandiala chan-
nel, and Kaolack (~110 km upstream). b Contrasting relationships of
St/Ca versus ¥’Sr/%0Sr between water samples and C. parkii otoliths

dissolved Sr, place the Gambia River in line with other rivers
that show characteristic patterns in major ions for the pre-
dominant drainage of metamorphic and plutonic crystalline
rocks, and/or sandstones and non-calcareous shales (Lesack
et al. 1984; Meybeck et al. 1987). This entails generally rather
low ionic contents, linked to high resistance of the dominant
lithology to weathering, as well as the virtual absence of relief
over the last approximately 500 km of the river course (Lesack
et al. 1984). Although Cretaceous to Tertiary formations in
the lower basin include limestones, Lesack et al. (1984) report
an insignificant influence of carbonate weathering on the riv-
erine geochemistry. Notwithstanding other controls on the
solubility of Sr, the relatively low riverine Sr concentrations
of ~0.04 mg/L observed in this study are in good agreement
with the geological character of the catchment area. With
respect to its geomorphology, the Gambia River is relatively
simple without larger tributaries entering the main channel
in the lower basin. Mixing in the estuary therefore appears
to be effectively limited to a distinct seawater and freshwater
component.

Consistent with observations from other rivers (e.g.,
Hobbs et al. 2010; Phillis et al. 2011; Reinhardt et al. 1998),
87S1/%6Sr was particularly sensitive to salinity variations at
low salinities, below ~10—15. Since low salinity corresponds
to low Sr concentrations (Fig. 3d), small variations in salin-
ity go along with relatively large changes in the contribution
of dissolved Sr from different components to the mixture.
This in turn translates to large shifts of 3’Sr/%®Sr values.
Reflected in the asymptotic character of the mixing curve
in salinities of > 10, this effect becomes progressively less
towards the river mouth (Fig. 4a). At higher salinities (and
thus higher Sr concentrations), the addition or removal of

@ Springer



1794

Estuaries and Coasts (2022) 45:1780-1802

small amounts of Sr has comparably little impact on the
overall 37Sr/®Sr value. The relationship between 3’Sr/36Sr
and salinity is therefore generally weaker at higher salini-
ties, where ¥7Sr/3°Sr ratios are less sensitive to changes in
the dissolved Sr load (Ingram and Sloan 1992). This ten-
dency is amplified in systems with particularly steep mix-
ing curves, for instance in the highly radiogenic systems of
northern Australia investigated by Crook et al. (2016), where
estuarine mixing has little effect on 8’Sr/*®Sr above salini-
ties of ~5. In consequence, quantitative mixing relationships
between ’Sr/*°Sr and salinity are most applicable to brack-
ish waters with a considerable contribution of a freshwa-
ter end-member, but are ultimately limited by instrumental
reproducibility (Wierzbowski 2013).

In the example of the Gambia River estuary, the salin-
ity determination threshold was estimated at around 20
(Fig. 4a), based on a minimal deviation from the seawater
end-member (0.70918) by 0.000014 (c.f., Reinhardt et al.
1998; Wierzbowski 2013). Accordingly, waters with salini-
ties below 20 are expected to have a 8Sr/%6Sr value signifi-
cantly different to that of seawater. Despite a strong linear
correlation of 87Sr/*Sr and salinity for salinities above 5
(Fig. 4a inlet), the resolvable range of salinity based on
87Sr/%6Sr is in practice likely lower. This is suggested by the
highly similar 8’Sr/%6Sr values in water with salinities of ~26
and 36 (Fig. 4a inlet) that would disallow a differentiation
if preserved in biogenic carbonate structures, such as fish
otoliths. This sensitivity constraint was exemplified by proxy
salinities estimated from otolith ¥’Sr/%*Sr measurements
(+the external instrumental reproducibility) of sub-adult C.
parkii caught in the river mouth, which translated into a con-
siderable range in salinity from ~9 to 25. Corresponding to
the higher sensitivity of 87Sr/3°Sr to salinity changes at low
salinities, the ranges in otolith-based salinities were larger
for 87Sr/%6Sr values closer to the seawater composition. The
87S1/36Sr range can be expected to progressively decrease
upstream to allow for more precise reconstructions of salin-
ity (Widerlund and Andersson 2006). For the scope of this
study, otolith geochemical analyses were limited to single
bulk measurements, producing discrete values that repre-
sent a signal integrated over most of the individuals’ life
histories (~4 years for fish caught in the Gambia River). An
assessment of the accuracy of predicted values compared to
measured salinities was therefore not possible due to the lack
of temporal resolution in the skeletal material, which can be
achieved with sub-sampling techniques, such as microdrill-
ing or laser ablation of otolith sections (e.g., Brennan et al.
2015; Hobbs et al. 2019; Kennedy et al. 2002). Regardless,
the range in reconstructed salinities between the three indi-
viduals parallel the observations that C. parkii move across
salinity gradients without obvious habitat preference once
spawned (Simier et al. 2021).
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In part due to socio-political reasons, land-use changes
and modifications of the natural channel are to date limited
in the Gambia River, making it a rare modern example of
a West African river system close to its natural state (Sarré
et al. 2018; Simier et al. 2006). Often considered a refer-
ence system for other NW African estuaries (Albaret et al.
2004; Louca et al. 2009; Simier et al. 20006), it thus presents
a valuable opportunity for geochemical investigations and
the study of migration patterns and life-histories of critical
species. The good agreement between data and the derived
mixing line show promising conditions for the use of tempo-
rally resolved otolith 37Sr/**Sr measurements and additional
geochemical tracers to delineate preferred habitats of indi-
viduals during different life-stages via temporally-resolved
analyses of otolith thin sections.

The Volta River

Similar to the Gambia River estuary, 87Sr/80Sr ratios of the
Volta River estuary were inversely related to salinity, but
were generally less consistent (Fig. 6a). In consequence,
a mixing line derived from the compositions observed at
Accra beach and near the Kpong dam upstream did not pro-
vide an accurate estimate for all samples, with three samples
deviating considerably from the expected 8’Sr/%®Sr and salin-
ity values (Fig. 6a). Empirical curve fitting did not yield an
adequate hyperbolic relationship to describe these data, or
to quantify a relation between Sr/Ca and salinity (Fig. 6b).
The limited predictability of 8’Sr/%Sr and salinity was
to an extent signified by the relationships amongst water
parameters shown in Fig. 5, particularly that of Sr concen-
trations versus salinity with three samples clearly deviating
from the trend (Fig. 5d). The apparent strong linear correla-
tions between Sr and Ca concentrations (R° > 0.99, Fig. 5¢)
should be regarded with care given the lack of representa-
tive samples along the estuarine gradient between relatively
fresh water (Sr contents < 1 mg/L) and seawater collected at
Accra beach (7.60 mg/L). Under the assumption of a two-
component system, the derived models are entirely based on
the properties of two distinct end-members (i.e. seawater
and freshwater). Data of samples presumably reflecting a
mixture of these end-members therefore do not constitute
to the shape of the mixing line. Given that multiple samples
near the Kpong dam exhibit essentially identical Sr contents
and isotopic ratios to the assigned freshwater end-member,
the deviations between measured and calculated 87Sr/%°Sr
to salinity values are not readily explained by uncertainties
related to the end-member compositions. Comparable devia-
tions from linearity in mixing relationships (Fig. 5) observed
in other estuaries and marginal seas have previously been
attributed to submarine groundwater discharge (SGD; e.g.,
Huang et al. 2011; Rahaman and Singh 2012; Walther and
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Niems 2015). SGD may significantly contribute to local
Sr budgets and has the potential to alter estuarine 3’Sr/%°Sr
values without notable concurrent changes in Sr concentra-
tions (Rahaman and Singh 2012). In the Volta River, water
samples collected at salinities between ca. 3 and 10 were
consistently more radiogenic than the mixing line (Fig. 6a),
whereas Sr concentrations were lower than conservative
mixing would predict (Fig. 5d). These patterns are consist-
ent with the expected chemistry of groundwater originating
from the metamorphic lithology that would produce higher
isotopic ratios than seawater. Exchange between shallow
coastal groundwater aquifers of the Keta Basin and the
estuary has been observed (Jgrgensen and Banoeng-Yakubo
2001). It is thus likely that in absence of obvious tributaries
(e.g., stream inlets or sewage) to the main channel, admix-
ing of dissolved Sr from sub-surface contributions or poor
vertical mixing contributed to the observed discrepancies.

Notwithstanding the uncertainty regarding the model
validity, otolith-based salinity reconstructions of C.
nigrodigitatus (caught at~4) provide an example of the
87Sr/36Sr—salinity proxy at low salinities. 8’Sr/*®Sr of all
individuals consistently indicated values between~0.2 and
0.6, with negligible ranges based on instrumental repro-
ducibility of 8’Sr/%®Sr. These salinity estimates are highly
consistent with the habitat use of this species, which is
understood to predominantly inhabit freshwater, and only
temporarily enter brackish zones (Okyere and Boahemaa-
Kobil 2020). Sr isotopic values integrated over the entire
life of the fish (as reflected by the bulk measurements) are
thus expected to be very close to the freshwater end-member
composition. Although these reconstructed salinities clearly
exceed realistic proxy accuracies, they illustrate the high
predictability of salinity using carbonate 8’Sr/%6Sr values in
freshwater-dominated environments, such as the upper estu-
arine mixing zone, or lagoon systems (Reinhardt et al. 1998;
Wierzbowski 2013). For salinities below 10, for instance,
Widerlund and Andersson (2006) report an accuracy bet-
ter than +5% for 3'Sr/*0Sr-based salinity reconstructions
using bivalve shells in comparison to instrumental records.
In the specific example of the Volta River, the exception-
ally low range of reconstructed salinities can be attributed
to the relatively steep mixing curve, the shape of which is
in turn the result of analogously low Sr contents and high
87S1/%0Sr values of the freshwater end-member (see Phillis
et al. (2011) for a schematic overview of mixing lines with
different end-member constellations).

Information on the Sr isotopic composition of surface
waters have so far been documented for few locations in
the lower Volta estuary and the adjacent Keta Lagoon, in
addition to a larger number of measurements from differ-
ent groundwater aquifers in the Keta Basin (Jgrgensen and
Banoeng-Yakubo 2001). Surface water samples of Jgr-
gensen and Banoeng-Yakubo (2001) were collected in the

lower estuary and near the river mouth (~ seawater), as well
as near Sogakope (~20 km from the sea), which were very
well correlated in coordinates of 1/Sr and ¥’Sr/%°Sr (Fig. 8).
Between these samples and those from this study collected
in close proximity, clear differences are evident. In particu-
lar, Sr contents (~0.20 mg/L) and 87Sr/%Sr (~0.711001)
reported for the lower estuary near Ada Foah are consider-
ably higher and lower, respectively, than those observed at
essentially the same location (sample V-4, Fig. 8; 0.06 mg/L
Sr, 0.713449). Observed discrepancies are likely due to tem-
poral differences in discharge and a resulting spatial shift in
the mixing zone, despite the heavily reduced temporal vari-
ability in flow in the Volta River since the construction of
the dams (Ndehedehe et al. 2017). Regardless of this, some
variations in the flow regimes remain, given that samples for
this study were taken at the end of the wet season of 2017,
whereas those of Jgrgensen and Banoeng-Yakubo (2001)
were retrieved over two periods in 1996 (wet season) and
1998 (end of dry season). The 8’Sr/%6Sr values of upstream
samples from Sogakope are in good agreement with fresh-
water end-members observed in this study. The lithology
of the upper estuary is dominated by metamorphic rocks,
particularly gneiss, associated with the Dahomeyan forma-
tion of the Precambrian Man Shield that forms part of the
West African Craton, whereas Quaternary coastal marine
sands and gravel are found in the lower estuary and lagoons
(Fig. 1). Deep groundwater from weathered Dahomeyan
gneiss shows 37Sr/%Sr values in the range of 0.71299 to
0.71401 (Jgrgensen and Banoeng-Yakubo 2001), which are
highly coherent with those measured in water samples from
near the Kpong dam (~0.71392), and thus are likely to repre-
sent the primary source of dissolved Sr to the upper estuary.
Considering the age of the formations, and the large pres-
ence of K-bearing phases, such as biotite, Sr released dur-
ing weathering can be assumed to exhibit rather radiogenic
signatures in line with those observed in water (Bataille et al.
2012). The consistently low Sr concentrations (< 0.1 mg/L)
may in turn be linked to the absence of major carbonates in
the drainage area of the upper Volta estuary, and possibly
poor mixing of the water column following heavy rainfall
over the sampling period (I. Nuworkpor, personal commu-
nication). However, in light of the observed temporal and
spatial variability, further sampling would be necessary to
allow for reliable applications of mixing relationships for
ecological studies.

The Sine-Saloum

The field campaign in the Sine-Saloum delta yielded water
samples from the southern Bandiala branch and the main
Saloum channel near Kaolack, approximately 110 km
upstream. Although the low number and spatial coverage
of samples due to logistical constraints naturally limit their
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informative value, these samples clearly depict the inverse =~ mixing model due to non-conservative behaviour of Sr and
hypersaline state of the system. Samples from the Bandiala  salinity in the mixing zone, as similarly observed in the

branch were coherently more saline than seawater (~43), Coroong Lagoon of South Australia (Shao et al. 2021). In
while salinities at Kaolack were extreme (> 100). Sr con- the Sine-Saloum and other arid systems (e.g., the Avon and
centrations were exceptionally high in water from Kaolack, = Murchinson in Western Australia; Goldstein and Jacobsen
with contents nearly three times those typical for seawater. 1987), this assumption is violated as excessive evaporation
The ¥Sr/%6Sr measurements, however, did not show any sys- exerts an additional, external control on Sr concentrations
tematic variations and correlation with Sr contents (Fig. 7),  and salinity, and their variations are consequently not solely
nor was any distinct relationship evident between Sr/Ca, due to mixing (De Villiers 2005; Flecker et al. 2002). It is
87Sr/36Sr, or salinity. perceivable that this limitation to the approach is inherent to

Moreover, while 87Sr/2°Sr ratios of water were on average  inverse estuaries, considering that these generally form when
slightly lower than the marine composition, the otoliths of ~ evaporation greatly exceeds freshwater supply. Accordingly,
three C. parkii individuals, all retrieved along the same tran-  the establishment of a two-component mixing model in
sect as water samples, depicted consistently higher 8’Sr/%6Sr  estuaries subject to episodic dry spells (e.g., in semi-arid
values. These data therefore contradict the assumption that ~ regions) may be similarly compromised, while information
Sr isotope ratios in catfish otoliths would reflect a mixture of ~ of interannual salinity and discharge variability may provide
Sr sourced from seawater and another component represent- ~ a means to evaluate this precondition.
ing the Sine-Saloum. With regards to the magnitude of ¥’Sr/*Sr values in

The observed patterns and discrepancies between aqueous  waters from the Sine-Saloum, a strong influence of seawater
Sr content and isotopic ratios are linked to the present-day  throughout the estuary is noticeable, facilitated by the lack
hydrological properties of the Sine-Saloum. Following the  of any significant discharge (Mikhailov and Isupova 2008).
prolonged droughts in the 1970s in the Sahel zone, intense ~ The tendency of all water samples towards lower 8’Sr/*°Sr
evaporation and tidal seawater intrusion resulted in the rever- ~ ratios than seawater is interesting given that the surficial
sal of the formerly ‘normal’ estuary. At present, the inverse  lithology predominantly consists of Quaternary sands and
state is essentially modulated by the persistent high evapora-  alluvial deposits as part of the Senegalese-Mauritanian
tion, deforestation (Faye et al. 2019), and low discharge and ~ sedimentary basin (Fig. 1; Conrad and Lappartient 1987).
runoff (Descroix et al. 2020), despite a potential recovery of ~ Considering the observations from the nearby Gambia

rainfall amount in the recent decade (Descroix et al. 2020;  River, higher 3’Sr/*®Sr are generally expected. However,
Faye et al. 2020). Regardless of ¥Sr/**Sr measurements, the ~ Faye et al. (2010) noted that groundwater from the underly-
anomalous Sr and salinity regimes observed in the Sine- ing carbonate-bearing Continental Terminal aquifer (sedi-

Saloum prohibit the establishment of a two-component = ments of Cenozoic detrital marine origin) discharges to the
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Bandiala branch of the Sine-Saloum where samples from
this study were retrieved. SGD thus presents a potential
source of Sr with lower 7Sr/%6Sr ratios. Regardless of fac-
tors determining Sr concentrations of water in the delta, the
isotopic compositions are expected to be reflected in oto-
liths of fish inhabiting the area (Sessa et al. 2012). Their ele-
vated 7Sr/%6Sr ratios are thus neither in line with any signa-
tures observed within the Sine-Saloum, nor with those of a
purely marine Sr source. This discrepancy may be explained
by the proximity of the Sine-Saloum to the Gambia River
mouth characterised by more radiogenic discharge, imply-
ing considerable migration of C. parkii between the two
adjoining ecosystems. While several catch and modelling
studies have assessed fish assemblages (e.g., Albaret et al.
2004; Brochier et al. 2013; Louca et al. 2009; Simier et al.
2004, 2006; Sloterdijk et al. 2017) and more specifically
catfish populations (Diop et al. 2017; Simier et al. 2021) in
these estuaries, the extent of migration between the Gambia
and Sine-Saloum remains unclear in absence of tagging or
tracing studies. Recent efforts to comprehensively assess
the biology of West African sea catfish suggest a salinity
range for C. parkii of 7 to 50, with highest fish numbers
recorded at salinities of 15-20 and 30-35 (Simier et al.
2021). However, C. parkii clearly make wide use of the
estuarine zone throughout all life-stages bar spawning (at
sea), which is manifest in their frequent landings as far as
187 km upstream in the Gambia River (Lag et al. 2004).
In the Sine-Saloum, extreme salinities typically restrict
their presence to up to ca. 30 km from the sea (Panfili et al.
2006). Given that the two estuaries have Sr isotopic profiles
sufficiently distinct from each other and the sea (although
not systematic in the Sine-Saloum), we suggest that tem-
porally-resolved otolith 8’Sr/%6Sr and elemental records
could be used to complement catch datasets to help unravel
population dynamics and constrain the degree of intercon-
nectivity between the two estuaries. Moreover, while the
modern hydrology impedes explicit correlations between
salinity and the Sr isotopic composition in the Sine-Saloum,
we emphasise the potential of utilising otolith or bivalve
records from the abundant Holocene shell midden deposits
found throughout the delta. Dating back from the modern
to at least 5000 years BP (Hardy et al. 2016), these deposits
are expected to provide unique insights into historic Sine-
Saloum hydrology, and importantly, contribute information
on the Holocene NW African climate evolution.

NW African Estuaries in the Global Context

The observed end-member 87Sr/%6Sr signatures of all three
NW African estuaries assessed in this study fall in the vicin-
ity of the recently refined globally-weighted (by flux) esti-
mate of continental runoff of ~0.71106 (Fig. 9; estimated by
Peucker-Ehrenbrink and Fiske 2019), and are similar to those

predicted for rivers in The Gambia and Senegal (~0.7100) in
Beck et al. (2013). Considering the large range of 8’Sr/%°Sr
values in rivers around the world, these systems are rela-
tively similar in this regard but show more pronounced differ-
ences in Sr concentrations. With Sr concentrations of ~0.04
and 0.06 mg/L upstream, respectively, the Gambia River
and Volta River plot in the lower range of rivers globally
based on a compilation of comparable datasets (Fig. 9, data
presented in Table S1), out of which the Marrakai Creek in
northern Australia exhibits the most radiogenic (0.77785) Sr
isotopic signatures with coincidingly lowest concentrations
(ca. 0.002 mg/L Sr; Crook et al. 2015). Our findings confirm
estimates of Sr concentrations modelled for large-scale drain-
age areas compiled by Peucker-Ehrenbrink and Fiske (2019),
suggesting Western African catchments to have the lowest
annual average Sr contents globally with regional minimum
values of ~0.015 mg/L and generally limited continental run-
off. On the other hand, our measurements suggest that the
approximated Sr concentration (~0.26 mg/L) for rivers in The
Gambia and Senegal as assumed for the global model of sub-
marine groundwater discharge presented in Beck et al. (2013)
presumably overestimates Sr inputs from these catchments.

An additional consideration regarding the Sr concen-
trations (and 87Sr/%%Sr to a lesser extent) is the fact that
the vast majority of studies (including this work) are
limited to temporally and/or spatially discrete sampling
efforts that inevitably cause bias. For instance, given the
timing of sampling for this study in the late wet season,
it is perceivable that relatively high freshwater discharge
contributes to the low Sr contents observed, especially in
the Volta River. Accordingly, replicate measurements at
different times of the year with a high spatial coverage
are recommended to account for discharge variability and
better constrain estuarine ®’Sr/*¢Sr—salinity profiles (Crook
et al. 2016). For example, Santos et al. (2014) observed
considerable seasonal differences in mixing curves of
multiple Amazonian rivers, whereas the Sr geochemis-
try of several estuaries along the coast of southern Texas
presented in Walther and Niems (2015) proved highly
consistent between years. Relative to its noticeably high
Sr concentrations (~22 mg/L upstream) corresponding to
high salinity, the ’Sr/®Sr value of water from the Sine-
Saloum was notably low, and similar to seawater. This
stands in contrast to other arid, evaporation-dominated
basins, such as the Avon (albeit not directly connected
to the sea) and Murchinson rivers in Western Australia.
These systems likewise have rather high Sr concentrations
due to low discharge and consequently prolonged time for
the mobilisation of ions (Modestou et al. 2017), but analo-
gously higher 37Sr/%Sr values without a clear link to their
catchment geology (Fig. 9; Goldstein and Jacobsen 1987,
Veizer et al. 1999). In terms of its isotopic composition,
the upstream end-member of the Sine-Saloum is thereby
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Fig.9 ®7Sr/%Sr and reciprocal Sr concentrations (logarithmic scale)
of selected river systems compiled from the literature (light blue
circles) and end-member data for locations of this study (filled yel-
low circles). The blue star represents the globally-weighted (by flux)
continental runoff as estimated by Peucker-Ehrenbrink and Fiske
(2019) with a composition of ~0.104 mg/L Sr and a ’Sr/*Sr value
of 0.71106. The solid line is the result of linear regression (R2=0.55,
p<0.0001) including all compiled data (n=171). 95% confidence
intervals are shown as dashed black lines. The global seawater Sr
isotopic value of ca. 0.70918 is indicated by the grey dotted horizon-
tal line. The Sr concentrations of the Gambia River and upper Volta

placed alongside rivers that primarily drain Phanerozoic
limestones (high Sr contents, 87Sr/36Sr around 0.710; C.
E. Jones and Jenkyns 2001). The only two systems with
higher Sr concentrations (but low salinities of <0.2) in
our data compilation are the adjoining Sacramento River
(95 mg/L; ¥7Sr/%Sr=0.70576) and San Joaquin River
(209 mg/L; ¥Sr/%Sr=0.70714) in California, USA
(Hobbs et al. 2019), which drain young volcanic terrain
and marine precipitates (Ingram and Weber 1999).

Conclusions

Water and catfish otolith samples from three modern
estuaries in NW Africa revealed distinct systematics of
87Sr/%0Sr, Sr concentrations, and salinity, altogether reflect-
ing the predominant control of the geological context and
hydrology of the drainage basin on the Sr geochemistry
of water. In the Gambia River, water exhibited a strong
correspondence between theoretically and empirically

@ Springer

River plot within the lower range of compiled data, whereas Sr con-
tents of waters in the Sine-Saloum are high, attributable to their high
salinity. Other arid systems include the Avon and Murchinson (both
situated in Western Australia) with anomalously high Sr contents,
but correspondingly higher ¥’Sr/%*Sr values. The San Joaquin and
Sacramento River (both in California) have exceedingly high Sr con-
centrations, while northern Australian systems (particularly Marrakai
Creek) exhibit comparably low Sr contents but highly radiogenic iso-
topic values. It is noted that data in this compilation were obtained
during distinct seasons and stages of rivers. The data can be found in
Table S1

determined relationships of 8’Sr/%6Sr and salinity, demon-
strating the potential of 8’Sr/*Sr as a quantitative proxy
when Sr behaves conservatively, and seawater and fresh-
water end-members contributing to estuarine mixing are
isotopically distinct and well-characterised. Calculated and
observed ¥7Sr/%0Sr relationships of water in the Volta estu-
ary were likewise correlated, but showed larger discrepan-
cies, potentially linked to an additional unknown source of
Sr to the water. 87St/%Sr measurements of catfish otoliths
from both estuaries clearly depicted a combined influence
of respective freshwater and seawater end-members, and
served to demonstrate that the reliability of 87Sr/**Sr-based
salinity reconstructions is best at low salinities. At higher
salinities, an optimisation of the analytical procedure may
improve the resolution of the proxy, which is ultimately
restricted by instrumental reproducibility. However, local-
ised departures from linear mixing behaviour in the Volta
River highlight the necessity of sampling across the estua-
rine gradient instead of relying on single measurements of
end-member compositions to confirm model assumptions
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and prevent potential misinterpretations. Our pilot study
encourages additional water sampling in these two estu-
aries at different times of the year and at higher spatial
coverage to substantiate and refine quantitative relation-
ships between ’Sr/%Sr and salinity. The excellent precon-
ditions and pristine ecological state of the Gambia River
in particular, strongly support the use of this approach
for high-resolution (ontogenetic) geochemical fingerprint-
ing to help unravel the life-histories of key NW African
fish species with view to informing conservation efforts.
In the hypersaline Sine-Saloum, large inconsistencies in
the Sr geochemistry of water and otoliths highlighted how
excessive evaporation violates fundamental assumptions
for mixing models, altogether precluding the establishment
of quantitative mixing lines. Nonetheless, we emphasise
the opportunity for palaecoenvironmental investigations
in the Sine-Saloum and other (palaeo-)estuaries (e.g.,
the Banc d’Arguin, Mauritania), using fossil carbonate
structures from shell-midden deposits that predate the
estuary’s salinity inversion, and may serve as valuable
archives of the NW African climate evolution well into
the mid-Holocene.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12237-021-01041-x.
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