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Abstract

The Cameroon volcanic line (CVL) hosts numerous volcanic lakes whose internal pro-
cesses and hydrological functioning remain poorly documented. A detailed under-
standing of these hydro-systems is however essential, both for the consideration of
these lakes as sentinels of the regional hydro-climatic changes and for the calibration
of palaeoenvironmental proxies. Here, we present a hydrological and geochemical
investigation of five of these lakes (Mbalang, Tabere, Tizon, Gegouba and Baledjam)
around Ngaoundere on the Adamawa Plateau, based on repeated sampling of water
profiles and monthly monitoring of rain and lake water samples over two seasonal
cycles. We show that each of these throughflow lakes bears a distinct geochemical
and isotopic signature, despite quite similar morphometric characteristics and a com-
mon climatic regime, due to varying contribution of the watersheds to the water-
mass balance and different partitioning between evaporation (E) and outflow (Inflow
minus E). We use these differences as a benchmark for a sensitivity analysis of the
classical budget equations of conservative tracers. The results demonstrate that to
reconcile chloride and stable isotope data with the standard single-box steady state
model would require unusual values of the physical parameters of Craig and Gordon's
equation such as the n.6 term that would have to be significantly lower than its usual
value (n.6 = 0.5). We also show that the data can be simulated more easily by includ-
ing the inflow from the watershed while assuming that transpiration exceeds evapo-
ration for this compartment. Using this conceptualization of the throughflow lakes,
we were able to constrain the different fluxes. Transpiration from the watershed and

evaporation from the lake are on the same order of magnitude, or slightly in favour of
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1 | INTRODUCTION

Despite the extended progress garnered during the last decades
(Lerman et al., 1995), lake studies remain a very active and open field
of research. Beyond their important role in the global carbon cycle
(Cole et al., 1994), lake systems are understood to be effective senti-
nels of current climate change (Adrian et al., 2009), since the numer-
ous chemical, physical, hydrological and biological mechanisms that
control their internal functioning (e.g., water level, stratification, ther-
mal and mixing dynamics, internal nutrient recycling and productivity)
respond to the rapid rates of climate change (e.g., precipitation, runoff,
evaporation, temperature; e.g, Butcher et al, 2015; Wang
et al.,, 2018). A recent study by Yao et al. (2023) based on satellite
observations reveals a worldwide global decline of water storage in
natural lakes over the last three decades. This change in the water bal-
ance is mainly attributed to climate warming, increasing evaporative
demand and human consumption. However, this study was unable to
capture the dynamic of lakes in Africa, with the exception of the mas-
sive Eastern African Rift lakes, probably because most of the lakes of
Western and Central Africa are too small to apply such global satellite
approach. Although these ‘small’ lakes are far more abundant and that
they provide numerous ecosystem services for local populations,
including both fisheries and water resources for livestock and domes-
tic use, they remain little studied and their long-term dynamics poorly
documented and understood. To date, only a few ground-based stud-
ies have provided instrumental records over multiple years of these
African tropical lakes to characterize their response to the current cli-
mate change (Bader et al., 2011; Bouchez et al., 2016; De Crop &
Verschuren, 2019, 2021; Delalande, Bergonzini, & Massault, 2008;
Saulnier-Talbot et al., 2014; Wolff et al., 2014).

Quantifying the various components of the water budget is cru-
cial in evaluating the vulnerability of lacustrine systems to climate
change and other pressures. However, in remote tropical regions,
establishing and maintaining long-term hydrological and meteorologi-
cal monitoring stations poses significant challenges. To address this
issue, isotope and chemical tracers can be useful alternatives to classi-
cal hydrological approaches. Stable water isotopes (*80 and 2H) have
been widely used in hydrological studies of lakes (Awaleh et al., 2015;
Bergonzini et al., 2001; Bouchez et al., 2016; Delalande et al., 2005;
Delalande-Le Mouéllic et al, 2015; Gat, 1995; Gibson &
Edwards, 2002; Gonfiantini, 1986; Kebede et al., 2002; Kebede
et al., 2009; Poulin et al., 2019; Vallet-Coulomb et al., 2001). Using

transpiration. While providing evaporation and transpiration rates which are in gen-
eral in the right order of magnitude, the system of equations remains underdeter-
mined at this stage. Only direct measurements of the isotopic composition of the
atmosphere, possible by laser mass spectrometry, would allow to reduce the range of
under-determination of this problem.

Cameroon, chloride, stable isotopes, volcanic lakes, water budget

the long-standing linear-resistance model of the evaporation process
initially proposed by Craig and Gordon (1965), it is possible to assess
the isotopic composition of water loss by evaporation and henceforth
the stable isotope mass balance. This approach may suffer from many
uncertainties, mainly related to a proper adjustment of the input
parameters appearing in the Craig and Gordon model (see Delalande,
Bergonzini, & Massault, 2008; Kebede et al., 2009 for example).
Another widely used technique is the chloride mass balance. Chloride
is primarily derived from rainwater, and assuming a conservative
behaviour, it can be used as a quantitative tracer of evaporation and
evapotranspiration in surface and groundwater (e.g., Branchu &
Bergonzini, 2004; Crosbie et al., 2018; Dogramaci et al., 2015;
Gurrieri & Furniss, 2004; Saleem & Jeelani, 2017). While both tech-
niques have been frequently used separately, only a handful of them
combined the two techniques to better constrain the different terms
of the hydrological budget (Calvi et al., 2022; Delalande, Bergonzini,
Branchu, et al., 2008; Dinger et al., 1979; Dogramaci et al., 2015;
Kirchner et al., 2010; Nachiappan et al., 2002).

This work is part of a long-term effort to document a cross-
continental transect of various lacustrine systems across the climatic
gradient in Africa, both for palaeoenvironmental reconstructions
(Garcin et al., 2018; Schaaff et al., 2023; Vincens et al., 2010) and
hydro-climatic purposes (Adallal et al., 2019; Bouchez et al., 2016;
Poulin et al., 2019; Vallet-Coulomb et al., 2001). Although the
Cameroon volcanic line (CVL) hosts numerous volcanic lakes, only two
of them, Nyos and Monoun, have been extensively studied following
the catastrophic releases of CO, in 1984 and 1986 (Kling et al., 1987;
Sigurdsson et al., 1987; Tanyileke et al., 2019). Other lakes such as
those on the Adamawa Plateau in the center-north region of
Cameroon remain poorly documented. Sediment cores were collected
previously from Mbalang and Tizon (Ngos & Giresse, 2012; Nguetsop
et al,, 2011; Vincens et al., 2010). Tabere, Gegouba, Baledjam and
Tizon were visited in the course of general surveys of the CVL lakes
for stable isotopes (Issa, Aka Tongwa, et al., 2014) and for CO, emis-
sion assessment (Issa, Ohba, et al., 2014). However, the present paper
reports the first systematic comparative study of this series of lakes
by collecting an initial database relating to the hydrological, geochemi-
cal and isotopic functioning of these tropical hydro-systems.

In this study, we propose to couple the isotopic and chloride mass
balance techniques to assess the hydrological budget of five crater
lakes (Mbalang, Tabere, Tizon, Gegouba and Baledjam) located in the
northern part of the CVL, in the vicinity of the town of Ngaoundere
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FIGURE 1 Topographic map of the Adamawa plateau around Ngaoundere and location of the five investigated maar lakes. Inserts show the
dimension and bathymetry of the five lakes and the topography of their watersheds. Small red arrows indicate the position of temporary
outflows. The dashed red line bounds northern-vina and southern-vina watersheds.

(Figure 1). Because this series of lakes are located within a restricted
geographic area under similar climatic conditions, they represent an
ideal setting to test and cross-check the isotope and chloride mass
balance approaches and to investigate specific questions regarding
these two independent methods that were rarely addressed in the lit-
erature. In particular, we aim to address the following questions:

1. Do water stable isotopes and chloride budgets provide the same
hydrological constraints on the lake evaporation flux? If not, how
can the isotope and chloride mass balances be reconciled?

2. Does the combination of these two approaches allow a better
assessment of the different terms of the water budget?

The data we have collected will serve as a background for continu-
ous monitoring of these lakes in their role as possible sentinels of
regional hydro-climatic changes. Specifically, we investigated the strati-
fication of these lakes by intermittent water-column profiling; we car-
ried out, on a monthly basis, isotopic and chemical monitoring of their
water columns as well as the rainfall. This complete database allows us
to use the slight variations in stable isotopes and chemical composition
between these five lakes as a benchmark enabling to evaluate the sensi-
tivity of the hydrological budget equations to the choice of parameters
involved in the Craig and Gordon model. In particular, we discuss the

constraints derived from coupling stable isotopes and chloride budgets,

a condition seldom considered in previous studies (Dinger et al., 1979;
Dogramaci et al., 2015; Gat, 1995). In addition, the relatively small size
and well delineated geomorphology of the studied systems allows us to
examine thoroughly the influence of the watershed inflow on the lake
water budget, a parameter which is generally very difficult to evaluate
in larger basins (Adallal et al., 2019; Masse-Dufresne et al., 2021).

2 | STUDYSITE

21 | Climate

The region of the Adamawa Volcanic Plateau is characterized by an
altitudinal tropical climate marking the transition between Equatorial
and Sahelian climates, with two contrasted seasons: rainy from April
to October, and dry from November to March (Suchel, 1988). The
(2000-2017) record of meteorological data used herein was commu-
nicated by the Ngaoundere airport weather station (Figure SI-1). Aver-
age annual precipitation is 1464 mm (inter-annual range from 1166 to
1817). The seasonal cycle of average monthly temperatures shows a
minimum of 19.5°C from December to January at the peak of the dry
season, and a maximum of 24.5°C in March. Evaporation pan data also
show a pronounced seasonal cycle, with between 98 and 244 mm per

month, and an annual amount average of 1800 mm.
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TABLE 1

Surface Volume Maximum
Lake area (ha) (*10° m3) depth (m)
Mbalang 42 12 55
Tabere 2 70
Tizon 6 2 52
Gegouba 12 7 122
Baledjam 19 1 13

Relative humidity is strongly variable on a diurnal cycle. However,
it also follows a seasonal cycle, with 2000-2017 average monthly
minima increasing from 20% in February to 66% in August, and
monthly maxima from 69% to 98% (Figure SI-1). Mean annual values
of h = 63% and t = 21.6°C are then calculated by weighting monthly
values by the corresponding evaporation flux, resulting in the key
parameters used in the evaporation model discussed below.

2.2 | Geomorphology and hydrology

As is the case for most other lakes along the CVL, the Adamawa lakes
are hosted in maars formed in recent trachytic or basaltic series over-
lain by pyroclastic materials (Kling, 1988). The watersheds are mostly
covered by ferralitic soils. Rock outcrops represent less than 1% of
the surface at Mbalang, Tabere, Tizon and Baledjam watersheds, and
about 5% at Gegouba (Wirrmann, 1994). The basement is composed
of granites on one hand and volcanic formations on the other. Gran-
ites appear as 50 km wide NW-SE strips bordered by Precambrian
metamorphic rocks. The volcanic formations belong to the three
series described by Geze (1943) along the CVL: lower basaltic and
andesitic black series from the Upper Cretaceous to Upper Eocene,
middle white series (Late Neogene) corresponding to trachytic and
phonolitic lavas, and upper mainly basaltic Quaternary black series.

In terms of vegetation, the watersheds are covered by savanna
with dominant Hyparrhenia fillipendula, Daniella Oliveri and Lophira lan-
ceolata (Rippstein, 1986). Some variations are observed between the
lakes, such as clusters of trees (Croton macrostachys, Khaya senegalen-
sis) at Mbalang, while Tizon has a herbaceous cover with copses of
wide isolated shrubs (Ngos & Giresse, 2012). The lakes are in general
quite isolated, with relatively little human activity. The agricultural
imprint is very limited, with some slash-and-burn farming and cattle
herding at Mbalang, and crop growing at Tabere and Baledjam.

The main morphological characteristics of the lakes are summa-
rized in Table 1. Their altitudes range between 1150 and 1258 m, and
surfaces from 0.07 to 0.42 km?. Baledjam is the only shallow lake
(13 m maximum deep), compared with the other four that are quite
deep (48-104 m maximum depths). Tabere is the only lake with a
wide watershed, almost sevenflod larger than the lake itself, while
only twofold to threefold for the other four. The watersheds are
steep-sided and funnel-shaped, with rims culminating from 50 to

70 m above the lake level except at Baledjam, which is in a more open

Morphometric features of Adamawa lakes [Residence times are calculated as ratio of lake volume (m®) over rainfall (m3/y)].

Average Watershed surface Residence time
depth (m) area (ha) (years)

29 78 20

24 57 18

30 16 24

58 40 42

7 31 4

site. Tizon is the only fully endorheic lake. In the other cases, tempo-
rary overflow thresholds, active only during the rainy season, can be
observed (Figure 1). For Mbalang Lake, the water level reaches the
overflow threshold only at the very end of the rainy season. In current
climate conditions, the amplitude of variation between low-stand and
overflow is between 0.65 and 0.85 m, that is 2%-3% of the lake
volume.

The groundwater configuration beneath the lakes is essentially
unknown. At Mbalang, the closest well is located 300 m away from
the lake on the outer slope of the maar, with an observed water table
depth estimated at roughly 15 m below the lake level.

The range of water residence time is from 4 to 45 years (Table 1).
These first order estimates based on the lake volume-rainfall ratio
may be reduced proportionately to the watershed-lake surface ratio,

depending on the fraction of runoff from the watershed to the lake.

3 | MATERIALS AND METHODS

3.1 | Sampling

Depth profiles were sampled on the five lakes during two field campaigns
in mid-March 2019 and early-March 2020. Three shallow lakes (Bini,
Dang and IRAD) were also sampled for comparison (Figure 1). In addition,
Mbalang, Tabere and Tizon were visited 14 times over the seasonal cycle
from April 2020 to October 2021. Water samples were collected at the
deepest point of the lakes using a 3.2 L WILDCO water sampler (Vertical
Alpha bottle model). Prior to sampling, the structure of the conductivity-
temperature-depth profile was first measured by a Hydrolab HL4 in situ
profiler (OTT Hydromet), as were pH, Eh and dissolved O,.

Surface water temperature, conductivity and lake level were also
monitored continuously at Mbalang by means of a pair of Solinst probes
installed within the water column (Levelogger LTC) and above the surface
on the shore of an island (Barologger) during the 2 years of our study.

Eighteen rainwater samples were also collected on a monthly
basis at our Mbalang-Djalingo weather station (3 km from Mbalang
lake) during the wet seasons of 2020 and 2021. We used a PALMEX
RS2 rain sampler, designed to minimize water evaporation from the
10 L collecting bottle. At each visit, samples were taken in two 30 mL
LDPE bottles for the analysis of chloride and major cations contents,
and in 30 mL airtight amber glass bottles for stable isotopes analysis.

The remainder of the sample was kept in anticipation of 3°Cl analyses,
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the results of which will be reported separately. Annual means and
seasonal trends of the meteorological data obtained at this local sta-

tion were coherent with those from Ngaoundere Airport.

3.2 | Experimental techniques

For each water sample, whether from rain or from the lakes, the basic
physico-chemical parameters [temperature, pH, Electrical Conductiv-
ity (EC), Dissolved Oxygen and Redox Potential] were measured
immediately upon recovery in the field with a HACH multiparameter
probe. Alkalinity was first measured by H,SO, titration with bromo-
cresol green indicator at the hotel in the evening, and was later mea-
sured again more accurately with a HACH automatic titrator
(TITRALAB AT1000) upon return to the laboratory.

The concentrations in major ions were determined by ion chro-
matography using a DIONEX AQUION. All samples were filtered
through 0.45 um filters before measurement. The precision and accu-
racy of our results were assessed through repeated measurements of
certified standards in parallel to each series of samples (Table SI-1),
with particular attention paid to the most diluted rain samples. As an
additional test of the reliability of our results, we also replicated a
series of chloride analyses by isotope dilution with a spike solution
enriched in 3°Cl, measured on the ASTER AMS at CEREGE along with
the 3¢Cl determination, as described by Bouchez et al. (2015). The
results of the two independent techniques are in agreement within
10% on average throughout the range of concentrations, with a maxi-
mum difference of 15% for the lakes, and 23% for the low concentra-
tions in rain data.

The isotopic compositions of oxygen and hydrogen were analysed at
GEOPS (Paris Orsay) on a laser spectrometer LGR (Los Gatos Research)
OA-ICOS TLWIA-EP-45. Each sample was injected (600 uL) seven times,
with only the three last injections taken into account to avoid any mem-
ory effect. Three working standards, calibrated versus V-SMOW?2 and
SLAP2, were used: MAZA (§2H = 1.54%o * 1; 6*%0 = —1.13%o + 0.03),
DIDO2  (6°H = —49.33%0 £ 0.8; §'0 = —7.22%0 + 0.06), NAN
(82H = —65.49%0 + 0.8; 5§80 = —9.43%0 + 0.03). The final result was
obtained from three replicates to check that standard deviation was
lower than 0.6%o for 2H and 0.2%. for *80. Precision was also validated
by long-term repetition of a control sample in each series. Results are
reported in delta notation, %o versus V-SMOW.

The isotopic composition of strontium was measured on a Nep-
tune+ MC-ICPMS at CEREGE, using a standard chemical procedure
(Yeghicheyan et al., 2021). The mean result obtained on NBS 987 is
875r/8Sr = 0.71025 + 0.00002, (2sd, n = 20), and that obtained on
the VWR standard is 87Sr/8¢Sr = 0.70755 + 0.00002 (2sd; n = 15).

3.3 | Isotopic and chloride budget
As an initial step, we first recall the equations describing the simplest
case of a one-box model, assuming steady state and homogeneity, to

simulate a lake which receives an input flux of water () from

precipitation only, and loses water through both evaporation (E) and
outflow (I — E) carried by surface streams and subsurface seepage.
Indeed, the lakes studied herein receive no water from upstream riv-
ers. However, the possible contribution of water flowing into the
lake from its watershed will be taken in consideration in a second
step, below.

In this first simple case, the water budget is expressed classically
using either the mass balance of chloride (Equation 1) or that of stable

isotopes (Equation 2):

E o]
7*1_6 (1)
E 6-4

T de—oL 2)

C, and C_ are chloride concentrations, 6, and &, isotopic composi-
tions of oxygen or hydrogen of the inflow and lake water, respec-
tively. In this simple model, since rain is the only water supply to the
lake, C, is equal to Cp and §, to 6,. Cp and Sp are average values of the
rain data, weighted by the rainfall amount;

The isotopic composition &g of oxygen or hydrogen of the evapo-
ration flux is calculated classically with Craig and Gordon's (1965)
equation, as written for instance in Gibson and Edwards (2002) and
Gat (2010):

[(1—4&55) 0L —h.6a— (" + &)

O = -
(1—h+158)

@)

The difference between 6, and &g thus depends on the relative
humidity (h), and on the isotopic composition of atmospheric vapour
(6p). £* is the corresponding equilibrium isotopic separation (¢* =
(1 — @*).10%) where the term a* is the liquid to vapour isotope frac-
tionation factor (<1) for which we use the expression given by Horita
and Wesolowski (1994) (Supporting Information).

As in Gat (2010), we formulate the kinetic isotopic separation

(ex), as:

e =C.n.0.(1—h) (4)

Cy is the ratio of molecular diffusivities of the heavy over light iso-
topologue molecule, using the values determined by Merlivat (1978)
(Ck = 28.5%0 and 25.1%o for 0 et ?H, respectively). The term (n) is
the exponent of the relationship between diffusivity and resistance to
transport and depends on the state of turbulence of the atmosphere
over the lake (n = 1/2 for fully turbulent conditions, and n =1 for
stagnant air). 6 is the ratio of resistance to transport in the diffusive
layer over the total resistance in diffusive and convective layers. It is
related to the intensity of recycling of the vapour evaporated from
the lake into the local atmosphere (6 = 1 for a small water body with
no significant recycling; Gat, 2010).

In previous studies, a value of 0.5 has quite often been assumed

for the term n.6 as being most representative of open water natural
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conditions (e.g., Araguas-Araguis et al., 2000; Gibson et al., 2016;
Gibson & Edwards, 2002; Gonfiantini, 1986; Jasechko et al., 2013).
However, it has also been shown that lower values of 8 must be con-
sidered when the atmospheric moisture is strongly influenced by
vapour recycled from the open water surface. This was first demon-
strated in the case of very large water surfaces such as the Great
Lakes (Gat et al., 1994) and the Eastern Mediterranean Sea (Gat
et al., 1996) (6 = 0.88 and 0.5, respectively). However, this has also
been shown by Kebede et al. (2009) for much smaller lakes in
Ethiopia, some of which are comparable in size and settings to those
of the present study. We will therefore consider n.6 as a floating
parameter in our discussion below, in order to test the sensitivity of
the results of our model to this factor.

Provided that the parameters remain constant, &g, & and &
remain aligned along a single ‘local evaporation line’ (LEL) in the iso-
tope plot (Gat, 1995, 2010; Gibson et al., 2016). The slope S g, of the
LEL links the 6, values of oxygen and hydrogen with n.6 when h and
t°C are known:

[h(6a —81) +¢&" + ey,
[h(ﬁA —8)+e+ 8k]18o

©)

SieL=

For given climatic conditions (t°C, h), one can then seek appropri-
ate values of (6,20, 852H, n.6) required to fit the observed slope of
the LEL. In order to reduce the number of unknowns, we make the
simplifying assumption in all the following calculations that the isoto-
pic composition of atmospheric vapour lies on the GMWL. Under this
condition, 8,80 is thus linked directly to n.6. The three Equations (1),
(2) and (5) with three unknowns (E/I, n.6 and 6,) thus have a single
solution. The E/I ratio is uniquely determined, and the chloride and
isotopic budgets are coherent.

The assumption made concerning the atmospheric vapour com-
position is clearly a first order hypothesis adopted for practical pur-
poses, ignoring the effect of recycled water vapour. Implications of
this assumption will be discussed below.

A second step of our approach aims at testing the influence of
the inflow from the watershed on the water budget of the lake. A
schematic of the model modified to take this contribution into
account is shown in Figure SI-2. In order to maximize the influence of
the input from the watershed on the comparison between the isotopic
and chloride budgets, we consider here the simplified case where
transpiration from the vegetation (flux T) largely dominates evapo-
transpiration on the watershed (Eyatershed = 0). Indeed, it is well
accepted that transpiration does not fractionate stable isotopes
(Dinger et al., 1979; Yakir & Wang, 1996), while it does leave residual
water enriched in chloride. The rainfall flux on the watershed is thus
split between transpiration (T), infiltration through the unsaturated
zone over the watershed (INF) that escapes from the lake system, and
input to the lake either as surface runoff or subsurface flow
(i.e., P — INF — T; Figure SI-2). Within this framework, the water input
to the lake from the watershed retains the same isotopic composition
as the rain, that is, §, = dp, while its concentration in chloride (Cysp,) is

increased due to the transpiration.

In this scheme, the budget equations become (see Supporting

Information for explicit derivation):

Swsh (T+INF) S
P 1-T) Ser [17 '7775} ©)

Stot I Stot

: {1_M.5w_sh} B
I Stot

_ (TH+INF) Swsh  E SL

75L |:1 (h’ Stot) I Stot (wj_ 1)
. _ —(héa+ex +e _

W|th;(7717h and<p7—17h

in which S, Swsh and Sior are the surfaces of the lake alone, the water-
shed (not including the lake), and the total, respectively.

Equation (7) may use 5,180 or 8,2H indifferently, since the isoto-
pic compositions of L, P and E are aligned along the LEL in the isotope
plot, and are thus linearly related. All calculations below are carried
out with 5,*20.

The set of three Equations (5), (6) and (7) with four unknowns (E/
P, T/P, n.6, 6,) is undetermined. For a given value of n.6, a unique set
of values of E/P and T/P can thus be obtained.

In each simulation, we first determine a set of (55, n.6) compatible
with the observed slope of the LEL (Equation (5)). Examples of solu-
tions are illustrated in Figure SI-3.

Then, for each selected pair (64, n.6), we adjust the E/P and T/P
values required to fit the target lake composition of [ClI] and
880. Specific trajectories of &, and C, can be illustrated in the 880
versus [Cl7] diagram by varying E/P and T/P separately, according to
Equations (6) and (7). The influence of the additional variable INF/P
can then be evaluated by comparison with one selected solution in
which INF/P = 0.

4 | RESULTS

41 | Stratification
The temperature profiles measured during the two exhaustive cam-
paigns in March and during regular visits between April and October
are shown in Figure 2a. The thermocline can be seen to deepen
gradually from March to October, with a maximum depth of the
inflexion point of the thermal gradient at 10-14 m in each lake,
except in the shallower Lake Baledjam where the gradient is
smoother.

The range of seasonal surface temperature variation recorded by
the probe installed permanently at Mbalang is from 20 to 26°C, with a
steep decrease starting in October and a pronounced minimum at the
height of the dry season in January (Figure 2b). By contrast, the tem-
perature profiles from one visit to the next are strictly reproducible
below the thermocline, and show only slight variation with depth in
general: either unchanged below 10 m as at Gegouba, or with a
smooth decrease of about 0.8°C from 10 to 35 m at Mbalang. The
deep temperatures vary slightly between the lakes, from 20.1°C at

85UB017 SUOWIWOD BA 181D 8 cedt dde au Ag pausenob a2 sajole YO ‘9SN JO Se|ni o} Akeid18UIIUQ AB]1M UO (SUONIPUOD-PUE-SWLBIW0D" AB 1M AeIq uljuo//:Sdiy) SUonIpuoD pue swie 1 8y} 8es *[£202/90/62] Uo Ariqiauluo 48| ueweddopreq 8 Jnod 8yosyosy ad 1misu| Aq £26vT 'dAU/Z00T 0T/10p/woo" A3 1M Aeiq 1 puljuo//:sdny wouy pepeojumoq ‘9 ‘€202 'S80T660T



ABBA ET AL.

WILEY_L 7%

(a) Temperatures (°C)
20 25 30 20 25 30 20 25 30 20 25 30 20 25 30
O‘;“JI[‘J“‘ PN R T 6“‘1”'L“‘ o ““l"“‘
| 2 2 7
1044 5o e A~
20
~_
E30
= p
~—
€40
a
50 t
@ 032019 =0 06/2021
032020 =@ 10/2021 1
60 04720210 0272022 3
@ 052021
70
]
100
BALEDJAM TIZON MBALANG TABERE GEGOUBA
(b)
28
26
o
<
£ 24
=
b
£
& 224
0 W
Jan Apr Jul Oct Jan Apr Jul Oct Jan Apr Jul
2018 2019 2020

FIGURE 2 Temperature data. (a) Depth profiles of temperature (°C); (b) temperature record of the surface water probe at Mbalang. The

horizontal line indicates the temperature below the seasonal thermocline.

Tabere to 21.9°C at Gegouba, and are broadly correlated with the vol-
ume/surface ratio.

Finally, the comparison between the permanent probe record and
the depth profile at Mbalang shows that surface water temperature
approaches temperature at depth during the winter minimum. This
suggests a monomictic behaviour of this lake, in agreement with the
list of criteria proposed by De Crop and Verschuren (2019) and based
on observation of a series of Ugandan lakes. This allows us to infer
the same tendency for the other lakes, except that more frequent
mixing probably occurs at the shallower Lake Baledjam.

4.2 | Chemical composition

All chemical and isotopic data are listed in Tables 2 and 3.

All the lakes are characterized by low electrical conductivities, rang-
ing from 115 to 290 uS/cm. This is typical of ‘throughflow lakes’
(Gat, 2010; Gibson et al., 2016) from which the dissolved load is contin-
uously exported out of the lake by its outflow and by seepage towards
groundwater, allowing the regulation of the lake's chemistry. In all the
cases we studied, conductivity profiles increase with depth, from 15%
to 38% for Mbalang, Gegouba, Tizon and Baldejam, but by a factor of
more than 2 in the case of Tabere. The profiles are clearly distinct from
each other, making it possible to rank Baledjam, Tabere, Mbalang,
Gegouba and Tizon on an increasing scale of salt content in surface
water (Figure SI-4). These differences are reproducible from one visit to
the next, although small but significant variations can be observed in
both subsurface and deep waters during the seasonal cycle.

The results for the carbonate system are illustrated in Figure SI-4.
Alkalinity values range from 0.95 meq/L (Baledjam) to 2.5 meq/L
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FIGURE 3 Depth profiles of 880 6180 (%0) [Cl-] (lleq/L)
and CI~ concentrations. The lower ) 3 4 5 6 5 15 25 35
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(Tizon) and are well correlated with EC (Figure SI-5), which is coherent
with the observation that HCO3;™ represents at least 97% of total
anions (Table 2). The pH profiles are strongly stratified, with a sharp
decrease of 1-1.5 pH unit between the upper levels and the deep
waters, clearly associated with the thermocline and the decrease in
oxygen content (Figure SI-4). The pH values are constant with depth
and are very similar between the different lakes in the deep waters
(6.9-7.3). Seasonal variations are observed in surface water in all the
lakes, with pH values increasing to 8.5-8.8 during the wet season,
with the exception of slightly more acidic conditions at Tabere
Lake (8.0).

In all the lakes, the depth profiles of pH and dissolved O, are
strikingly similar, with the water becoming anoxic just below the ther-
mocline (Figure SI-4).

These features are clear indicators of the biological control on
the carbon cycle of these lakes. The CO, partial pressure (pco2) is
close to equilibrium with the atmosphere at the surface and
enhanced at depth, due to the downward transfer and degradation
of the organic matter. Measurements of DIC *C will be reported
elsewhere, along with 3°Cl data. Nevertheless, the results show that
dissolved carbon is modern down to the bottom, indicating the
absence of carbon flux from volcanic emanation. DIC and pcoo
increase progressively with depth, suggesting that remineralization
occurs through the water column, and may contribute significantly
to the progressive increase in conductivity. The observed differ-

ences between the lakes, as well as contribution of other processes

@ Tizon ® Gegouba @ Baledjam

such as the iron redox cycle or diagenetic flux from the bottom, will
definitely need further investigation.

These Ohba,
et al., 2014) that these lakes do not present a danger of catastrophic

results also confirm previous studies (lssa,
degassing through limnic eruption (Kling, 1988; Kling et al., 1987,
Sigurdsson et al., 1987), since the deep pco, remains several orders of
magnitude lower than saturation.

Mg?* and Ca®* are the dominant cations, representing up to
70%-80% of the cations sum (Table 2). Ca/Na (1.7-5.9) and Mg/Ca
(0.9-1.4) are in a range of values typical of rivers from volcanic
regions (Dessert et al., 2003; Louvat & Allégre, 1997). The Sr isotope
ratio confirms this basaltic source of the dissolved load, with values
from 0.7042 to 0.7059 similar to those determined by Marzoli et al.
(1999) in trachytes from the Adamawa, and in good agreement with
the result reported for Lake Nyos by Fantong et al. (2019). Each lake
shows an &75r/8Sr ratio constant with depth and distinct from the
others (Table 2). These variations may reflect either real heterogene-
ities within the volcanic source from one site to the next, or a slight
contribution from weathering of the granitic basement variable from
one lake to the next, depending on the local configuration of the con-
tact between the granite basement and the volcanic cover and the
path of water percolation.

The chloride concentrations range from 9 to 35 peq/L (Table 2),
amounting to only about 1% of the anions sum. By contrast with the
increasing trends towards the bottom noted for the E.C., the CI~ pro-
files are constant with depth below the thermocline (Figure 3). We
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also observe a very clear seasonal variation in the surface water of the
three lakes that were monitored regularly, with maximum concentra-
tions of chloride in April and May, that is, at the end of the dry season
(Figure SI-5). Nevertheless, the amplitude of these variations remains
limited (13% Mbalang, 20% Tabere, 16% Tizon). Each lake is therefore
clearly characterized by a distinct mean concentration of chloride,
increasing in order from Gegouba, Baledjam, Tabere and Mbalang, and
up to Tizon Lake.

The chloride concentrations that we measured in our 18 rainwater
samples range from 1.9 to 9.5 peq/L, with a volume weighted mean
of 4.0+ 1.4 (1sd) peq/L (Table 3). This value is within the range
reported in the few previous studies discussing tropical rainfall
(Freydier et al., 1998). The different lakes thus have 2.5-10 times
more CI~ than does the rain, a critical parameter in the forthcoming
discussion. The concentrations of Na* and Cl~ in rainwater are well
correlated with a slope of 0.97, indicating the marine origin of chloride
in the rain. The relatively low concentration of Cl~ in the lakes there-
fore implies that the rain contribution to the dissolved load of the
lakes is very low, that is, from 3% to 14% for Na, and as little as
0.02%-0.06% for Ca, based on the classical correction assuming sea

water element/Cl ratios in the rain (e.g., Negrel et al., 1993).

43 | O andH stable isotopes

The &2H versus &80 plot is shown in Figure 4. The rain data all plot
within the margin of error on the GMWL line, with 580 values from
—9.2%0 to 0.7%o. The isotopic ratios become increasingly depleted as
the rainy season advances (Figure SI-6).

This depletion pattern was also shown by Tremoy et al. (2012) for
rain samples from Niamey during the first part of the 2010 summer
monsoon season and was interpreted as relating to the ‘amount
effect’ (Dansgaard, 1964) resulting from increasing convective activity

at the regional scale during the monsoon months.

6 8 10

The volume weighted mean composition of the rainfall is
—4.44%o + 0.02%0 580 and —22.76%o + 0.08%0 &2H (Table 3). It can
be noted that this average is 1.5 %o more enriched than the estimate
given by the RCWIP2 isoscapes model by Terzer-Wassmuth et al.
(2021), most likely due to the wide spacing of GNIP stations in the
region (closest stations in Garoua, Ndjamena and Yaounde, each of
which is in a quite different hydroclimatic context).

The compositions of the lakes range from 0%o to 8.5%. 680 and
from —3%o to 40.5%0 6H. In a very classic pattern, the data form a
well-defined local evaporation line (LEL) with a slope of 5.08 + 0.08
(RMSE = 1.12). The intersection of the LEL with the GMWL (—4.13%o
+ 0.16%o0 680 and —23.04%o * 0.80%0 82H) is identical within error to
the weighted mean rainfall composition. The smaller lakes IRAD and
Dang have a more enriched composition than the deep lakes, as is to
be expected for shallow reservoirs more affected by evaporation. By
contrast, Bini lies among the depleted values of the other lakes, proba-
bly reflecting composition of the phreatic aquifer beneath the lake.

As for [CI7], the isotopic composition shows a clear seasonal vari-
ation in the surface waters, with a progressive depletion of 620 and
82H during the wet season, and parallel in the three lakes that we
monitored (Figure SI-6). The amplitude of this variation is much smal-
ler than for the rain, that is, 0.7%., 1.6%0 and 3%o for Mbalang, Tizon
and Tabere respectively, compared to 10%. for the rain. A similar sea-
sonal stratification of the isotopic profile is also familiar in lakes under
Mediterranean (e.g., Dean et al, 2015) or temperate climates
(e.g., Assayag et al., 2008).

By comparison, much less variation is observed in the deep-water
profiles, with each lake bearing a distinct composition (Figure 3). Mba-
lang and Tizon are the most enriched and both have §20 values close
to 5%o, and Tabere and Gegouba are more depleted with values of
1.4 and 2.7. Baledjam, with only two samples from March 2019 ana-
lysed so far, appears intermediate between these two groups,
although some seasonal variation cannot be ruled out in this shallow

lake (13 m maximum depth).
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FIGURE 5 &% 0 versus [CI7] diagram with model solution 15
curves of the water budget. (a) Evaporation alone. Small circles 1 (a)
are the data. Large circles show the average values used in the 1
calculations. (b) Model including the contribution from the 10
watershed. Dashed lines are solutions with E/P variable, and 1
solid lines are solutions with T/P variable. These solutions are \’§ 1
unique when parameter n.0 is fixed. < ] 0n R I
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The results of different attempts to model the hydrological budget
of the lakes are best illustrated in the 620 versus [CI7] plot
(Figure 5) to explain why they show different compositions for
these conservative tracers, despite being located a priori under
similar local climatic conditions. In Figure 5, the lakes are indeed
discriminated even more clearly than in the isotope plot (Figure 4).
In particular, Tizon is clearly distinguished from Mbalang by its
chloride content, while they are similar in isotopic composition.
Tabere, intermediate in chloride content, lies clearly below the
others in isotopes.

The different model results obtained in our simulation scenarios
are listed in Table 4.

As seen in Figure 5a, the standard model (n.6 = 0.5) correspond-
ing to the annual average humidity (h = 0.6335) does not allow to fit
the observed values for any of the lakes (grey crosses). E/P values are
thus different when calculated from [CI7] and &80 (e.g., 0.766 and
0.506 for Mbalang, 0.753 and 0.244 for Tabere, etc.). Attributing this
discrepancy to an underestimation of Cp would require that chloride
concentration in the rain be as high as 7-14 meq/L, which seems very
unlikely in the present state of data. The value of n.6 would need to
be as low as 0.279 to account for the composition of Tabere, with E/

P = 0.753 (blue crosses in Figure 5a). Similarly, Gegouba, Mbalang

[CI](peq/L)

and Tizon can be fitted by model curves with n.6 values ranging from
0.406 to 0.416 (red crosses in Figure 5a).

Alternatively, the compositions of all five lakes can be fitted with
the model involving the watershed (Equations (5), (6) and (7)). Exam-
ples of solutions are illustrated in Figure 5b with cases where
n.60 = 0.43 for Tizon and 0.45 for Mbalang. The corresponding values
of E/P and T/P are then (0.775, 0.942) for Tizon, and (0.756, 0.779)
for Mbalang.

A significant outcome of this model is that the distinct position of
Tabere can be simulated more easily, without calling for very low
values of n.0 (n.6 = 0.5, E/P = 0.725 and T/P = 0.7565 in the chosen
example), clearly illustrating the influence of its larger watershed com-
pared to the other lakes.

However, it is important to emphasize that these solutions are
not unique, as has already been pointed out above. The solution of
the system of Equations (6) and (7) varies between two limits, when
either E/P or T/P tends towards 1, which also sets the upper and
lower bounds for n.8. The example of Mbalang is illustrated in
Figure SI-7. The lowest value of n.6 is 0.432 (E/P = 0.9999; T/
P = 0.499). The highest value is 0.475 (E/P = 0.563; T/P = 1). The
range of possible values for n.6 is thus very narrow, although still
lower than the ‘standard’ value of 0.5.

The influence of the infiltration on the watershed (INF/P) is then
shown in Figure 6, using the case of Tabere as an example.
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TABLE 4 Model parameters and results of different simulation scenarios.
Evaporation alone on the lake with n.6 = 0.5
n.e oa e ek er E/P T/P INF/P [CI7] &L Lake
0.5 -8.74 9.6 5.2318 14.8318 0.766 - - 17.95 Mbalang
0.506 - - 4.62
0.5 -8.74 9.6 5.2318 14.8318 0.753 - - 17 Tabere
0.244 = = 1.42
0.5 -8.74 9.6 5.2318 14.8318 0.853 - - 28.4 Tizon
0.526 - - 4.8
Evaporation alone on the lake with n.8 variable
n.e 6a e* e er E/P T/P INF/P [CIT] 5. Lake
0.416 —-10.75 9.6 4.3528 - 0.766 - - 17.949 4.628 Mbalang
0.279 —14.05 9.6 2.9193 = 0.753 = = 17.004 1.4176 Tabere
0.406 -11 9.6 4.2482 - 0.8525 - - 28.475 4783 Tizon
Example of solutions with watershed model
n.e oa e* ek er E/P T/P INF/P [CI7] &L Lake
0.45 —-9.94 9.6 4.7086 - 0.756 0.779 - 17.989 4.628 Mbalang
0.5 -8.74 9.6 5.2318 - 0.725 0.7565 - 17 1.419 Tabere
043 -10.42 9.6 4.4993 - 0.775 0.942 - 28.524 4.8 Tizon
Limits of solutions with watershed model for Mbalang
n.e éa e* ek er E/P T/P INF/P [CI7] 6. Lake
04324 -10.36 9.6 4.5244 - 0.9999 0.499 - 18.001 4.6245 Mbalang (n.6 min)
0.475 —-9.34 9.6 4.9702 - 0.563 1 - 17.985 4.622 Mbalang (n.6 max)

Evaporation alone on the lake with n.6 = 0.5 and h variable

n.e Sa e* £k h
0.5 0.73 9.6 8.565 0.4
0.4 —5.51 9.6 6.852 0.4
03 -11.74 9.6 5.139 0.4
0.5 —11.25 9.6 3.56875 0.75
0.5 —12.86 9.6 2.1412 0.85
0.75 -11.03 9.6 3.2118 0.85
1 -9.2 9.6 4.2825 0.85
0.5 —4.41 9.6 7.1375 0.5
04 —8.56 9.6 571 0.5
0.3 -12.72 9.6 4.2825 0.5
0.25 —14.8 9.6 3.56875 0.5

Equation (7) shows that &, is fixed for a given value of (T + INF)/P,

while C_ decreases when INF/P increases (Equation (6)). In the exam-

ple illustrated in the figure, a solution is obtained for E/P = 0.6, (T

5 | DISCUSSION

51 |
balances

Reconciling stable isotope and chloride mass

+ INF)/P = 0.82, and INF/P = 0.046. This solution is, once again not
unique, with a set of possibilities with decreasing E/P and increasing
(T + INF)/P. However, the range of possible values is limited for
INF/P, which reaches a maximum at 0.088, for E/P = 0.40 and (T
+ INF)/P = 0.92.

Because water stable isotopes and chloride are both tracers of evapo-
ration process, they are supposed to provide similar estimates of this

flux in lake systems where evaporation is a dominant factor of the
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FIGURE 6 Two examples of solutions for the contribution of
infiltration on the watershed. The isotopic composition of Tabere
(green circle) can be fitted with E/P = 0.725, T/P = 0.76 and no
contribution from the watershed (green line), or with E/P = 0.60,
T/P = 0.82 and INF/P = 0.046 (blue line). The system of
equations is undetermined, with an upper limit of INF/P of

about 9%.

water budget. However, in this study, the E/P ratio calculated from
180 and chloride mass balances are significantly different for all the
five lakes studied here. The n.0 parameter of the Craig and Gordon
model appears as critical to explain this discrepancy.

In the one-box model, the n.6 parameter can be tuned and by
adopting smaller values than the commonly used n.6 parameter
(n.6 = 0.5), it is possible to reconcile both approaches. These results are
thus fully coherent with the conclusion of Kebede et al. (2009), who
showed that the results of the isotope mass balance model could not
be reconciled with the observed slope of LEL for a set of 16 Ethiopian
lakes of various sizes, unless they used a value of 0.5 for the 6 parame-
ter of Craig and Gordon's equation, instead of 1. Kebede et al. (2009)
extended to small lakes the interpretation initially proposed by Gat
(1995), that low values of 6 reflect humidity buildup over a wide evapo-
rating water surface. Specifically, these authors draw attention to lakes
located in steep valleys or crater lakes with restricted ventilation over
the lake, in which cases high rates of vapour recycling may occur.

Alternatively, the same constraint on the n.6 parameter is
required for lakes Mbalang and Tizon, whereas another water supply
term to the lake must be considered in the case of Lake Tabere, which
drains the larger watershed. Lower values of n.0 in both cases (water
supply by rainfall only and water input from the watershed in addition
to rainfall) in Lakes Mbalang and Tizon would suggest that the stan-
dard value of 0.5 may not accurately represent the processes that
occur in certain tropical systems.

Our various attempts in combining 20 and chloride to obtain the
same water mass budget highlight the sensitivity of the hydro-isotopic
balance calculation to the choice of parameters and allow the estima-

tion of other terms of the water budget.
5.2 | Sensitivity of the isotope mass balance to
Craig and Gordon's model parameters

The different tests described above shed light on the extreme sensi-

tivity of Craig and Gordon's model to the choice of parameters, and
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underline the non-uniqueness of the solutions. This caveat must thus
be kept in mind when trying to obtain quantitative information about
the lakes' water budgets. In addition, the hypotheses of steady state
and homogeneity can also only be considered as a first order approxi-
mations devoted to sensitivity testing. For instance, the strong influ-
ence of h on the results is illustrated in Figure SI-3, where it can be
seen that values of h lower than the annual average (i.e., h = 0.4 is the
annual average of monthly minima) shift the model curves towards
higher §'80 and thus increase the discrepancy between 620 and
[CI7]. However, the precise determination of a more representative
average value of humidity to be used in a steady state simulation
would require a detailed analysis of the relationship between humidity
and evaporation flux, which is beyond the scope of the present study.

Once a given value is selected for h, the next main parameter with
a strong influence on the model results is 5. We illustrate in
Figure SI-3 and Figure SI-8 the relationship between 65 and n.6 for a
set of various solutions satisfying the observed slope of 5.08 for the
LEL, provided that the atmospheric composition lies on the GMWL.
Except for the lowest and unlikely values of n.6, these model values of
64 are enriched with respect to the composition at equilibrium with
the average precipitation (—13.8%o). While this situation is compara-
ble with the model results obtained by Vallet-Coulomb et al. (2008)
for Lake lhotry in Madagascar, it is contrary to the direct measure-
ment in vapour phase obtained by Tremoy et al. (2012) who used laser
mass spectrometry around Niamey. Such vapour measurement will
thus be needed, both to elucidate the rain-vapour relationship in the
regional climate conditions of the study area, and then to restrict dras-
tically the range of possible solutions to the model budget.

Moreover, it must be kept in mind that the results of our model
are based on the simplifying assumption that the isotopic composition
of the water vapour over the lakes lies on the GMWL in the isotope
plot. This assumption allows us to obtain a unique solution to the sys-
tem of equations linking chloride and isotopes budgets. However, a
noticeable shortcoming of this assumption is that it neglects the effect
of the mixing of vapour evaporated from the lake with the synoptic

atmospheric vapour, whereas the precise consequence of this
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recycling process is that the resulting atmospheric composition is dis-
placed out of the GMWL. Therefore, it must be emphasized once
again that the procedure described here is useful only to evaluate the
range of uncertainty associated with water budget estimation. The
impact of recycling on the model could be simulated by using the
same procedure with arbitrary values selected a priori for 64 and for
the mixing proportion between evaporation from the lake and synop-
tic atmosphere. However, this again renders the system of equations

undetermined.

5.3 | Assessment of the different terms of the
water budget

In addition to the evaporation term for which conservative tracers are
good indicators, our attempt to reconcile the isotopic and chemical
balances allowed to estimate other water balance terms. Indeed, our
simulations show that the water inflow from the watershed, either as
surface runoff or subsurface flow, can also make a significant contri-
bution to the water budget of a lake. Despite the non-determination
of the system of equations in this case too, the range of possible influ-
ence of this input can be evaluated.

In the case of Tabere in the example above, the inflow from the
watershed may be as high as 40% of the rain on the lake itself. The
results also show that taking this input into account allows to recon-
cile isotope and chloride mass balances, provided that transpiration
dominates evaporation on the watershed. Moreover, it is of note that
this model implies that transpiration from the watershed must be on
the same order of magnitude as evaporation from the lake if it is to fit
the observations (i.e., T/P~E/P). Although still speculative at this
stage owing to the large range of uncertainties discussed above, this
conclusion is in line with the on-going debate about global compara-
tive estimates of transpiration versus evaporation (e.g., Jasechko
et al., 2013 and references therein). Further testing of this hypothesis
will require sampling and analyses of water flowing on the surface and
percolating underground in the watershed.

6 | CONCLUSION

We provide here an initial comprehensive data set on the hydrology
and geochemistry of the volcanic Adamawa lakes, which we find have
the common characteristics of monomictic maar lakes. Our results
show distinct signatures in 50, §2H, chloride and electrical conduc-
tivity across the five lakes. Despite their relative proximity—and thus
similar rainfall input—these lakes constitute a valuable benchmark for
testing our ability to model the hydrological budget based on these
two conservative geochemical tracers.

Our simulation results show that the standard version of Craig
and Gordon's equation gives inconsistent results when used to com-
pare stable isotopes with chloride budgets. More precisely, values
lower than those usually accepted are required for the physical

parameters (so-called ‘n.6’ factor less than 0.5) to reconcile the two

tracers. This conclusion is in agreement with the results of Kebede
et al. (2009) for Ethiopian lakes, and confirms that it is a common fea-
ture for tropical lakes of both arid and humid regions.

We also show that accounting for upstream watershed contribu-
tions through runoff and subsurface flow offers a useful alternative to
close the water budget. Importantly, we found that the specific fluxes
of transpiration from the watershed and of evaporation from the lake
must be on the same order of magnitude, or slightly in favour of tran-
spiration, to fit the observations. Despite the large range of uncer-
tainty of the model output, the water budget of the lakes was always
dominated by evaporation over outflow (50% < E/I < 90%).

Another outcome of this study is the confirmation of previous
studies showing that direct isotopic measurements of atmospheric
moisture are required to discriminate between the different models
and reduce the range of possible solutions. Sampling and analyses of
surface and sub-surface water flowing into lakes will also be required
to decipher the exact contribution of watershed inflows to the hydro-
logical budget of lakes.
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