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Abstract

This work focuses on the comparative analysis of the influence of two termites of the
Macrotermes (fungus-growing) and Cubitermes (soil-feeding termites) genera on the dynamics
of soil lithogeochemical facies. The aim was to establish a general systematic recognition of
the lithology of a large area, including its potential for Cu and Co mineralization. Eighty-eight
samples of the mound material were collected from termite mounds of these two species along
a 50 km transect in Lualaba Province, Democratic Republic of Congo (DRC) in order to carry
out major and trace element analyses. Interpretation of the data was carried out through
exploratory analysis, using the Ascending Hierarchical Classification (AHC) method and
Principal Component Analysis (PCA), followed by statistical modeling using linear regression.

After clustering the termite mounds into classes by AHC, an initial PCA was used to map the

© 2022 published by Elsevier. This manuscript is made available under the CC BY NC user license
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lithology of these classes using major elements. The results highlight the dependance of the
lithological composition of the mounds on the behavior specific to each of the two termite
species. Linear regression modeling allowed a delineation of the area of supply of building
materials for each species, indicating the possible incorporation of Cu and Co mineralizations
likely to be present in the environment of the termite mounds. The use of termite mounds as a

tool in mining exploration is discussed.

Keywords : Termites, Chemical composition, Major elements, Trace elements, Cu and Co
mineralization, Katanga Supergroup.

1. Introduction

Termites are key contributors to pedogenic processes and the bioturbation of soil particles
covering the bedrock (Stewart and Anand, 2014). Termites are amongst the main
macroinvertebrate decomposers of organic matter in arid and semi-arid environments, exerting
additional impacts through the creation of biostructures (mounds, galleries, sheetings, etc...)
with different soil physical and chemical properties (Jouquet et al., 2011; Garnier-Sillam et al.,
1991). Bachelier (1978) showed that the material in large termite mounds comes from deep soil
horizons. All the authors acknowledge that these spectacular elevations also have an effect on
the chemical enrichment of soils.

Many studies have highlighted this chemical and/or mineral enrichment of termite mounds in
mineral clay, organic matter, major elements, trace elements and rare earths (Garnier-Sillam,
1987; Jouquet et al., 2004, 2007; Sako et al., 2009; Mujinya et al., 2013). Few of them have
sought to exploit this information in mineral prospecting, some works have used this factor to
highlight mineral occurrences in gold deposits (Roquin et al., 1991; Arhin and Nude, 2010;
Gleeson and Poulin, 1989; Stewart et al., 2012; Stewart and Anand, 2014) or in locating

uranium mineralization (Le Roux et al., 1991). Beyond these prospected metals, Sako et al.
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(2009) argue that certain clays and organic matter have a selective affinity for trace elements
found in termite mounds, such as Cd, Co, Cu, Ni and Zn. This assertion makes termite mounds
a potential resource in tactical prospection for identification of polymetallic deposits.
Systematic research has already been carried out in this context by Arveti et al. (2012) to
compare the distribution of the chemical elements Cu, Pb, Zn, Ni, Co, Cr, Li, Rb, Sr, Baand U
in termite mounds and adjacent surface soils in mineral prospecting. However, no studies have
focused on the geochemistry of termite mounds for strategic prospecting of vast regions.

In the landscape of the metallogenic province of Lualaba, one of the four provinces resulting
from the dememberment of Katanga, two species of termites build their nests; the Macrotermes
and Cubitermes. Macrotermes, a fungus-growing species, builds nests containing chambers for
dead plant material such as wood, bark and straw, and arranges them in millstone patterns
(Jouquet et al., 2007, 2011; Garnier-Sillam, 1987). This species breaks down dead plant
material indirectly by growing fungi in galleries. The spatial distribution of these termite
mounds in Katanga is estimated at 3 to 5/ha in the savanna and forest areas and these mounds
are about 8 m high and 15 m wide (Mujinya et al., 2011). Cubitermes, a soil-feeding or
humivorous termite species, builds termite mounds in the form of fungus with one or more caps
(Grassé, 1950). The mounds of these humivorous termites are built with materials mainly
originating from the surface horizon and recycled at this level by erosion. In contrast, the
fungus-growing Macrotermitinae can retrieve their material (wet soil particles) from very deep
down in the profile, even as far as the water table (Jouquet et al., 2011). These differences
between termite mounds are species-dependent and due to genetic factors regulating the
behaviour of workers (Grassé et al., 1961). Thus, exploiting the termite mounds in a region such
as Katanga, which abounds in significant Cu and Co reserves (Kaya Muyumba et al., 2015),
would constitute an alternative tool to traditional techniques in strategic and tactical

geochemical prospecting. Strategic prospection is a method that leads to the systematic general
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reconnaissance of a vast region. It highlights anomalous areas with a probable relationship to
mineralization. Tactical prospection is applied to a specific occurrence with the aim to define
detailed problems (deposit extension or mineralized structures on surface and at depth, etc.)
(Granier, 1962).

The province of Lualaba is a major province of the Katanga copperbelt, with some of the richest
Cu and Co deposits present in the Kolwesi area (Kamoto, Mashamba-East, KOV (Kamoto-
East, Oliveira, Virgule), Musonoi, Kananga, Tilwezembe, Kalongwe...) (Cailteux et al., 2005;
El Desouky et al., 2010) and the recently discovered Kamoa giant deposit (759 Mt at 2.57 wt%
Cu) (Twite et al., 2019) located approximately 25 kilometers west of this town (Wendorff 2011,
Twite et al., 2019).

This study focuses on the geochemical characterization and mapping of termite mounds of two
major species in Katanga: Macrotermes and Cubitermes. This characterization led to the
identification of behavioral differences between species, factors that influence the chemical
composition of termite mounds. These differences were consolidated by predictive modeling

of Cu and Co mineralization in the termite mounds.

2. Geological setting

The study area is located in the southeastern part of the Democratic Republic of Congo (DRC)
in the Lualaba Province between 11°00' and 11°50' South latitude, and 24°50' and 25°00' East
longitude on the Kayoyo Sheet (Fig.1). This area is located in the north-western part of the
Katanga copperbelt, a Neoproterozoic orogenic belt forming a north-directed thrust-and-fold
belt, called the “Lufilian Arc”, located between the Congo and Kalahari cratons. It is more than

150 km wide and stretches for 700 km from Mwinilunga in the west, to Kolwezi in the
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northwest, up to Luanshya (previously Roan Antelope) and Lonshi in the southeast (Cailteux
et al., 2005; Batumike et al., 2007; Cailteux and De Putter, 2019; Twite et al., 2019).

The neoproterozoic terrains of the Katanga Copperbelt are commonly interpreted as a 7.5-10
km thick sedimentary deposits developed in a ~880 Ma rifted intracontinental basin, between
the Kalahari and Congo cratons, which occurred during the Rodinia Supercontinent break-up
(Armstrong et al., 2005). This succession was affected by the ~573-530 Ma Lufilian orogeny,
linked to the amalgamation of the Gondwana Supercontinent and the convergence between the
two cratons. It developed a fold-and-thrust-belt to the north detaching the Katanga sedimentary
sucession from the Bangweulu Paleoproterozoic basement (Kampunzu and Cailteux, 1999,
Kipata et al., 2016). The Lufilian belt differs in deformation style and metamorphic grades from
the south to the north with respectively: the Dome region exposed in Zambia and the Lufilian
arc (composed of an internal highly-structured domain and an external domain including the
Kamoa sub-basin) and the tabular Kundelungu domain. For the Lufilian arc domains, the formal
stratigraphy was described by Francois (1974) and has been recently revised by Cailteux et De
Putter (2019), the latter version being used in this paper. In the external Lufilian domain, the
lithostratigraphy of the Katanga succession is subdivided into three groups from bottom to top:
(1) A carbonate sequence of the Roan Group (R); (2) A dominant silicoclastic sequence of the
Nguba Group (Ng); (3) a mixed-terrigenous and carbonate succession of the Kundelungu Group
(Ku). These groups are separated by stratigraphic unconformities based on the presence of two
regional diamictites considered as stratigraphic markers, known as the “Grand-Conglomerat”,
or the “Mwale sub-group” and the “Petit Conglomérat” or the “Kyandamu sub-group”
(Frangois, 1974; Batumike et al., 2007; Cailteux et al., 2019; Delpomdor et al., 2020). The two
regional diamictites represent two worldwide glacial events during the Neoproterozoic era. The

older diamictite, Grand Conglomérat (~720 Ma) can be correlated with the Sturtian glaciation
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and the younger, Petit Conglomérat or Kyandamu Formation (~635 Ma) can be correlated with
the Marinoan glaciation (Mambwe et al., 2017).

As illustrated by Fig. 2, the sampling transect was selected to cross part of the external Lufilian
arc with two subdomains: (1) The northern autochtoneous subdomain, part of the Kamoa sub-
basin with Kudenlungu deposits preserved in a NE-SW syncline and (2) the southern
parautochtoneous subdomain affected by thrusts to the north and narrow NE-SW folds mostly
affecting the Nguba series. Late oblic faults (NNE-SSW and NW-SE) create offsets in the folds
and thrusts where the Roan Group outcrop with frequent breccia to megabreccia facies
(Cailteux et al., 2018).

Table 1 presents a detailed and revised lithostratigraphy of the Katanga Supergroup, exposed
in the study area, mainly based on drillhole descriptions including a lithological description of
each unit. In the field, due to poor outcrop conditions, geological mapping fails to be as precise
and some of the mapped geological units designated as “undifferentiated” have a composite
lithostratigraphical and lithological description.

From a metallogenic point of view (e.g. Cailteux et al., 2005), the Katanga Copperbelt is one
of the world’s greatest copper-cobalt province, representing more than half of the world’s
mineable cobalt and the second largest global reserve of copper. Cu and Co are closely
associated in many deposits generally in the form of disseminated sulphides forming stratiform
orebodies hosted in fine-grained siliciclastic, black shales or dolomitic sedimentary rocks, and
thought to have resulted from syngenetic and early diagenetic processes. During the panafrican
orogeny, they are also remobilized (i.e. tectonic breccia) along the main thrusts and secondary
faults (Decree et al., 2014). No evidence exists that metals could have originated from Katangan
igneous through hydrothermal processes. Association of copper and cobalt with iron, and

sometimes with anomalous concentrations of other metals (e.g. Ni, U, Cr, Ag, Au, PGE) led
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Cailteux et al. (2005) to suggest that Katangan deposits could have resulted from the

remobilization of low-grade Cu-Co deposits present in the pre-Katangan basement.

3. Materials and methods

3.1. Termite mound sampling strategy

In a landscape dominated by a mosaic of natural miombo-type open forest ecosystems,
characterized by the dominance of species of the genus Brachystegia that grow in semi-arid
areas of the tropical savannah (Malaisse, 2018), eighty-eight (88) termite mound samples,
including 60 Macrotermes termite mounds and 28 Cubitermes termite mounds, were collected
along a ~ 50 km transect from the village of Musokatanda to the Zambia-DRC border southwest
of Lualaba beyond the village of Ikekeketi. This transect crosses three geological formations as
described above (Fig. 2).

Samples from Macrotermes termite mounds were collected from the central point between the
top and base of each termite mound and samples from Cubitermes termite mounds were
collected from the top of each termite mound in order to avoid any contamination of the mound
material by the underlying soil. All samples were taken after scraping away the first layer of
the termite mound. The sampling revealed that Cubitermes termite mounds are monochrome
(gray) and ~ 30 cm high, as opposed to Macrotermes termite mounds which are polychrome
(grey, beige, yellow, brown, red) (Fig. 3) and varied in size whose height ranges from 1.7 to 9
m with an average of 5.16 m (Fig. A.1).

Figure 4 illustrates the color contrast of Macrotermes termite mounds. Termite mounds on
Kalahari sands and Kundelungu Group formations are predominantly gray and beige, while
those on Nguba Group formations are predominantly yellow, red and brown. Most of the red

and brown termite mounds are located on the Mwale subgroup.
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3.2. Analysis of samples and statistical methods

After drying, crushing and sieving to fractions of 160 um, the termite mound samples were
deposited at the regional branch of ALS-Minerals laboratory in Lubumbashi in the province of
Haut-Katanga to be sent to the laboratory in Vancouver, Canada for multi-element analysis. All
samples were analyzed using the ICP-AES / ICP-MS multi-element acid digestion method to
determine 48 elements, namely: Ag, Al, As, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Fe, Ga,
Ge, Hf, In, K, La, Li, Mg, Mn, Mo, Na, Nb, Ni, P, Pb, Rb, Re, S, Sb, Sc, Se, Sn, Sr, Ta, Te, Th,
Ti, T1, U, V, W, Y, Zn, Zr. These analyses have followed quality control procedures based on
3 types of QA/QC samples: (1) blanks (multicentimetric to decimetric geodic quartz vein
crystals of gem quality collected northwest of Kolwezi); (2) standards (insertion of bags
containing 60g of OREAS 45¢’ and OREAS 904® standards); (3) preparation duplicates
(division of some samples in two during the preparation phase in order to control the stability
of the analytical conditions and the sample preparation process). In order to allow the statistical
processing of the data for values below the detection threshold, we proceeded with a classical
geochemical processing approach, by which the values below the detection threshold of each
element were replaced by half of it (Grunsky and Smee, 1999). Three elements were not taken
into account in the statistical treatment (rhenium (Re), selenium (Se) and tellurium (Te)), as the
majority of their values being below the detection limit, after applying this method, which
meant the statistical software considered them as constants.

The termite mounds of each type were first separated into different classes by the method of
Ascending Hierarchical Classification (AHC), and we were then able to establish a
mineralogical profile of these classes by Principal Component Analysis (PCA) based on the
major elements (Moradpouri and Mohammad, 2021, Sikakwe et al., 2020). After a comparison
of the means of all the elements according to their abundance in the upper continental crust, the

variables with significant mean concentrations were retained (As, Bi, Cs, Hf, Sb, Th, U, Zr) for
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a second PCA in order to select variables capable of explaining the variability of Cu and Co in
the termite mounds using unconformities selt linear regression processes. All the statistical

analyses were implemented with XLSTAT Software 2020.

4. Results and discussion

4.1. Geochemical characterization of termite mounds

Multivariate analysis using the AHC method applied both to major and trace elements was used
to determine the diversity of the geochemical composition of termite mounds. Fig. 4 shows the
dendrograms of the two sample sets. The AHC allowed eight (8) distinct classes to be
individualized for the series of Macrotermes termite mounds and five (5) classes to be
distinguished for the series of Cubitermes termite mounds (Fig. 5).

Table 2 groups together the means and standard deviations of the different classes defined by
AHC for each set of samples. After AHC, as Class 3 of the Cubitermes termite mound series
had only one sample, it was disqualified from further analysis.

Following the AHC treatment, an initial PCA was carried out in parallel with a correlation
analysis on the major elements analyzed (Al, Fe, Ca, Na, Mg, K, Ti) in order to determine the
elemental profile of each class and to compare it to that of the cartographic ensembles of the
study area. In both termite mound species, we found significant positively-correlated pairs
between Al and Ti, withr = 0.7, p < 0.00 for the Macrotermes termite mound series and r = 0.6,
p <0.00 for the Cubitermes termite mound series and also Mg-K, Na-K, and Na-Mg pairs with
respectively r = 0.6; r = 0.7 and r = 0.5 for the Macrotermes termite mound series, and r = 0.9;
r=0.8 and r = 0.8 for the Cubitermes termite mound series, all at p < 0.00. In the Cubitermes
termite mound series, there were also significant negative correlations between Ti and K, Mg

and Na, with respectively, r =-0.6, p < 0.003; r=-0.5, p <0.007; r =-0.6, p < 0.003. In addition
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to this point of divergence, in the Macrotermes termite series, there was a positive correlation
between K and Fe, with r = 0.3, p < 0.04 and in the Cubitermes termite series, Na having a
significant negative correlation with Al (r =-0.4, p < 0.02).

Fig. 6 represents the PCA of the two series carried out with these major elements. It can be seen
that the distribution of classes based on the major elements makes it possible to distinguish
characteristic associations between elements. In spite of differences in the background, we
observe that the two series present two types of associations, one characterized by the variables
Al and Ti and the other by K, Mg and Na. In the Cubitermes termite mound series, an
intermediate association of classes was associated with the Fe variable carried by the F2 axis
The PCA of the Macrotermes separates Classes V, VII and VIII (mean Al contents: 9.62-
11.14% and Ti between 0.81-0.98%) from Classes I and IV (mean Al contents: 6.90-7.90% and
Ti: 0.35-0.44%). The F1 axis, which carries the variables K, Mg and Na, isolates Classes III
and VI (average K contents: 1.13-1.25%; Mg: 0.27-0.32% and Na: 0.020-0.023%) from Classes
IT and IV (average K contents: 0.24-0.67%; Mg: 0.10-0.20% and Na: 0.013-0.016%). Of the
68.37% of variability explained by the PCA of the Cubitermes termite mound series, 48.32%
of variability is explained by the F1 axis, which opposes classes with high Al and Ti contents
to classes with high K, Mg and Na contents. Classes 1, 2 and 5 have average Al contents
between 6.84-8.69% and average Ti contents between 0.62-0.73%. These three classes are
opposed to Class 4 which has Al contents of 6.92% and Ti contents of 0.50%. The K, Mg and
Na contents are much higher than these three other classes.

Due to their direct relationship to mineralogy, the major elements are representative of the
nature of the rocks. In the hypothesis where the different classes would translate the differences
between the rocky substrates of the sampling area, the termite mounds can then be used to

determine the lithology of these substrates.
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After conversion of major element contents (Table 2) to oxide percentages, we compared them
to the average of the upper continental crust (UCC) of granitic composition estimated by Taylor
and McLennan, 1985 (Table 3).

In the absence of either bedrock samples or lithological discontinuities in the soil horizons, the
upper continental crust can be used as a surrogate for the source materials (Sako et al., 2009).
Comparison of the major elements mean contents (expressed as oxides) with the means of the
upper continental crust (UCC) indicates that in both series, the mean TiO> content is always
higher than in the UCC. The same observation is made for mean Al>Os. In both series, CaO,
K>0, MgO and Na>O contents are low compared to the mean contents in the upper continental
crust. The Macrotermes termite series has a wide range of FeO contents and Class VI is the
only one to have a mean content of 10.12%, which is much higher than that of the upper
continental crust (FeO =7.2%).

The average SiO2 content of the upper continental crust is 66% (Taylor and McLennan, 1985).
Among the major elements, only Al, Ca, Fe, K, Mg, Na and Ti were determined in the termite
mound samples. With Si (and O), these are the main constituents of the upper continental crust
representing more than 99% of the total (Taylor and McLennan, 1985). An approximate
evaluation of the SiO»> is given by difference between the sum of the analyzed oxides and 100%
(Table 3). In all cases, this difference is lower than the mean SiO2 content of UCC and this
relative depletion increases as the AloO3 content increases.

So, we can state that the main constituents of termite materials are SiO; and Al>Os3, these
materials also display an affinity for TiO; and sometimes FeO, depending on the termite mound
location. An abundance of Si and Al can attest to a source material dominated by quartz and
clays, such as sandstones, flints, clayey rocks or laterites. The low contents of Ca and Mg
exclude any influence of carbonate rocks (limestones, dolomites...), thus suggesting non-

incorporation by termites or more probably leaching of these elements in the materials used by
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them. The low CaO, MgO and Na>O contents and moderate K>O contents (Table 3) suggest
that the termite materials are extracted from lateritic formations (Tardy, 1997) resulting from
the physico-chemical alteration of previous rocks without notable pedological transformations.
As illustrated by Figures A.2 and A.3, on the eight classes of the Macrotermes termite mound
series, five (III, IV, V, VI and VII) are located on the Mwale formation. The remaining series
are on the undifferentiated Nguba and Kundelungu terrains. The occurrence of contrasted
classes for a given formation may suggest that the termite mound materials are derived from
different mineralogical sources which are not discriminated by the 1/200 000 scale geological
map i.e. the formations defined as « undifferentiated ». In the case of the Mwale Formation,
whose thickness decreases from north to south from 1300 m in the Nzilo area to 120 m in the
Kyona area (Batumike et al., 2007), different units are defined, whose importance varies from
place to place. At Kamoa, for example, Twite et al. (2019) identified in Mwale six stratigraphic
units, while at Tenke Fungurume seven units were identified by Mambwe et al. (2017). The
mineralogical contrasts separating the classes present on this formation would be due to
lithological differences between these units, likely to provide varied sources for termite activity.
Beyond identifying chemical facies of the termite mounds, superposing the sample points of
Macrotermes termite mounds on the geological map reveals that these biostructures would be
good indicators of geological structures (faults and fissures) and the limits of the subjacent
formations. For example, a termite mound sampled on a fault has a different geochemical
signature to its two neighbors to the north and south on the sampling transect (Fig. 7). On the
other hand, a sample taken at the limit of a geological formation on the map signifies a
mineralogical composition other than that of the class that precedes it on the transect.

The Macrotermes termite mounds observed on the Nguba Group formations have very high Co
and Cu contents compared to the other termite mounds, except for the single gray termite mound

on Kalahari sand south of the transect that has the highest Co content of 19.6 ppm. On the
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Nguba Group formations, the brown termite mounds have the highest Cu and Co contents, the
richest of which is located on the Mwale Subgroup. Cu contents in the red, yellow and beige
termite mounds on the Nguba Group formations are in the range of 15-200 ppm and Co contents
vary from 2.8 to 12.7 ppm. Termite mounds on Kundelungu Group formations have the lowest
Co (2.6-5.6 ppm) and termite mounds on Kalahari sand have the lowest Cu ranging from 14.6-

29.1 ppm (Fig. 8).

4.2. Cu and Co availability prediction in termite mounds

From a comparison of the means of all trace elements (Table 2) with their abundance in the
upper continental crust (Taylor and McLennan, 1985), eight (8) elements (As, Bi, Cs, Hf, Sb,
Th, U, Zr) stand out from the others with very high average concentrations in almost all classes
of the two series (Table 4).

These elements were retained for the continuation of the modeling process using multiple linear
regression to explain the variability of Cu and Co in the termite mounds.

The principle of the linear regression method is to model a quantitative dependent variable Y,
here Cu and Co, through a linear combination of p quantitative explanatory variables. The
deterministic model is written for an observation n (Addinsoft, 2021): Y = C1X1 + C2X2 + ... +
CnXn + Co, where Y is the dependent variable, X, are explanatory variables, C, are the weights
of the X, variables, and Cy is the model constant.

In this study, we used a descending step-by-step regression that starts with all available
variables, removing the least important at each step (Kouassi et al., 2014). A second exploratory
analysis using the PCA method preceded this modelling process and made it possible to reduce
the number of explicative variables in order to identify the most relevant variables capable of
explaining the behavior of Cu and Co (Fig. 9). The PCA results for both series show that some
of these eleven selected variables have significant correlations with Cu and Co. In the

Macrotermes termite mound series (Fig. 9a), despite the low percentage of variability explained
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by F3 (16.44%) compared to F2 (17.49%), this axis (F3) is the only one that clearly represents
the Co variable with a value close to 1. The F1 axis associates the variable Cu with the variables
Bi, Cs, Hf, Th, U and Zr, and F3 reflects a negative correlation between Co and Sb. In the
Cubitermes termite mound series Cu and Co have a negative correlation with As and are all on
the F1 axis. Thus, for the multiple regression modelling of the Macrotermes termite mound
series, the variables Bi, Cs, Hf, Sb, Th, U and Zr were retained and for the Cubitermes termite
mound series, the variables As, Cs and Th were retained.

After two stages of modeling, the multiple linear regression was transformed into a simple
linear regression. The information provided by Sb for Co and Bi for Cu in the Macrotermes
termite mound series and by Cs for Co and Th for Cu in the Cubitermes termite mound series,
were found to be highly significant in explaining the variability of these two dependent
variables at a chosen significance level of 5%. Table 5 gives details on the coefficient
parameters of each model with 95% confidence intervals.

Among the four models, only the Co model in the Macrotermes termite mound series has a
coefficient (model slope) with a negative value (variable Sb). This confirms the result of the
PCA. This reflects an inversely proportional variation of the dependent variable with respect to
the explicative variable (the diminution of Co with the augmentation of Sb). This model is also
the only one to have a positive value for the constant. The standard errors give the percentages
of the residuals that our models were unable to capture. From these coefficient parameters it is
possible to derive a mathematical relationship of simple linear regression that links the
dependent variables (Co and Cu) to the explicative variables. Thus, the equations of our models
can be written as follows:

» For Co in the Macrotermes termite mound series : Co = —2,794 « Sb + 8,200
» For Cu in the Macrotermes termite mound series : Cu = 218,484 = Bi — 24,642
» For Co in the Cubitermes termite mound series : Co = 0,897 « Cs — 0,096

» For Cu in the Cubitermes termite mound series : Cu = 5,632 * Th — 41,961



357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

Figure 10 illustrates the variability of Cu and Co concentrations in these four models. The
values 0.519 and 0.410 of the determination coefficient R? for the Cubitermes termites mound
series reflect the good fit of these two models to the data (Fig. 10c and 10d). In the two models
obtained for the Macrotermes termite mound series, the data are scattered around the models,
thus explaining the low values of R2.

According to the Goldschmidt classification, the two explicative variables (Sb and Bi) for the
Macrotermes termite series are chalcophilic elements, while those (Cs and Th) for the
Cubitermes termite series are lithophilic elements. This classification is based on the affinity of
lithophilic elements for oxygen and therefore aluminates and silicates and on the affinity of
chalcophilic elements for sulfur and therefore sulfides. Thus the modellisation suggests that Cu
and Co are in the sulfide form in the Macrotermes materials and in the oxidized form in the
Cubitermes materials.

According to Fontaine et al. (2020), the mineralization processes of the Katanga Supergroup
occurred in four episodes, the first three of which concern the mineralization of disseminated
sulphides in thin beds, nodules or as vein/fracture in fine-grained siliciclastic and carbonate
sedimentary rocks belonging to a unit known as the Mines Subgroup present in the lower part
of the Roan group. The fourth episode exists in the alteration and oxidation of the preceding
mineralization resulting in the formation of secondary ores located in the oxidized zone to a
depth of 100 to 150 m (Kaya Muyumba et al., 2015; De Putter et al., 2016). Referring to the
mineralization of the Katanga Supergroup, it is suggested that the Macrotermes species dig to
a greater depth to construct their edifices, allowing them to bring up particles of unoxidized
mineralization, whereas Cubitermes obtain material from superficial formations bearing
oxidized mineralization.

Experiments by Jouquet et al. (2002) on termite mounds of Odontotermes nr. Pauperans

(Termitidae, Macrotermitinae) reveal that termites obtain building materials from the deep soil.
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The upper soil is used only when termites have no choice. The authors argue that termites
probably prefer to use the fine particles present in the deeper soil horizons rather than the
coarser materials marking the topsoil. In this study, the difference in material supply areas
between the two species may be due to different worker behaviours leading Macrotermes
(fungus-growing) to descend more deeply than Cubitermes (soil-feeding termites), the latter

supplying themselves with materials derived from superficial formations.

5. Conclusions

Analyses of samples of Macrotermes and Cubitermes termite mounds collected in Lualaba,
Democratic Republic of Congo, have shown that the major and trace elements they contain
have a lithological origin specific to the subjacent rock substrates. The termite mounds have
geochemical signatures that are likely to reflect the lithological domain of these substrates that
provide the termites with the materials necessary for the construction of their edifices. As such,
the termite mounds of these two termite species constitute alternative supports alongside the
sediments and soils used in geochemical prospecting. The results of this study also show that
these termite materials are potential tools for detailed mapping of areas covered.

Modelling of the variability of the added-value metals (i.e. Cu and Co) in the region has shown
that their enrichment in the termite mounds was due to both species’ behaviors: Macrotermes
tend to go much deeper until they reach zones of sulphide mineralization to obtain materials,
whereas Cubitermes reached materials in superficial formations, rich in oxidized minerals.
Further studies will elucidate the depth to which each of the two species descends to obtain

material, with possible implications in a mining prospecting perspective.
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Figure captions:

Fig. A.1 Height of Macrotermes termite mounds

Fig. A.2 Classes of Macrotermes termite mounds on the geological map

Fig. A.3 Classes of Cubitermes termite mounds on the geological map
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Fig. 1 Simplified geological map of the Central African Copperbelt (CACB) and Katangan
basin showing locations of major Cu and Co deposits and cities (Wendorff 2011, Twite et al.,
2019)

Fig. 2 Simplified geological map of area studied (from 1/200 000 geological sheets : Kayoyo,
Ruwe, Sakabinda (Callec et al, 2018b))

Fig. 3 Macrotermes termite mounds (a) and Cubitermes termite mounds (b) 2017 © Serge
Ilunga Ngoy

Fig. 4 Color contrast of Macrotermes termite mound series

Fig. 5 Dendrogram of Macrotermes termite mound series (a) and Cubitermes termite mound
series (b)

Fig. 6 Variability of the classes according to the contents of major elements for Macrotermes
(a) and Cubitermes (b) termite mounds

Fig. 7 Identification of geological structures by Macrotermes termite mounds on geological
background

Fig. 8 Cu distribution in Macrotermes termite mounds (a) and Co distribution in Macrotermes
termite mounds (b)

Fig. 9 Principal component analysis of Cu, Co and eleven variables retained for the two series
(Macrotermes termite mounds a and Cubitermes b)

Fig. 10 Variability of Co concentrations versus Sb (a) and Cs (c) and Cu concentrations versus
Bi (b) and Th (d) - the Macrotermes termite series (a, b) and the Cubitermes termite series (c,
d)
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88
3 Major stratigraphic unconformity

Archean or Mesoproterozoic basement (Kibara, Kasai)

Table 1 Revised lithostratigraphy of the Katanga Supergroup (Cailteux et De Putter, 2019)
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Series MTM CT™M
AHC-Class I I v \% VI viI VIII 1 I v v
Effective 7 12 5 12 3 7 5 10 9 6
D.L. Mean ]S)::, Mean SZ:} Mean SZ:} Mean ]S)::, Mean ]S)::, Mean SZ:} Mean ]S)::, Mean ]S)::, Mean SZ:} Mean SZ:} Mean ]S)::, Mean SZ:}

Ag (ppm) 0,01-100 0,037 0,02 | 0,04 0,02 0,04 0,02 | 0,084 0,04 | 0,04 0,01 | 0,07 0,01 | 0,041 0,02 | 0,04 0,01 | 0,047 0,01 | 0,043 0,01 | 0,048 0,02 | 0,05 0,01
Al (%) 0,01-50 6,902 1| 819 0,57 | 8,102 1,1] 7,902 1,08 | 10,8 055 | 7,93 033 | 11,14 0,88 9,62 1,1 | 7,694 0,98 | 6,842 1,44 | 6,923 1,04 | 8,69 0,6
As (ppm) 0,2-10000 48 1,82 | 4,671 2,82 | 3,808 1,4 ] 10,62 2,85 538 1,74 | 4,87 0,5 2971 1,68 | 2,18 042 3,18 1,18 | 2,889 1,19 | 1,617 0,39 1,1 0,14
Ba (ppm) 10-10000 | 48,89 42,26 60 20,82 | 230,8 67,35 84 30,5 163 65,27 340 10| 1814 64,66 96 23,02 101 35,42 | 1033 48,99 | 231,7 64,01 155 7,07
Be (ppm) 0,05-1000 | 0,588 0,17 | 0,397 0,09 | 1,074 034 0,75 0,3 0,8 02| 1,28 0,03| 0,84 02| 059 0,12| 0,71 0,26 | 0,616 0,22 | 1,192 02| 1,06 0,35
Bi (ppm) 0,01-10000 0,18 0,07 | 0,331 0,041 0,358 0,04 ] 0,608 0,28 0,4 0,11 0,32 0,03 | 0,609 0,141 0,39 0,11 0,351 0,03 | 0,262 0,05 | 0,312 0,03| 0,38 0,02
Ca (%) 0,01-50 0,042 0,021 0,077 0,08] 0,12 0,08 | 0,054 0,031 0,07 0,04 0,1 0,02 ] 0,124 0,06 | 0,06 0,06 | 0,029 0,01 | 0,031 0,02 | 0,033 0,02| 0,03 0,01
Cd (ppm) 0,02-1000 | 0,016 0,01 | 0,026 0,02] 0,02 0,01 ] 0,026 0,01 ] 0,02 0,01 0,02 0,02 ] 0,016 0,011 0,03 0,02 | 0,037 0,03 | 0,046 0,02 | 0,052 0,02 0,1 0,04
Ce (ppm) 0,01-500 116,1 70,56 | 48,61 15,23 | 77,71 20,26 | 68,8 1582 ] 57,1 34,67 983 2,92 | 73,76 1345] 464 11,44 443 7,29 | 47,48 16,9 | 61,22 8,74 622 26,59
Co (ppm) 0,1-10000 72 2,531 2,686 0,63 | 3,842 097] 6,78 2,776 | 5,33 1,62 7,27 1,1 9,7 4171 7,34 2491 3,72 1,32 | 3,067 0,82 | 4,117 0,95 7.9 2,4
Cr (ppm) 1-10000 41,22 15,48 | 46,43 5,56 | 57,17 9,08 61,6 11,46 | 643 7,57 54 2,65 | 54,86 537 454 439 | 504 527 | 47,33 725 | 545 5,75 65 4,24
Cs (ppm) 0,05-500 1,187 0,511 1,996 036 | 495 2,15] 2,394 0,58 5,88 1,21 237 0,28 | 7,743 2,371 6,39 0,96 | 4,475 0,68 | 3,444 0,84 | 5,008 1,34 7,21 0,52
Cu (ppm) 0,2-10000 | 29,16 11,38 | 26,59 6,13 | 37,86 17,94 | 59,52 29,04 | 48,6 17,21 | 46,4 4,62 | 1629 122,47 108 37,61 | 26,15 5,73 | 27,74 8,14 | 39,73 783 | 713 3,82
Fe (%) 0,01-50 3,279 1,27 1,574 0,55 ] 2,845 1,22 ]| 4,336 0891 3,79 2,07 7.84 0,81 ] 2,404 0,88 1,59 0411 1,618 047 1,911 0,85 | 1,712 034 1,14 0,14
Ga (ppm) | 0,05-10000 | 20,61 4121 193 1,01 | 20,82 2,79 | 21,14 2,361 26,7 2951 21,7 1,14 | 29,16 2,651 208 1,67 | 17,97 1,67 | 15,26 2,03 | 17,58 3,021 21,9 1,34
Ge (ppm) 0,05-500 0,104 0,02 | 0,074 0,02 ] 0,115 0,02 ] 0,078 0,011 0,09 0,02 0,14 0] 0,121 0,031 0,09 0,02 | 0,074 0,01 | 0,077 0,01 | 0,112 0,01 | 0,12 0,02
Hf (ppm) 0,1-500 3,811 0,73 | 5,229 0,48 | 5,867 0,68 4,94 03] 6,74 0,62 6 0,11 7,986 0,551 6,56 0,641 5,15 0,39 | 4,633 0,69 | 4,733 0,28 | 4,95 0,21
In (ppm) 0,005-500 | 0,034 0,01 | 0,077 0| 0,095 0,02 | 0,106 0,04| 0,11 0,02 | 0,11 0,01 | 0,114 0,02| 0,08 0,02 | 0,067 0,01 | 0,051 0] 0,054 0,01 | 0,07 0
K (%) 0,01-10 0,278 0,29 | 0,241 0,1 1,252 041] 0,67 03] 0,87 023 1,13 0,03 ] 0,67 0251 047 0,27 | 0,644 0,29 | 0,623 0,33 | 1,285 032 0,64 0,04
La (ppm) 0,5-10000 | 44,24 21,55 22,6 8,68 | 33,48 8,57 | 19,18 L7 174 9,52 | 464 0,89 | 33,81 995 23,1 12,19 194 6,8 | 19,61 6,4 ] 28,48 69| 285 12,16
Li (ppm) 0,2-10000 | 13,22 13,17 | 6,714 1,12 ] 29,53 10,71 | 14,64 486 24,1 11,26 | 348 4,11 78,76 2497 | 502 24,89 | 12,53 6,12 | 9,844 3,56 | 13,22 1,45 20,2 3,32
Mg (%) 0,01-50 0,21 0,21 | 0,103 0,03 | 0,321 0,08 | 0,204 0,08 | 0,24 0,05 | 0,27 0,01 | 0,247 0,05| 0,17 0,05 0,173 0,07 | 0,176 0,05 | 0,272 0,05| 0,17 0,01
Mn (ppm) 5-100000 164,3 94,18 | 122,7 29,2 206,2 95,58 | 181.8 77,32 153 49,18 444 102,5 ] 193,1 84,33 203 156,93 | 96,8 44,23 | 95,44 43,93 | 106,7 33,46 70 19,8
Mo (ppm) | 0,05-10000 | 1,468 052 1,35 0,39 | 1,159 03] 2,582 094 1,93 0,74 23 04| 1,219 041 1,02 0,26 | 1,065 0,28 | 0,788 0,19 | 0,515 0,12| 0,75 0,27
Na (%) 0,01-10 0,014 0,011 0,013 0,01 ] 0,023 0,01 ] 0,016 0,011 0,02 0] 0,02 0] 0,017 0] oo01 0| 0,014 0,01 | 0,014 0,01 | 0,023 0,01 | 0,01 0




Nb (ppm) 0,1-500 12,88 35| 207 3,89 | 21,14 5,62 | 1542 4,82 298 5781 379 2,85 | 41,07 497 | 397 8,38 | 20,68 3,19 | 21,01 10,78 | 17,83 3951 28,1 0,71
Ni (ppm) 0,2-10000 | 72,53 49,16 | 17,86 3,13 ] 21,66 744 | 21,44 4,14 | 348 831 | 27.8 1,66 | 62,13 9,43 52 26,27 | 21,55 5,73 | 17,97 4,61 22,5 3,78 37.7 1,91
P (ppm) 10-10000 275,6 62,47 | 211,4 41,8 | 246,7 86,69 274 48,27 287 82,5 700 36,06 | 272,9 74,55 250 18,71 283 63,6 270 56,12 355 59,25 470 42,43
Pb (ppm) 0,5-10000 6,1 1911 12,51 298] 7,783 1,441 12,32 2,751 9.89 1,34 9 0,52 | 9,943 1,28 10,1 1,33 | 9,57 1,77 | 8,744 1,71 | 8,767 0,89 13,2 0,49
Rb (ppm) 0,1-10000 16,6 17,19 | 20,36 7,77 | 98,48 16,77 | 52,06 15,56 | 86,2 20,11 81,7 4,731 76,57 28,85 | 52,7 24,86 | 67,17 26,93 | 58,14 25,34 | 101,6 20,66 | 83,9 3,89

S (%) 0,01-10 0,016 0,011 0,02 0,02 ] 0,014 0,01 | 0,016 0,01 ] 0,02 0,01 ] 0,02 0] 0,019 0,01 ] 0,02 0,01] 0,016 0,01 | 0,018 0] 0,018 0] 003 0
Sb (ppm) 0,05-10000 | 0,463 0,07 | 0,769 0,12 1,017 0,55] 1,014 0,25 1,13 0,32] 0,61 0,07 | 0,623 0,05| 0,58 0,07 | 1,075 0,13 | 0,812 0,19 ] 0,722 0,03] 0,77 0,01
Sc (ppm) 0,1-10000 12,69 1,96 | 15,46 2,38 18,7 2,72| 18,92 1,54 223 332 203 0,57 | 25,06 2,6 | 18,1 1,54 | 14,33 1,3 ] 12,64 1,25 | 15,27 2,19 16,7 0,49
Sn (ppm) 0,2-500 2,011 0,36 | 3,029 03] 4,017 1.2 278 05| 4,83 0,63 323 0,12 | 5,343 048] 4,12 0,46 | 4,08 0,48 | 2,944 0,57 | 3,083 045| 4,15 0,21
Sr (ppm) 0,2-10000 19,47 7,82| 16,37 7,69 | 23,27 6,21 | 17,58 11,73 15,9 338 | 29,1 4,251 22,16 3,77 11,9 4,86 | 11,28 239 11,5 3,75 21 5,87 12,4 0,71
Ta (ppm) 0,05-100 0,887 0211 1,427 0,23 ] 1,427 0,28 ] 1,058 0,33 1,99 0,33 2,5 0,21 | 2,649 033 ] 245 04| 1,446 0,18 | 1,359 0,52 | 1,198 0,25 1,85 0,07
Th (ppm) 0,2-10000 10,72 1,38 | 13,39 1,14 | 12,78 1,29 13,4 1,72 14 2,66 | 13,1 0,16 | 16,84 1,58 14,3 1,5 13,61 1] 11,85 0,66 | 13,97 1,37 16,6 0,21

Ti (%) 0,005-10 0,348 0,08 0,6 0,091 0,59 0,11 0,436 01| 081 0,14 1,18 0,09 | 0,975 0,14 ] 094 0,11] 0,62 0,08 0,6 0,19 ] 0,502 0,07] 0,73 0,04
Tl (ppm) 0,02-10000 | 0,128 0,06 | 0,194 0,06 | 0,557 0,16 | 0,256 0,03 | 0,57 0,12 0,38 0,05 | 0,497 0,09] 032 0,04 | 0,417 0,11 | 0,343 0,11 | 0,557 0,1| 0,51 0,02
U (ppm) 0,1-10000 | 2,456 0,75 | 3,114 0,87 3,6 0,72 | 3,62 0,65 3,7 0,56 | 3,67 0,31 43 0,79 | 3.48 047 ] 3,59 0,82 | 3,289 0,77 | 4,617 1,57 3.45 0,35
V (ppm) 1-10000 71,78 15,11 ] 69,71 15,89 | 111,6 20,08 146 25,73 145 33,36 165 6,66 | 104,7 25,06 | 74,2 1997 | 83,7 17,83 | 81,22 20,95 | 73,83 8,08 61,5 6,36
W (ppm) 0,1-10000 1,056 0,19 | 1,886 025 | 2,117 0,55 1,42 0,28 | 2,55 0,37 1,87 0,06 | 2,971 026 | 2,38 023] 248 0,3 | 1,789 041 1,733 0,29 2,5 0,14
Y (ppm) 0,1-500 13,63 1,98 | 13,97 2,42 23,92 3,98 | 15,32 2,52 18 491 234 1,01 | 28,63 563 | 223 591 16,82 3,151 15,28 2,21 | 23,68 438 | 22,1 6,29
Zn (ppm) 2-10000 14,33 421 21,14 3,24 | 23,25 5,66 | 202 497 | 27.8 3,72 34 2,65 41,43 11,36 | 31,6 4,83 | 233 2,95 19,78 387 245 1,05 | 34,5 3,54
Zr (ppm) 0,5-500 137,1 25,61 | 1774 15,02 | 200,2 23,18 | 1754 7,28 234 24,34 225 4,041 2723 15,98 233 21,15 | 178,8 11,99 | 164,5 27,5 | 170,5 8,49 177 6,36

666  Table 2 Summary statistics
667  limit, Std. Dev.: standard deviation

668

669

670

671

of two sampling series: MTM: Macrotermes Termite Mounds, CTM: Cubitermes Termite Mounds, D.L.: detection
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TiO (%)
Al0O3 (%)
FeO (%)
MgO (%)
Cao (%)
Na,O (%)
K20 (%)

Si0; (%)
Pseudo-SiO; (%)

T&MclL

(Taylor and Series MTM CT™M
McLennan, _
1985) '2::5 [ m v V. vV vl I I v v
0,50 057 [ 098|097 072|133 | 194|160 | 154 | 102|098 |08 | 120
15,20 26,23 | 31,12 | 30,79 | 30,03 | 41,04 | 30,15 | 42,33 | 36,56 | 29,24 | 26,00 [ 26,31 | 33,02
4,50 4,23 | 2,03 | 3,67 | 559 | 4,89 [10,12| 3,20 | 2,05 | 2,09 | 2,47 | 2,21 | 1,47
2,20 035 | 0,17 | 0,53 | 0,34 | 0,40 | 0,44 | 0,41 | 0,28 | 0,29 | 0,29 | 0,45 | 0,28
4,20 0,06 | 0,11 | 0,17 | 0,08 | 0,20 | 0,14 | 0,27 | 0,08 | 0,04 | 0,04 | 0,05 | 0,04
3,90 0,04 | 0,04 | 0,06 | 0,04 | 0,05 | 0,05 | 0,05 | 0,03 | 0,04 | 0,04 | 0,06 | 0,03
3,40 0,67 | 0,58 | 3,00 | 1,61 | 2,09 | 2,71 | 1,61 | 1,13 | 1,55 | 1,50 | 3,08 | 1,54
32,14 3503 39,19 384 49,9 4555 49,27 41,67 34,25 31,32 32,98 37,58
66,00
Reste 67,86 6497 60,81 61,6 50,1 54,45 50,73 5833 6575 6868 67,02 62,42
673  Table 3 Comparison of the average major element contents of the different classes defined by
674  AHC in the two types of termite mounds with the average of the upper continental crust (Taylor
675 et McLennan, 1985). In the lower line, the difference between the sum of oxides and 100%
676  gives an approximate value for the SiO> content,given that the considered elements represent
677  more than 99% of the total mass of the continental crust
678
TEMcL  gorjes MTM c™
(Taylor
and
McLennan AHC- I ] 1] v \") Vi Vil Vil I [} v \"
’ Class
1985)
As (ppm) 15 4,80 4,67 3,81 10,62 5,38 4,87 2,97 2,18 3,18 2,89 1,62 1,10
Bi (ppm) 0,127 0,18 0,33 0,36 0,61 0,40 0,32 0,61 0,39 0,35 0,26 0,31 0,38
Cs (ppm) 3,7 1,19 2,00 4,95 2,39 5,88 2,37 7,74 6,39 4,48 3,44 5,01 7,21
Hf (ppm) 5,8 3,81 5,23 5,87 4,94 6,74 6,00 7,99 6,56 5,15 4,63 4,73 4,95
Sb (ppm) 0,2 0,46 0,77 1,02 1,01 1,13 0,61 0,62 0,58 1,08 0,81 0,72 0,77
Th (ppm) 10,7 10,72 13,39 12,78 13,40 14,00 13,08 16,84 14,30 13,61 11,85 13,97 16,60
U (ppm) 2,8 2,46 3,11 3,60 3,62 3,70 3,67 4,30 3,48 3,59 3,29 4,62 3,45
Zr (ppm) 190 137,10 177,40 200,20 175,40 234,00 224,70 272,30 233,00 178,80 164,50 170,50 177,00

679  Table 4 Seven trace elements are retained for the different classes of two series of termite
680 mounds whose concentrations are higher than the average for the upper continental crust

681  (Taylor and McLennan, 1985)

682
683

Lower Upper

Source Value Z:?::i(a(;g bound bound

(95%) (95%)

Co Intercept 8,200 0,870 6,459 9,941

MTM Sb -2,794 0,961 -4,718 -0,870

Cu Intercept -24,642 15,569 -55,807 6,522

Bi 218,484 36,822 144,776 292,191

Co Intercept -0,096 0,802 -1,746 1,555

CTM Cs 0,897 0,173 0,541 1,253

Cu Intercept -41,961 18,118 -79,275 -4,647




Th 5,632 1,351 2,849 8,414
684  Table S Parameters for four linear regression models: MTM: Macrotermes Termite Mounds,
685  CTM: Cubitermes Termite Mounds

686
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Regression of Co by Sb (R*=0,127)

Regressionof Cu by BI (R'=0,378)
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