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1 | INTRODUCTION

Calcium is the fifth most abundant element in the Earth's
crust (Rudnick & Gao, 2003) and is coupled to the carbon
cycle at two different time scales (Tipper et al., 2016): (a) in
the short-term carbon cycle, Ca is an important micronutrient
for all organisms, for example, to maintain cell wall stability
(Da Silva & Williams, 2001), and (b) in the long-term carbon
cycle, Ca released during silicate weathering and sequestered
as marine carbonate regulates atmospheric CO, concentra-
tions (Berner et al., 1983; Walker et al., 1981). Indeed, during
silicate weathering, CO, is sequestered and Ca is released
from Ca-bearing minerals, such as Ca-plagioclases for in-
stance, following the equation below (Urey, 1952):

2C0, + 3H,0 + CaSiO; — Ca>* +2HCO; + Si(OH), (1)

The Ca®" cation is then transported into rivers and trans-
ferred to the ocean in solution, where it is precipitated, mainly
as marine carbonate. By assuming that the composition of
the rivers is partly controlled by the watershed lithology, nu-
merous studies indirectly quantify silicate weathering rates in
order to estimate atmospheric/soil CO, consumption (Berner
et al., 1983; Gaillardet et al., 1999; Garrels & Mackenzie,
1971; Holland, 1984; Meybeck, 1987; Négrel et al., 1993).
Nonetheless, an alternative pathway may exist for Ca: it can
be sequestered as pedogenic carbonate on continents, at least
temporarily, and thus, a significant part of the Ca released
from silicate weathering is not directly transferred into the
rivers towards oceans. Few studies have pointed out the sig-
nificance of secondary carbonate precipitation and the bi-
ases they may induce in calculating the fraction of riverine
cations derived from carbonate and silicate sources, and the
final silicate chemical weathering rate (Bickle et al., 2015;
Jacobson et al., 2002; Tipper et al., 2006). Indeed, pedogenic
carbonates have received little attention. Defined as second-
ary calcium carbonate precipitations inside soils (Lal et al.,
2000; Verrecchia, 2011), pedogenic carbonates may act as a
long-term sink regarding C and Ca (Monger et al., 2015) and
are an important part of the soil inorganic C (Eswaran et al.,
2000; Zamanian et al., 2016). The average residence time of
soil inorganic C is estimated at least as millennia (Monger
et al., 2015; Schlesinger, 1985). Moreover, processes leading
to the formation of secondary calcium carbonate, for exam-
ple, nodules, are still unclear (Zamanian et al., 2016), as well
as their impact and role in the C and Ca coupled biogeochem-
ical pathways and cycles.

In the Far North region of Cameroon, pedogenic carbon-
ate nodules are widespread (Brabant & Gavaud, 1985; Diaz
et al., 2016a; Dietrich et al., 2017; Martin, 1961; Morin,
2000; Sieffermann, 1967). Large accumulations of such nod-
ules have been observed associated with palaeo-Vertisols in-
herited from the last humid period (Diaz et al., 2016a, 2018),

that is, the African Humid Period, from 14.8 to 5.5 ka Bp (de
Menocal et al., 2000). These accumulations represent a large
quantity of Ca, especially because they are found in a silicate
watershed, which has a low overall Ca content.

In a previous study using Sr and Nd isotopes, Dietrich
et al. (2017) identified one Ca source as a local plagioclase
mixed with a lesser amount of Saharan dust. This mainly local
contribution has not often been documented in other settings,
except in similar palaco-Vertisol environments (Durand et al.,
2006; Violette et al., 2010a). Moreover, the causes and am-
plitudes of the sequestered Ca preservation in this type of
terrestrial geosystem remain unclear (Dietrich et al., 2017).

As described in previous studies (Aide & Smith-Aide,
2003; Aubert et al., 2001; Braun et al., 1998; Compton et al.,
2003; Laveuf & Cornu, 2009; Ohlander et al., 1996; Sako
et al., 2009; Stiles et al., 2003), the distributions of major, trace
and REE (i.e. Na, K, Rb, Mg, Ca, Sr, Ba, Y, Ti, Zr, V, Mn, Fe,
Al, U, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb
and Lu) were also used in the various compartments compos-
ing the landscape, to identify the pedogenic processes involved
in the formation of these carbonate nodules. Coupled with
mineralogical, carbonate content and cation exchange capac-
ity (CEC) analyses, compartments of the past calcium cycle
have been identified in the present-day landscape. Once, the
compartments have been defined and reconstructed, a calcium
mass balance can be calculated in order to assess the impor-
tance of carbonate nodule precipitation in the calcium cycle.

2 | GEOLOGICAL SETTING

The study site is located at the foot of Mandara Mountains
(orientated in an SW-NE direction) in the Mayo Kaliao
watershed (Diamaré piedmont, Figure 1A,B). This Mayo
(‘Mayo’ in the local Fufulde language means ‘intermittent
stream’) belongs to the endorheic Chad Basin, as it is a tribu-
tary of the Logone River, the second largest outflow of Lake
Chad (Olivry & Naah, 1999). The mean annual precipita-
tion is 800 mm and the mean annual temperature is 27.6°C
at Salak station (Suchel, 1988). The year is divided into two
main seasons: the wet season from June to September and the
dry season from October to May, which is associated with a
north to south-west wind, loaded with Saharan dust, called
the Harmattan (Kalu, 1979; Suchel, 1988).

The Mandara Mountains are mainly composed of gran-
ite and gneiss (Gazel et al., 1956). The sediments found in
the Diamaré piedmont were principally deposited during the
Quaternary (Hervieu, 1967). They consist mostly of quartz
and feldspars, with a decreasing grain-size distribution toward
the Yaérés floodplain (Hervieu, 1967). The saprolite, origi-
nating from bedrock weathering and occasionally covered by
a ferruginous duricrust, is overlain by a clay-rich sediment
interfingering with sand lenses (Morin, 2000). Pedogenic
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FIGURE 1

Study site location and geological settings. (A) Map of the Far North region of Cameroon, showing the Diamaré piedmont situated

between the Mandara Mountains and the Yayres floodplain, separated by a sand belt. Red circle refers to the study and sampling site, located in
the Mayo Tsanaga watershed, Chad Lake basin (black dashed line). White circles are Google Earth™ observations of mima-like mounds; black

squares are important villages and towns. (B) Google Earth™

view of the study site, highlighting an erosion area (black dashed line) with studied

mima-like mounds shown by black squares. (C) Field photograph of an accumulation of carbonate nodules at the soil surface. (D) Photograph of a

typical landscape of mima-like mounds, with Mandara Mountains in the background

carbonate nodules are associated with palaeo-Vertisols de-
veloped in the clay-rich sediment, called the ‘Clay-Rich
Parent Material’ and have occurred in large areas (CRPM,;
Diaz et al., 2016a; Dietrich et al., 2017). Nodules accumulate
in significant amounts, up to 11 kg/m2 at the surface and/or
within the CRPM (Figure 1C,D; Diaz et al., 2016a).

In the present-day, the palaeo-Vertisols outcrop as peculiar
landscape features, such as non-anthropological earth mounds
in highly eroded areas, or as whalebacks (Figure 1D). The
earth mounds have been described as ‘mima-like mounds’.
Mima-like mounds are landforms defined in the literature as
earth mounds formed by erosion and/or aeolian deposition

combined with vegetation patterns (Cramer & Barger, 2014).
At this site, they were interpreted as the result of the dislo-
cation of palaeo-Vertisols (Diaz et al., 2016a). The carbonate
nodules, collected in the same soil profiles as those studied
in this present work, have been dated using radiocarbon, and
range from 6.6 to 5.0 ka cal Bp (see details in Diaz et al.,
2018). The organic matter sequestered in the carbonate nod-
ules has also been dated using radiocarbon and spans from
11.5 to 8.0 ka cal Bp. Diaz et al. (2018) concluded that these
dates correspond to the time period when organic matter was
integrated into the Vertisols. The age of the CRPM deposi-
tion has been assessed using OSL dating (applied to K-rich
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feldspar grains trapped in nodules; Diaz et al., 2016b) and
provided ages ranging from 18.0 to 12.0 ka Bp (Diaz et al.,
2018). Finally, Dietrich et al. (2017) demonstrated that the
CRPM is a 1:1 mixture of the weathered granitic bedrock and
Saharan dust using a multi-isotopic approach.

3 | MATERIALS AND METHODS

3.1 | Study site and sample collection
A study site, characterised by important amounts of carbon-
ate nodules and well-developed mima-like mounds, was
selected in the granitic area located in the western part of
Maroua (Figure 1A through C). An exhaustive field descrip-
tion of the geological settings, including landscape and soils,
is given in Diaz et al. (2016a). Only the main characteristics
are summarised in this section and presented in Table 1.

Well-developed mima-like mounds formed within the
CRPM and outcrops of granitic inselbergs make up the
present-day landscape (Figure 1D). The local granite con-
sists of plagioclases, feldspars, quartz and a small amount of
biotite (Dietrich et al., 2017). A recent alluvium constituted
by reworked CRPM, surrounds the mima-like mounds. The
CRPM is observed either (a) in contact with a coarse allu-
vium (CAL), (b) covered by a fersiallitic pedolith (FP), de-
fined as a reworked soil sediment showing typical features of
fersiallitization (Diaz et al., 2016a), or (c) directly in contact
with granitic inselbergs.

A trench was dug through two of the mima-like mounds.
In the first mima-like mound (Mima 1), the trench was 12 m
long and 1.30 m deep. Twelve soil profiles (A-L) were sam-
pled at 5 cm intervals for the first 10 cm from the top, with
subsequent samples at depths of every 10 cm (Figure 2). In
the second mima-like mound (Mima 2), the CRPM inter-
fingers with the CAL. The trench, dug from the centre to
the edge of the mima-like mound, was 5 m long and 1.30 m

TABLE 1 Description of profiles and samples from Diaz et al. (2016a)
Material Samples Texture
Clay-rich parental Profiles B to L (Mima 1). Profiles  Clay-loam

material—CRPM N and O (Mima 2) and samples
T6 to T10
Coarse Profiles Q and R (Mima 2) Sandy
alluvium—CAL loam
Recent alluvium—A  Profile A (Mima 1) Silt loam
Fersiallitic T1-T4 Sandy
pedolith—-FP loam

pH,0 was measured in the laboratory with a pH meter.

deep. Five soil profiles (N-P profiles correspond to the
CRPM, whereas R and Q profiles are CAL) were sampled
using the same strategy as in Mima 1 (Figure 2). Profile T
was sampled in the FP close to Mima 1 and 2 (Figure 1B).
Two different layers were observed: (a) the FP (samples T1—
T4) overlaying (b) the CRPM (samples T6-T10). The sam-
pling strategy was the same as for Mima 1 and 2. Nodules
were sampled at the soil surface and in soil horizons. Finally,
a sample of granite was collected from a neighbouring in-
selberg. A detailed sketch of the sample locations in the two
mima-like mounds is given in Figure 2.

3.2 | Analytical methods

Soil samples were sieved at 2 mm and all of the samples (soil
fine earth, carbonate nodules and granite) were crushed in
an agate mortar. The chemical compositions of these bulk
samples were determined using X-ray fluorescence (XRF)
on glass pellets after LiBO, fusion using a XRF PANalytical
Axios spectrometer. The detection limit is reported as
<5 ppm. The carbonate contents of soil fine earth and carbon-
ate nodules were measured using the mass loss method with
2.2 M acetic acid on 2 g of sample. Triplicates performed on
five samples validated the method showing a maximum rela-
tive standard deviation (RSD) of 5.7%. An extraction using
0.0166 M cobaltihexamine was performed on soil fine earth
to determine the CEC and the exchangeable cations (Na+,
K*, Ca®*, Mg*" and AI’"), following the protocol established
by Ciesielski et al. (1997). The concentrations of the vari-
ous exchangeable cations and cobalt were measured using
inductively coupled plasma-atomic emission spectroscopy
(ICP-OES; Perkin Elmer ICP-OES Optima 8300). The detec-
tion limit was <100 ppb for Na, K, Ca, Mg, Al and Co, re-
spectively, with a repeatability <10% based on triplicate tests
(in extractions as well as measurements) with three random
samples. The cobaltihexamine was preferred to ammonium

Structure  Skeleton pH,0 Mineralogy
Massive Up to 15% carbonate  8.1-9.6  qtz > phyl
nodules, a few (sm, kao,
nodules of Fe-Mn ilt) > K-f > plg
oxides
Single Up to 30% silicate 7.5-8.2 qtz > K-f > phyl
grain gravels >plg
Massive — 8.4-9.0 qtz > K-f > phyl
>plg
Angular — 7.2-7.6  qtz > phyl
blocky (kao > sm) >
K-f > plg

Abbreviations: qtz: quartz; phyl: phyllosilicate; K-f: K-feldspar; plg: plagioclase; sm: smectite; kao: kaolinite; ilt: ilite. Total organic carbon < 0.5% in all profiles.
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FIGURE 2 Distribution of samples in the mima-like mounds. Mima-like mound 1 is composed of the clay-rich parent material (CRPM)
surrounded by a recent alluvium and covered by carbonate nodules. The top-right picture shows a detail of the soil profile: the CRPM includes a
carbonate nodule in the soil (1 m deep). In the mima-like mound 2, the CRPM interfingers the coarse alluvium. Black and red diamonds indicate
the sample locations, the red ones referring to those selected for the extraction procedure
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End member 1 End member 2

TABLE 2 Results of the principal

End member 3 .
component analysis

Na,O K,O ALO, Fe,0; MgO
PCI  -0269  —0.069 —0442  —0.251 ~0.092
PC2 0771  —095I 0.851 0.944 0.955

CaO

0.836
0.316

The correlation coefficients between the two first principal components (PC1 and PC2) and each variable are
given in this table. The correlation coefficient values are used to project the variables in a circle of radius = 1:
the closest variables are clustered into three groups in order to define three geochemical attractors or end
members: end member 1 (Na,O and K,0), end member 2 (Al,03, Fe,O; and MgO), and end member 3 (CaO).

acetate or barium chloride, as it does not dissolve the carbon-
ate (Dohrmann & Kaufhold, 2009). The density of carbon-
ate nodules was assessed on five samples using the cylinder
method, which consists of putting a sample, whose mass is
known (m), in a known volume of water and looking at the
volume displacement (V) with the cylinder graduation: the
bulk density is given by the ratio m/V.

Ten soil samples with six associated nodules (when pres-
ent in these 10 samples) and five surface nodules were se-
lected for trace element and REE analyses (samples in red
in Figure 2). Measurements were performed on two differ-
ent fractions (leading to 42 measurements): (a) a dissolved
carbonate phase obtained by a 2.2 M acetic acid extraction
(Arunchalam et al., 1996), and (b) the residual phase, which
was not dissolved during the acid acetic extraction. A solu-
tion of 2:1 HNO;:HF was used to put this residual phase com-
pletely into solution. The granite and the FP (samples T1-T4)
were analysed after total dissolution in 1:1 HNO;:HFE. All
chemical treatments were performed in a clean-laboratory
(class 1000) using bi-distilled acids. Major, trace element
and REE concentrations from the dissolved sample fractions
were measured with an inductively coupled plasma-mass
spectrometer (ICP-MS; Element XR) at the Institute of Earth
Sciences (University of Lausanne), with an intermediate pre-
cision <5%. All soil samples were only partially dissolved
after the 2:1 HNO;:HF attack, whereas the residual phases
of the carbonate nodule samples were totally dissolved.
Therefore, the residual phases of the soil samples were an-
alysed using a complementary method: these phases were
fused in LiBO, and the resulting glass pellets were analysed
using a Laser Ablation ICP-MS (Agilent 7700 coupled with
GeoLas 200MATrF excimer) in order to measure their mass
fraction in major and trace elements. Triplicate analyses were
performed on a nodule sample in order to control the repeat-
ability of the acid acetic extractions. Results give a maximum
RSD of 5% for major and trace elements (see Supplementary
Material A). The Ce anomaly (Ce/Ce*) was calculated using
the following equation (Equation 2, Braun et al., 1998):

[Ce,

sample |

CC _ [Cegranite ]

I 2
Ce 2 [Lasample ] X 2 [Prsample ] ( )
[Lagmnilc ] [Prgranilc ]

The local granite was chosen for the normalisation, in-
stead of the chondrite or the Upper Continental Crust, as it is
the dominant bedrock in the watershed (Gazel et al., 1956).
The La/YDb ratio was calculated to estimate the fractionation
between LREE and HREE.

3.3 | Data processing

Principal component analyses (PCA) and cluster analyses
(CA) were performed on the soils’ major elements expressed
as oxides (Na,0, K,0, MgO, CaO, TiO,, MnO, Fe,05, Al,04
and SiO,; see Supplementary Material B), using Matlab®
software. Data were standardised and CA were performed
using the Euclidian distance and the Ward agglomeration
algorithm. Pearson correlation coefficients (r, Table 2) of
the two first principal components (that explain >80% of the
total variance) with the variables were calculated as follows:
r = A;4/u;, where u; the matrix of the respective eigenvectors
and /; the matrix of their associated eigenvalues. These r co-
efficients were used to define the three main geochemical at-
tractors or end members (EM), which are EM 1 = K,0+Na,0,
EM 2 = Al,05+Fe,05;+MgO and EM 3=CaO. The SiO,
variable was excluded, as it is a common element of silicates
and therefore not discriminant. In order to plot the samples
in a ternary plot defined by the three end members, the sum
of EM 1 = K,0+Na,0, EM 2 = Al,03+Fe,05 + MgO and
EM 3 = CaO was normalised to 1 (100%). In addition, in this
ternary plot, the samples were grouped by different symbols
using CA (Figure 3). Finally, carbonate nodules and granite
samples were added to the ternary plot.

4 | RESULTS

The cluster analysis, based on major element compositions,
allocated soil samples to five different groups (Figure 3). The
first group refers to the coarse alluvium (CAL, n = 13, sam-
ples from R and Q profiles), whereas the FP (T1-T6) consti-
tutes the second group with a sample of recent alluvium (Al;
n = 6). Al is located at the edge of Mima 1 and is clearly
reworked material. Samples from the CRPM are divided into
three different groups: samples close to the surface at the
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centre of Mima 1, named C-CRPM (n = 12), the remaining
samples of Mima 1, named M1-CRPM (n = 64), and sam-
ples from the CRPM of Mima 2, named M2-CRPM (n = 23).
All soil samples have a bulk composition dominated by the
Al,034Fe,03;+MgO end member (in a proportion of be-
tween 70% and 90%), but some outliers remain (Figure 3).
The CAL, FP and Al samples display the highest K,O and
Na,O contents and are therefore the closest to the composi-
tion of the granite. The M1-CRPM samples have the highest
amount of Al,O3;+Fe,0;4+MgO, whereas C-CRPM samples
have the highest amount of CaO.

In addition to the major element compositions, two main
compartments of exchangeable Ca have also been consid-
ered: the diffuse soil carbonate (excluding nodules), which
is also a sink for Ca, and the CEC fraction. The carbonate
content of the CRPM ranges from 0.5% to 5.8% with maxi-
mum values at the centre of Mima 1. However, CAL and FP
have lower values ranging from 0% to 2.4% (Figure 4). The
CEC and the exchangeable Ca display concomitant varia-
tions in the various sedimentary components of the land-
scape (Figure 4). In the CRPM, CEC and the exchangeable
Ca values range from 16 to 43 cmol*/kg, and from 7 to 21
cmol*/kg (Ca represents between 36% and 70% of the total
CECQC), respectively. In the CAL and FP, values range from 8
to 20 cmol*/kg for the CEC, and from 2 to 12 cmol*/kg for
the exchangeable Ca (Ca represents between 16% and 50%
of the total CEC).

On average, the nodules consist of 70% low-Mg calcite
and 30% of a residual silicate phase. Observations of carbon-
ate nodules in thin section emphasise their micritic nature
(Figure 5). Two different distribution patterns are observed
(Stoops, 2003): a random pattern defined as open-porphyric,
coarse-fine related distribution (grains are mainly quartz, pla-
gioclases and K-feldspar) and a fan-like pattern including less
silicate grains. Septarian cracks are partially infilled or coated
with sparitic calcitic cements. The geochemical composition
of the carbonate fraction in nodules is homogeneous with a
low variance (average RSD is 25%), despite the fact that data
include nodules from both surface and deep soil (n = 11;
Figure 6). Carbonate nodules show clear enrichments in Ca,
Mg, Sr, Y, U and REE, whereas they are strongly depleted in
Al, Na, K, Fe, Ti, Zr, Rb and Ce (Figure 4). The sum of REE
is the highest among all the other samples, their La/Yb ratios
are >1, and they have Ce/Ce* values <1 (Figures 4 and 6).

Aside from the bulk sample analyses given above, anal-
yses of the residue fractions from the CRPM, the CAL and
the FP, display similar trends, but with some differences in
terms of amplitude (Figure 6). These trends refer to a com-
position close to Saharan dust. The CRPM, the CAL and the
FP are mainly depleted in Ca and Na, and enriched in Fe,
Mg, Mn, Ti, Zr, V and Y. The enrichment in Fe, Mg, V and
Mn is more important in the CRPM compared to the CAL
and the FP, whereas FP has the highest enrichment in Zr and
Ti. As discussed above, the composition of CAL is closest to

% Coarse alluvium
,,,,,,, x Fersialitic pedolith and recent alluvium
¥« C-CRPM
A M1-CRPM =t
¢ M2-CRPM B e
O Nodules /
+ Granite & =
O Saharan dust ISIRCAS
@@g 20 /oo K

90 80 70 60 50 40 30 20 10 30 20 10
Carbonate Carbonate
. «— -
(Ca0) (Ca0)

FIGURE 3 Geochemical ternary plot of XRF data obtained in bulk soil samples, carbonate nodules, dust and granite. The ternary plot on

the left-hand side displays the samples within the full variation span; the right-hand side plot is a close-up of the sample distribution without the
nodules (which have a CaO content >80%). The three end members have been chosen according to their correlations with the first two principal
components after PCA. Sample colour codes refer to five different sample groups according to a cluster analysis: group 1 denotes the coarse
alluvium (n = 13, samples from R and Q profiles), group 2 corresponds to the fersiallitic pedolith and recent alluvium (n = 6, samples T1-T6, and
Al), group 3 to samples from the centre of Mima 1 (n = 12), group 4 to the other samples of Mima 1 (n = 64), and finally group 5 to samples from
Mima 2 (n = 23). Granite, Saharan dust and nodules are also displayed in the ternary plot, but they were not used in the cluster analysis
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the granite. All these sediments are characterised by a slight
enrichment in REE, especially in HREE. The sum of REE
normalised to the granite is close to 1, the La/Yb ratio <1,
with the lowest values in the FP, and with a positive Ce/Ce*
anomaly (Figure 4).

5 | DISCUSSION
5.1 | Identifying the past compartments in
the present-day landscape

5.1.1 | The calcium sources: Granitic
bedrock and dust

The K,0+Na,O end member of the ternary plot (Figure 3)
reflects the silicate minerals which make up the granite (i.e.
K-feldspars and plagioclases). The CAL and FP samples,
which are characterised by grain-size modes of coarse-
medium sand and coarse silt, are the closest to this end

%carbonate

CEC cmol+/kg

member. These grain sizes are typical of arenaceous sapro-
lites (Eswaran & Bin, 1978; Evans & Bothner, 1993; Migon
& Thomas, 2002).

The main difference in the geochemical composition
of CAL and FP lies in the slight depletion in Ca and Na
(Figure 6) compared to granite. This is due to plagioclase
hydrolysis, one of the first minerals to be weathered in this
rock type (Fedo et al., 1995; Nesbitt & Markovics, 1997;
Nesbitt & Young, 1984). This depletion in Ca and Na leads to
a relative enrichment in other elements, such as Fe, Mg, Mn,
V, Y and especially Ti and Zr. The latter two elements are
the main components of two of the most resistant minerals
found in granite (i.e. rutile and zircon; Schaetzl & Thompson,
2015). This concentration of resistant minerals also leads to
an enrichment in HREE, with respect to LREE, and a La/Yb
ratio <1 (Figures 4 and 6), as HREE are mainly associated
with them (Braun et al., 1998; Laveuf & Cornu, 2009; Nickel,
1973). Therefore, the primary minerals inherited from the
granitic arena characterise both CAL and FP. However, FP
not only experienced hydrolysis, but also fersiallitization,
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FIGURE 4 FIGBoxplots of Ca-related and REE-related parameters. Mid-line is the median, edges of the box are 25 and 75 percentiles,
respectively, and the whiskers refer to the 10 and 90 percentiles. Red crosses are outliers. A—C: boxplots of each group obtained using cluster
analysis: (A) carbonate; (B) cation exchange capacity; (C) exchangeable Ca. D-F: (D) sum of REE; (E) La/Yb; (F) Ce/Ce*. Data are adjusted to
the respective carbonate content of the sample and normalised using local granite composition. Samples have been grouped as follows: carbonate
nodules (Carb. Nod, n = 11), soil residue (CRPM; n = 9), coarse alluvium (CAL; n = 3) and fersiallitic pedolith (FP; n = 4)
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FIGURE 5 Photomicrographs of a carbonate nodule observed in thin section. Abbreviations: sp—sparitic calcite; mc—micritic calcite. Left:

plane polarised light; right: crossed polarised light. (A) Carbonate nodule showing a fan-like cement. This type of calcitic fabric contains only rare

silicate grains. (B) Carbonate nodule showing (a) silicate grains entrapped in micrite, (b) a sparitic cement is coating a void and (c) aureoled quartz

with microsparite

before it was reworked. Indeed, FP contains not only primary
silicate minerals, but also clays (essentially kaolinite with a
minor proportion of smectite) and Fe oxyhydroxides, which
point to the typical features of fersiallitization observed in
thin sections (Diaz et al., 2016a; Marcelino et al., 2018).
Dietrich et al. (2017) found that Saharan dust is the other
main source of Ca. Because Recent dust deposits were not
sampled during this study, the geochemical composition
of Saharan dust has to be estimated from the literature. No
data are available for recent dust composition collected in
the North Cameroon area. The best fitted data would be the
geochemical composition of dust at the time of CRPM depo-
sition (18.0 to 12.0 ka Bp, Diaz et al., 2018), data which are
not available. Nevertheless, when considering the present-
day back trajectories of air masses, it appears that the Bodélé
depression is the main source of dust for the Far North of
Cameroon (Skonieczny et al., 2001). Therefore, it can be

hypothesised that at the time the CRPM was deposited the
sources could have been comparable, justifying selection of
the soils/sediments of the Bodélé depression for compara-
tive purposes. Importantly, many dust samples are soils or
sediments, and not dust sampled from dust sampling col-
lectors. Bristow et al. (2020) proposed a data set with quite
a homogenous geochemical composition, but it does not in-
clude REE. Data from Abouchami et al. (2013) show an im-
portant heterogeneity in the Ca content in samples from the
Bodélé depression. The Ca content in dust is closely related
to the calcite content and this mineral is not transported over
large areas and long distances (Scheuvens et al., 2013). In
order to reduce the heterogeneity in the data of Abouchami
et al. (2013), two outlier samples with very high Ca con-
tents (higher by a factor of 10 compared to other samples)
were excluded from the data set. Therefore, an average com-
position of Saharan dust (10 samples) was calculated using
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FIGURE 6 FIGComparison of the geochemical compositions of carbonate and residual fractions (black dots) with respect to Saharan dust
(orange dots). Results are normalised to the local granite composition. Samples have been grouped as follows: carbonate nodules (n = 11), soil
residue-CRPM (n = 8), coarse alluvium (n = 3) and fersiallitic pedolith (n = 5). Samples from each group have been averaged. The average is
displayed with a black line and the standard error is given within the dark grey shaded area. The Saharan dust profile is shown on each plot to
facilitate a comparison with the carbonate and residual fractions. The Saharan dust profile represents the average values calculated using data from
the literature (see text) and the light shaded area denotes the standard error

geochemical data of the Bodélé depression reported from et al. 2016 n = 2). The results are plotted with their respec-
four different studies (i.e. Moreno et al. 2006 n = 2, Castillo tive standard error (Figure 6). The Saharan dust composition
et al. 2008 n = 1, Abouchami et al. 2013 n = 5 and Gross has been standardised to granite.

FIGURE 7 (A) Calocation in a soil profile through time. Ca is transferred from granite and dust sources to carbonate nodules, highlighting the
role of Vertisols as traps of Ca and C. This sketch includes a saprolite formation before the CRPM implementation, that is, before 20 ka cal Bp. In

Far North Cameroon, wet climate conditions, which led to Ferralsol formation (pedogenesis I), have been reported from 29 + 1 to 26 + 1 ka cal Bp
(Hervieu, 1967; Maley, 1981). Pedogenesis 1 is ferrallitization and pedogenesis II is vertisolization. CRPM for Clay-Rich Parent Material, AHP for the
African Humid Period, dated between 14.8 and 5.5 ka cal Bp (deMenocal et al., 2000). *Dating from Diaz et al. (2018). (B) Ca location in the various
compartments of the landscape. Upstream, pedogenesis is dominated by monosiallitisation (in this case, resulting in the development of fersiallitic
soils), whereas, downstream, bisiallitisation and accumulation of sediments and cations occur, resulting in the genesis of Vertisols (following the
model proposed by Bocquier, 1971). Q is used for Ca sources, C for Ca transient compartments, TC for the Ca-trapping compartment, and the arrows
represent fluxes. Sources, sinks, transient compartments and fluxes/exchanges are used in the sense given by Schlesinger and Bernhardt (2013)
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The Mg, Fe, Ti, Zr, V and some REE mass fractions are
higher for the Saharan dust than the granite, but those of
Ca, Sr, Na, K and Rb are lower. Calcium in dust can origi-
nate from a number of mineral phases. Indeed, Saharan dust

mineralogy can include plagioclases, hornblende, calcite and
apatite (Scheuvens et al., 2013), which are Ca-bearing min-
erals. In addition, Ca can also be sorbed on 2:1 clays or ad-
sorbed on 1:1 clays in minor amounts. These minerals were
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mixed with saprolite during deposition of the CRPM between
18.0 and 12.0 ka cal Bp (Diaz et al., 2018; Dietrich et al.,
2017). Later, Ca was released during weathering (Figure 7A).

5.1.2 | Transient compartments: Vertisols
developed in the CRPM

The Al,03+F,0;+MgO (EM2) end member of the ternary
plot (Figure 3) is related to the weathering products, as these
three elements are often identified in clay minerals and/or
oxides. Samples C-CRPM, M1-CRPM and M2-CRPM are
dominated by a clay-loam texture and these sample groups
are the closest to the EM2 end member. Indeed, smectites
and kaolinite have been identified in the CRPM (Diaz et al.,
2016a). The high aluminium (Al) content in the CRPM results
from its limited mobility, as this element is transferred from
primary minerals to secondary clay minerals. Aluminium can
contribute to kaolinite formation as well as Mg-smectites
(Clauer & Paquet, 1997). The presence of 2:1 clays promotes
enrichment in Fe and Mg. In Vertisols from Sudan, 75%—
100% of the Fe(Ill) is related to Fe-beideillite, a phyllosili-
cate of the smectite group (Blokhuis, 1993). Magnesium can
also be a component of smectite (Kabata-Pendias & Pendias,
2011). In addition, oxyhydroxides concentrate Fe, as well
as Mn and V, as these elements are easily incorporated into
this group of minerals (Bigham et al., 2002; Schwertmann
& Taylor, 1989). The CRPM also displays an enrichment
in REE, especially in HREE, compared to granite and this
enrichment is higher when compared to the FP and CAL
(Figures 4 and 6). This enrichment is probably related to the
abundance of clays and oxides, as REE sorption is a common
process in such minerals (Compton et al., 2003; Coppin et al.,
2002). Moreover, the CRPM has a higher pH than FP and
CAL. Indeed, the pH is a crucial parameter for HREE accu-
mulation, as HREE solubility increases with decreasing pH
(Aubert et al., 2001; Cao et al., 2001; Compton et al., 2003;
Sako et al., 2009). Additionally, this enrichment in HREE
compared to the granite can also be due to the presence of
some Saharan dust in the CRPM, which is itself enriched in
HREE.

The presence of 2:1 clays and oxides in the CRPM has an
important influence on Ca. The CRPM has a higher CEC and
Ca exchangeable content than FP and CAL (Figure 4) due to
the presence of 2:1 clays (Blokhuis, 1993; Clauer & Paquet,
1997). To a lesser extent, oxides and oxyhydroxides (Fe and
Mn oxides in this case) also contribute to high CEC (Schaetzl
& Thompson, 2015). Finally, other transient compartments
exist for Ca, that is, the vegetation and the soil organic matter
(Rowley et al., 2018; with a turnover of about a few years;
Dincher et al., 2020; Turpault et al., 2019). The vegetation
must have been mostly woody during the African Humid
Period in North Cameroon (Amaral et al., 2013; Diaz et al.,

2018) and represented an effective Ca transient compartment.
During this humid period, Vertisols provided some reducing
conditions due to their high soil water content, preserving
some of this organic matter (Mermut et al., 1996; Southard
etal., 2011). This preserved organic matter probably contrib-
uted to transient Ca pools. Therefore, Vertisols developed in
the CRPM seem to be a suitable location to accumulate Ca
and to act as a transient compartment for Ca (Figure 7A).

5.1.3 | The Ca sink: Carbonate nodules and
soil carbonate

Carbonate nodules are common features of Vertisols (Kovda
et al., 2006; Wieder & Yaalon, 1982), but mechanisms lead-
ing to their formation are still under debate (Zamanian et al.,
2016). Conditions in Vertisols in the Far North of Cameroon
obviously provided ideal settings for nodule formation as
shown by their great abundance. Calcium and (bi)carbon-
ate ions were present in the soil as reported above. Calcium
originated from plagioclase weathering and dust deposits
(Dietrich et al., 2017), while C stemmed from soil respira-
tion (Cerling, 1984; Hasinger et al., 2015). In addition, the
pH of the CRPM was probably alkaline enough to promote
calcite precipitation, a condition that is documented below
using REE.

High pH favours REE accumulation (Aubert et al., 2001;
Cao et al., 2001; Compton et al., 2003; Sako et al., 2009).
Rare earth element complexation with carbonate is maxi-
mised when the pH value is 10 (Pourret et al., 2007), provid-
ing an explanation for the higher REE content observed in
the carbonate phases than in the silicate sediments (Figure 4).
Moreover, because of the closeness of Ca’* and REE** ionic
radii, REE can be incorporated into carbonate minerals, no-
tably through isomorphic exchange of Ca®* in the calcite
lattice, although the compensation of the charge imbalance
(2+ vs. 3+) is not yet clearly understood (Laveuf & Cornu,
2009). Carbonate nodules are also characterised by a strong
negative Ce anomaly (Figure 4), as previously reported in
the literature (Huang & Wang, 2004; Violette et al., 2010a).
This attribute indicates that, when carbonate precipitated, the
conditions were oxic and only scarce Ce was available, as
Ce remains trapped in its cerianite form (Braun et al., 1990,
1998; Mongelli, 1997), as shown by the positive Ce anomaly
recorded in the CRPM.

Moreover, Vertisols underwent important variations in
soil water content during the year (Coulombe et al., 1996;
Kutilek et al., 1996). All of the radiocarbon ages of the car-
bonate nodules range between 6.6 and 5 ky BP cal (Diaz
et al.,, 2018). This period corresponds to the end of the
African Humid Period, when climate conditions became
drier (Amaral et al., 2013; de Menocal et al., 2000; Garcin
et al., 2018; Shanahan et al., 2015), resulting in decreased
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soil moisture. Consequently, calcium carbonate dynamics
were impacted in two different ways: (a) the precipitation of
carbonate nodules was promoted, and (b) the dissolution of
carbonate nodules was reduced, enhancing their preservation
inside the soil.

Based on the various profiles and samples, it is now
possible to reconstruct the past landscape using the top of
sequence concept proposed by Bocquier (1971). In upper
topographic positions, the soil mineralogy is mainly com-
posed of silicate primary minerals, kaolinite and Fe oxyhy-
droxides, pointing to fersiallitization processes and resulting
in a depletion of alkaline elements. In contrast, downstream,
bisiallitisation is the main operative process, leading to the
formation of 2:1 clays, resulting in an enrichment of alka-
line elements. Consequently, the FP can be considered as a
product of shallower weathering formed at the same time
as Vertisols. Therefore, an important part of the Ca present
in the watershed has been transferred from granite and dust
sources to carbonate nodules. With time, the Vertisol geosys-
tem has been partly fossilised and Ca, which was transferred
from the transient compartment (2:1 clays and oxides of the
CRPM, vegetation and organic matter) to carbonate nodules,
remained sequestered until today (Figure 7B), as evidenced
by significant amounts of carbonate nodules observed in the
present-day surface landscape (11 kg of nodules per m?; Diaz
et al., 2016a).

5.2 | Calcium accumulation in mima-like
mounds and its impact on the Ca balance: A
quantitative assessment

5.2.1 | Calculations of respective Ca
depletion and accumulation

Calcium depletion and accumulation have been calculated by
comparing the palaeo-Vertisols and their parental material
with respect to density and volume variations. For this pur-
pose, palaco-Vertisols have been divided into three groups:
carbonate nodules, soil micritic carbonate (sink) and soil resi-
due (transient), hereafter noted Nod, SCarb, and Res, respec-
tively, the parent material (sources) being noted as PM.

The parent material of palaco-Vertisols is the CRPM,
which is approximately a 1:1 mixture of Saharan dust and
granitic saprolite (Dietrich et al., 2017). A rough assessment
of the initial geochemical composition of the CRPM (i.e. be-
fore Vertisol development, as an unweathered material) can
be calculated by averaging the composition of Saharan dust
(median from literature) and saprolite. Coarse alluvium was
defined above as the residuum of a weathered granite and
has been used as an equivalent of the composition of the sap-
rolite. Regarding the saprolite, Begonha and Braga (2002)
propose a density of 1.5 g/cm3, and the density of dust was

chosen as 1.65 g/cm3 , a conventional density for desert loess
(Pye, 1987). However, calculations were also performed con-
sidering the granite as the parent material in order to compare
the CRPM with a simpler end member.

First, the Ca depletion between the parent material and
the palaeo-Vertisols’ residue is calculated normalising to an
immobile element. Titanium was chosen as it is generally
preserved and remains unchanged in Vertisols (Stiles et al.,
2003). As ratios are calculated, that is, Ca/Ti, densities and
volumetric changes do not need to be considered, and the
percentage of Ca depletion/accumulation can be calculated
using the following equation (Equation 3):

_ [Ca]Res/[Ti]Res

% Cap,.. = 3
Res [Calpy/[Tilpy ®)

Calcium accumulation inside the carbonate phase of
palaeo-Vertisols (i.e. soil carbonate and carbonate nodules,
as Ca sinks) has to be estimated as well. However, it is not
possible to normalise to an immobile element, as it is not ap-
plicable to carbonate phases, because they are secondary in
origin. It is possible to circumvent this problem by compar-
ing one cubic metre of parent material with one cubic metre
of palaeo-Vertisols. These calculations must account for the
density and volume variations. The nodule density was mea-
sured as 2.2 + 0.1 g/cm3. Densities of soil fine earth were
not measured, but data are available in the literature: Lamotte
et al. (1997) measured a density between 1.8 and 1.9 g/cm3 for
solodic Planosol, and Peltier (1993) gave values between 1.5
and 1.9 g/cm3 for palaeo-Vertisols from the Far North region
of Cameroon. Therefore, a density of 1.7 g/cm3 was chosen for
the palaeo-Vertisols residue, while 2.7 g/crn3 was chosen for
the density of soil carbonate as the carbonate soil precipitated
as micrite. A calculation of a volumetric strain (¢) is proposed
by Egli and Fitze (2000) and this value was used to correct the
volume of the present-day palaeo-Vertisols (Equation 4).

_ (ppm X [Tilpy)

4
(pRes X [Ti]Res) ( )

Calcium accumulation in carbonate phases can be then
calculated using Equations (5) and (6), for micritic carbon-
ate in the soil (%Cagc,y,) and carbonate nodules (%Cay,g),
respectively. The sum of the two carbonate phases gives the
total Ca accumulation in the palaeo-Vertisols (Equation 7).

%Ca _ %scab X [Calscarn X Pscarb Y& )
scarb ges X [Calpy X ppy

% Caw . = Unod X [Calnog X PNod ©)
Nod URes X [Calpy X ppy

% Carou = % Cayog + % Cagcan, N
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where a is the volumetric fraction of the different kinds of
palaeo-Vertisols (% of skeleton for carbonate nodules, % of
carbonate in soil fine earth for micritic soil carbonate, and the
missing fraction necessary to reach 100% is attributed to the
residue), Ca is the Ca concentration, and p the density. Details
of calculations are given in Supplementary Material SC, results
and associated propagated error listed in Table 3.

Errors are up to 46% and mainly due to the variability in
the skeletal content. As shown in Diaz et al. (2016a), the skel-
etal content is very heterogenous with depth. Calculations
show that there is a slight enrichment of Ca (30%) in the res-
idue of palaeo-Vertisols compared to the initial CRPM. If the
error span is considered, the Ca content remains useful when
comparing the palaeo-Vertisols and the CRPM. This slight
enrichment can be due to the dissolution of carbonate, which
can occur during the present-day, as the system is no longer
in equilibrium with the environmental conditions. Indeed,
the climate, and thus the soil moisture, are different in the
present-day compared to the main period of carbonate nod-
ule precipitation, which occurred by the end of the African
Humid Period (Diaz et al., 2018). When considering the
granite end member as the initial parent material, the residue
of palaeo-Vertisols is strongly depleted in Ca (an 80% loss
of Ca in the present-day palaeo-Vertisol residue compared to
granite). The lost Ca fraction was displaced to the carbonate
phases or/and was exported from the geosystem.

In contrast, carbonate phases of the palaeco-Vertisols are
obviously extremely enriched in Ca, that is, an increase of
746% compared to the CRPM as parental material, mean-
ing that, regarding Ca, more than seven volumetric units of
CRPM are needed to produce one volumetric unit of carbon-
ate phases in the palaeo-Vertisol. This large increase of Ca can
be explained by lateral transfer as shown in Bocquier (1971).
Even when calculations are performed based on granite as the
parent material, a slight Ca enrichment still takes place (value
>100%), clearly demonstrating that an additional source of
Ca is necessary to explain the mass balance.

TABLE 3 Cadepletion/accumulation, considering the CRPM or
the granite as parent materials with the associated propagated error,
calculated using the standard error

CRPM Error Error

(initial) (%) Granite (%)
Cage, 1.3+03 21 0.2+0.05 30
Cagcu 2.1+0.8 39 03+0.1 44
Cayog 54+22 40 08+04 46
Capg 75+£2.7 36 1.1+£04 37

Cag,, for Ca depletion/accumulation in the palaco-Vertisol residue compared to
the parent material; Cagc,,: for Ca depletion/accumulation in the soil carbonate
compared to the parent material; Cay,q for Ca depletion/accumulation in the
carbonate nodules compared to the parent material. Caq,, is total Ca depletion/
accumulation in the carbonate nodules and carbonate soil compared to the parent
material.

Consequently, Vertisols with their associated carbonate
nodules acted as a trapping compartment for Ca at the land-
scape scale. Calcium was not transferred into the rivers when
the system was active, highlighting the potential impact of
carbonate nodules in soils on river geochemistry. Today, some
dissolution probably occurs as the system is no longer in equi-
librium with the climate and the river geochemistry is prob-
ably impacted by this process. In other contexts (travertine
in two silicate watersheds from Nepal and southern Tibet),
Tipper et al. (2006) also reported that secondary carbonates
have a significant influence on river geochemistry and further
assessment of the river geochemistry would be necessary to
confirm this hypothesis for the Far North of Cameroon.

5.2.2 | Impact of pedogenic carbonate and the
concept of ‘Geochemical cascade’

Pedogenic carbonate nodules impact the river geochemistry
at two different stages: (a) during their precipitation, as a part
of the Ca being released from the granite and sequestered
in Vertisols as secondary carbonate, and (b) during second-
ary carbonate dissolution, when Ca, which does not originate
from the present-day bedrock weathering, is exported to the
rivers. In the first case, carbonate nodules act as a carbon
sink, whereas in the second case, nodules constitute a buffer
compartment regarding Ca. Carbon sequestration has already
been observed in terrestrial carbonate environments and sev-
eral studies have already suggested that it be recognised in
the global carbon budget (Harrison & Dorn, 2014; Monger
et al., 2015). This study pointed out that, obviously, calcium
sequestration also occurs in terrestrial carbonate, as in the
Far North of Cameroon, where Ca has been trapped in the
carbonate nodules since 6 ka Bp, impacting the calcium and
carbon coupled continental cycle.

This consequence goes beyond the study site as carbon-
ate nodules are not limited to the Far North of Cameroon.
Vertisols with carbonate nodules in silicate watersheds are
also reported in numerous and extensive areas along the
Sudano-Sahelian belt, for example, in Senegal (Maignien,
1965), Benin (Viennot, 1978), Togo (Lamouroux, 1969),
Chad (Bocquier & Audry, 1975; Chevery & Fromaget, 1970;
Vizier & Fromaget, 1970), Niger (Bocquier et al., 1964),
Burkina Faso (Pottier, 1973), Mali (Maignien, 1961) and
Central African Republic (Boulvert, 1983). To a larger extent,
Vertisols cover 309 million hectares worldwide, which rep-
resents 2% of the land cover (USDA-NRCS, 1999). In Mule
Hole and Tamil Nadu areas (India), Vertisols with pedogenic
carbonate (as nodules and/or calcrete) have also been ob-
served in silicate watersheds (Durand et al., 2006; Violette
et al., 2010a) and Violette et al. (2010b) demonstrated that
40% of the Ca exported from the watershed originated from
pedogenic carbonate.
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Consequently, secondary carbonate must not be discarded
or neglected in chemical weathering calculations, as it un-
doubtedly has an impact on the global carbon budget. Indeed,
elements do not travel directly from the substratum to the riv-
ers through weathering, because some of them can be trapped
in terrestrial secondary deposits for an undetermined time.
For example, the fact that the palaco-Vertisols from the Far
North of Cameroon are presently undergoing erosion points
to a future new transfer from a fossil and transient compart-
ment of carbonate nodules to downstream systems. This
dynamic vision of a transfer pathway from granite, to soil
solution, then to nodules and finally to sediments and/or river
waters downstream is a perfect geochemical illustration of
the concept of ‘sediment cascade’ (Burt & Allison, 2010).
Indeed, this concept introduced as ‘the transfer of sediment
and water from points of generation in upland environments,
through transport pathways and intermediate stores to the
coastal zone and oceanic sinks’ (Burt & Allison, 2010) can
equally be applied to the elements as a ‘geochemical cascade’
by simply replacing ‘the transfer of sediment’ by ‘the transfer
of elements’: travelling from one transient compartment to
another, recombining or released, they ultimately end up in
the ocean.

6 | CONCLUSIONS

This study case conducted in the Far North of Cameroon
provided a qualitative and quantitative example of the role
of pedogenic carbonate in silicate watershed geochemis-
try. It showed that there is a lag between the release of Ca
from a source to the transfer of Ca into a river system. The
geochemical compositions of palaeco-Vertisols and their as-
sociated carbonate nodules allowed three main processes
to be highlighted. These processes led to the transfer of Ca
from a source, in this case the granite and dust, to a trap-
ping compartment, in this case pedogenic carbonate nod-
ules. The first process involved the weathering of a granitic
bedrock, which produced a saprolite. The residual prod-
ucts were then mixed with Saharan dust to form the host
sediment of the nodules (CRPM). The reworked granitic
arena provided plagioclases, which represented a signifi-
cant source of Ca. Calcium released during silicate weath-
ering was transferred into the soil solution. The second
process is related to clay minerals, products of weathering.
These clays had mainly a 2:1 structure, allowing Ca and
other cations to accumulate during Vertisol development.
Weathering products, that is, clays and oxides, as well as
vegetation and soil organic matter, have to be considered
as transient compartments of Ca, an intermediate step be-
tween the source and the trapping compartment. At the
end of the African Humid Period, drier climate conditions
prevailed, enhancing the precipitation and preservation of

pedogenic carbonate nodules. Calcium was then incorpo-
rated into the nodules and sequestered as such, until the
present-day. Consequently, during the last 20,000 years,
a significant amount of calcium was transferred from up-
stream granite to downstream nodules of pedogenic car-
bonate developed in Vertisols. Calculations demonstrated
that Ca accumulated in these palaeo-Vertisols in the form
of carbonate nodules, highlighting the role of Vertisols
as traps of Ca. In the Far North region of Cameroon, sig-
nificant quantities of calcium remain sequestrated in the
soil system not yet transferred into rivers. Therefore, these
results emphasise the significant role of Vertisols in ter-
restrial Ca balances, as they cover large areas on Earth.
In addition, such a spatial relationship between sources
and transient trapping compartments illustrates the new
concept of ‘geochemical cascade’ similar, in terms of geo-
chemistry, to the concept of ‘sediment cascade’ developed
by continental sedimentologists.
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