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The age of four large termitemounds has been determined by 14C-dating the acid-insoluble organic carbon fraction
of samples taken along the central vertical axis of two active and two abandonedmounds. The age sequence in the
active mounds is erratic, but the results for the abandoned mounds show a logical increase of 14C-age with depth.
The ages measured at 50 cm above ground level were 2335–2119 cal yr BP for the large abandoned mound
(630 cm high), and 796–684 cal yr BP for the small abandoned mound (320 cm high). Cold-water-extractable
organic carbon (CWEOC) measurements combined with spectroscopic analysis revealed that the lower parts of
the activemoundsmay have been contaminatedwith recent carbon that leached from the active nest. Nonetheless,
this method appears to provide reliable age estimates of large, abandoned termite mounds, which are older than
previously estimated. Furthermore, historical mound growth rates seem to correspond to past temperature
changes, suggesting a relation between past environmental conditions and mound occupancy.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Miombo woodland area of central Africa is characterized by
nutrient-poor soils and a protein-deficient, high-carbon landscape, in
which the level of mammal herbivory is generally low and termites
are major consumers of dead wood and litter in many areas (Byers,
2001).Macrotermes sp. mounds can be up to 10 m high with diameters
exceeding 15m. Large termite mounds like these are found throughout
Zambia, Angola, Mozambique, in the southern parts of D.R. Congo and
Tanzania, as well as in northern Zimbabwe. Their morphology, distribu-
tion, ecology, and formation are reviewed by Pullan (1979), summarizing
and elaborating the work of other pioneers (Grasse and Noirot, 1957;
Coaton, 1962; Malaisse, 1978). Their greatest development is attained
on well-drained plateau surfaces covered by Miombo woodland. Their
occurrence coincideswith the distributionpattern ofMacrotermes falciger
(Ruelle, 1970), which is thought to be the original builder species in the
Lubumbashi area (Malaisse, 1978). The volume of soil-derived material
contained in these mounds greatly exceeds that of comparable termite
species in other parts of Africa. The sheer size of the mounds suggests
that their age surpasses the lifespan of a single termite queen, which
rarely exceeds 20 years (Keller, 1998). Most likely, the mounds’ current
shape and size resulted from successive stages of accretion and erosion,
in the course of alternating periods of mound abandonment and recolo-
nization. The concentrated decomposition of wood and litter in the
mounds over extended periods of time has led to the accumulation
of carbonates, nitrogen, phosphorus and exchangeable basic cations in
the mound material (Mujinya et al., 2011; Erens et al., 2015). These
large mounds thus represent “nutrient hot spots” that are characterized
by a different vegetation composition and structure (Frost, 1996),
which in turn concentrates herbivore activity around the mounds
(Fleming and Loveridge, 2003; Loveridge and Moe, 2004).

Despite their size, wide-spread distribution, and ecological signifi-
cance, the age of these large mounds remains unknown. Watson
(1967) was the only one to present a reliable minimum age estimate
(±700 yr), for a mound built byM. falciger on an ancient burial ground,
obtained through radiocarbon dating of skeletal material found inside
the mound. The oldest assumed termite-built structures are the
Heuweltjies of South-Africa, estimated to be at least 4000 years based
on the 14C-age of calcrete that developed within the hillocks (Moore
and Picker, 1991), but the termite origin of these structures has been
questioned in studies attributing their formation to differential erosion
(Cramer et al., 2012) and aeolian sediment accretion (McAuliffe et al.,
2014). Comparable earth mounds in Brazil have also been attributed
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to erosion rather than termite activity (Silva et al., 2010). The mounds
investigated for the present study are unquestionably termite-built
structures and therefore suitable to derive age information on termite
mound formation and stability. This was done by 14C-dating of acid-
insoluble organic matter from samples taken along the central vertical
axis of mounds built by M. falciger. Contrary to the indirect dating
methods used by Watson (1967), and Moore and Picker (1991), this
direct method is more widely applicable, and allows reconstruction of
historical mound growth rates. The aim is to help understand the condi-
tions and mechanisms of mound formation as well as to derive a time-
frame for the process of nutrient accumulation documented inside
(Erens et al., 2015).

2. Material and methods

2.1. Description of the study area

The study was conducted in the northern part of the Lubumbashi
region (Upper Katanga, D.R. Congo), located near Kimbeimbe village
(11°33,819' S, 27°29,937' E) at 1296 m asl. The mean annual tempera-
ture is about 20 °C; the coolest month is July (15.6 °C), and the warmest
month is October (23 °C). The mean annual rainfall is 1270 mm, with a
rainy season that lasts 118 days on average, from November to March.
The local vegetation is secondary Miombo woodland that was left to
recover undisturbed after the forest was cut for charcoal production
about 30 years ago. Large conical to dome-shaped termite mounds are
found regularly distributed throughout theMiombo, with a spatial den-
sity of 3.2 mounds ha-1, and with 5.05 m mean height, 14.88 m mean
diameter, and 256 m3 mean volume (Malaisse, 2010). M. falciger is
thought to be the original builder species in this region, but it currently
inhabits only onemound out of ten in primaryMiombo. In the degraded
woodlands of the peri-urban zone around Lubumbashi, the occupancy
rate is even lower, depending on the level of disturbance and food avail-
ability (Mujinya et al., 2014). Only the top part of active mounds is
inhabited by M. falciger.

2.2. Mound selection and sampling

Fourmoundswere sampled for this study, two of whichwere active.
Both the active and abandoned mounds are represented by one large
mound (~6 m high) and by one relatively small example (~3.5 m
high). The abandoned mounds appeared to be deserted for a consider-
able time, as dense vegetation completely covered themounds. A quarter
to one half of the mound mass of all mounds was removed using a bull-
dozer, exposing their central vertical axis for sampling. Samples were
taken along this axis every 50 cm from ground level up to the top of
every mound.

2.3. Radiocarbon dating

Samples were pretreated in order to remove any carbonates and
acid-soluble organic compounds prior to graphitization. This was done
by extraction (acid:sample ratio 10:1) with 0.275 M HCl at 90 °C, after
stirring occasionally during one hour, followed by washing with ultra-
pure water. Pre-treated samples were transferred into quartz tubes
with a Ag wire plug and combusted to CO2 at 400 °C. Graphitization of
CO2 was carried out using H2 over a Fe catalyst. Targets were prepared
at the Royal Institute for Cultural Heritage (RICH) in Brussels, Belgium
(Van Strydonck and Van der Borg, 1991) and 14C concentrations were
measured with accelerated mass spectrometry (AMS) at RICH (Boudin
et al., in press) and at the Leibniz Labor für Altersbestimmung und
Isotopenforschung (KIA) in Kiel, Germany (Nadeau et al., 1998). The
14C results are expressed in pMC (percentagemodern carbon) and indi-
cate the percent of modern (1950) carbon corrected for fractionation
using the AMS-measured δ13C values. Calibrations of 14C dates and χ2-
test (weighted mean) calculations were performed using the OxCal
4.2.3 software (Bronk Ramsey, 2013) and the SHCal13 calibration
curve data (Hogg et al., 2013). 14C dates for samples with a
pMC N 100% were calibrated using the Bomb13SH3 calibration curve
(Hua et al., 2013). Calibrated ages are reported as a 95.4% range in cali-
brated years before present (cal yr BP), where “present” refers to AD
1950.

2.4. Total and cold-water-extractable organic carbon

The total organic carbon (Corg) content of the air-dried fine-earth
fraction (b2 mm) was determined by TOC analysis (Shimadzu SSM-
5000A coupled with TOC-5050A, Japan), as the difference between
total carbon content, based on measurements with a non-dispersive
infrared (NDIR) sensor following combustion at 900 °C, and inorganic
carbon content, measured using NDIR following acidification with 30%
H3PO4 at 200 °C.

Cold-water extracts were prepared by shaking 10 g of sample with
20 ml ultrapure water for 10 min at 20 °C, after which samples were
centrifuged (10min at 2400 rpm) and the aliquotswere passed through
0.45 μ membrane filters. The dissolved organic carbon in the extracts
was determined using TOC analysis (Shimadzu TOC-5050A, Japan),
and expressed as cold-water-extractable organic carbon (CWEOC) in
mg kg-1 soil. It corresponds to the difference between the total carbon
content of the cold-water extracts (NDIR detection after catalytic
combustion at 680 °C) and their inorganic carbon content (NDIR detec-
tion after sparging acidified samples with purified air).

2.5. UV-VIS spectroscopy

To quantify the aromaticity of the cold-water-extractable organic
carbon (CWEOC), its specific UV absorbance at 280 nm (SUVA280) was
determined by normalizing the absorbance (m-1) of the cold-water
extracts for their carbon concentration (mg L-1). The absorbance was
measured using a UV-VIS spectrophotometer (Shimadzu UV 1205,
Japan).

3. Results and discussion

3.1. Methodology justification

Estimating themound age by radiocarbon dating the organic matter
of the central vertical mound axis is justified by the commonly invoked
mechanism of mound growth, involving recolonization of abandoned
mounds (Malaisse, 1978; Pullan, 1979). After the demise of the residing
colony, the elevated landscape position provided by the bare surface of
the erodingmound apparently presents it as a preferred site to establish
a new colony. When this process repeats itself, each new generation
adds to thework of their predecessors by takingup residence in a higher
position. The mound grows as material that erodes from the termite
nest is deposited along the mound flanks and base, and is replaced by
the new residents. The vegetation cover that develops over time stabi-
lizes and shelters the mounds, also during periods of abandonment,
turning them into stable and persistent landscape features. This mound
growth mechanism implies that the central column of the mounds in-
cludes a series of remains of the nests of consecutive generations of
termites. As these termites convey large amounts of organic matter
into their nests, decomposition products accumulate at (former) nest
locations, leading to pockets with high organic carbon content along
their vertical central axis (Erens et al., 2015). In the absence of identifi-
able macroscopic plant remains in the mounds, dispersed organic mat-
ter, assumably resulting from termite activity, is the only possible
material that canbe used to date themounds. Radiocarbon dating of sed-
iments is notoriously difficult, due to common contamination with
younger materials as a result of rooting and bioturbation, as well as by
percolation of mobile organic substances (Wang et al., 1996; Mayer
et al., 2008; Brock et al., 2010). Using the radiocarbon age of the organic
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matter along themound’s central vertical axis as a proxy for the age of the
consecutive growth stages is therefore based on two assumptions: (i) the
carbon already present in the material used for mound construction is
negligible or can be excluded from the graphitization process, and (ii)
contamination of the older mound parts by fresh organic matter is pre-
cluded. The first assumption is met, as the material used for mound con-
struction originates from a depth of several meters (Watson, 1967), and
therefore contains very little organic matter, which we can assume to
be old and stable. Using low-temperature (400 °C) combustion of the
samples theoretically excludes this old, clay-bound carbon from the
graphitization process (McGeehin et al., 2001). The second assumption
follows from the absence of roots in the active nest and deeper mound
parts, and the expectedly lowmobility of organicmatter under the condi-
tions existing inside themounds (neutral to alkaline pH,fine texture, high
content of iron oxides, and limited leaching; Erens et al., 2015). Radiocar-
bon dating of sediments often targets the humin fraction, obtained after
removal of the humic acid (HA) and fulvic acid (FA) fractions by pretreat-
ment of the sampleswith sequential acid-alkaline-acid (AAA) extractions.
This is thought to minimize possible contamination with younger (mo-
bile) organic carbon. Besides the humin fraction, the acid-insoluble or-
ganic matter (AIOM) fraction is also targeted in some sediment core
chronologies (Rosenheim et al., 2013). For this study, the AIOM was
used for 14C dating, because the HA fraction was not thought to be very
mobile in themounds, and also for the practical reason that AAApretreat-
ment was found to remove between 80% and 90% of the already limited
amount of organic matter in the mound samples.

3.2. Radiocarbon ages

The calibrated age ranges of the samples taken along the central
vertical axis of the small mounds can be found in Table 1, followed by
results for the large mounds in Table 2. The calibrated age distributions
for the individual mounds are presented in Figs. 1 to 4. Fig. 5 shows the
comparative age ranges of the large mounds, along with the results of
CWEOC analysis.

As the large abandonedmound (Lab, Fig. 1) has no apical active nest,
the top sample containsmostlymodern carbon from the vegetation that
recently colonized the top of the mound after it was abandoned. At the
presumed position of the last active nest (550 cm), modern carbon is
found as well, after which the age increases with depth to the age of
2335–2119 cal yr BP at 50 cm above ground level. The small abandoned
mound (Sab, Fig. 2), like the Lab mound, shows an increase of age with
depth, reaching a maximum age of 796–684 cal yr BP at 50 cm above
ground level.

The small active mound (Sact, Fig. 3) contains modern carbon at its
nest position (150-250 cm). The samples below the nest are older, but
due to the broad calibrated age ranges, an increase of age with depth
beneath the active nest is not evident for this mound. The age of the top
(350 cm) is somewhat older, as it did not receive fresh input of organic
matter. The similar age of the samples beneath the active nest (50 and
100 cm) suggests that the top of the mound was constructed with
Table 1
pMC and calibrated age range along the central axes of the small mounds.

Sact#

Height§

(cm)
Lab nr
(RICH)

Corg

(%)
pMC
(%)

Age range (95.4%
(cal yr BP⁎)

350 20951 0.58 96.28 ±0.36 448–156
250 20975 1.28 103.30 ±0.38 -6 to -7
150 20974 0.84 101.50 ±0.37 -6 to -6
100 20950 0.62 95.75 ±0.36 458–303
50 20952 0.96 96.38 ±0.36 445–154

# Sact: small active mound, Sab: small abandoned mound.
§ Vertical position of the sample in the mound compared to the surrounding soil surface.
⁎ Age ranges were calibrated using the OxCal 4.2.3 software (Bronk Ramsey, 2013) and the

calibration curve (Hua et al., 2013).
material derived from the excavation of the current nest, possibly
mixed with subsoil material. The upper part of the large active mound
(Lact, Fig. 4) confirms this pattern, with the youngest carbon again
found at the active nest location (550 cm), while the samples close to
the surface (600 and 620 cm) are older. The carbon in the top part likely
originated from recycled older mound parts, as well as from vegetation
that may have colonized the top of the mound. Underneath the nest of
the Lact mound, the age increases with depth, up to the maximum age
of 766–675 cal yr BP at a height of 300 cm, after which it gradually de-
creases again to the age of 511–334 cal yr BP just above ground level.
This unexpected decrease with depth in the lower part of the Lact
mound contradicts the hypothesis that the central vertical axis of the
mounds includes the stacked-up remains of the nests of consecutive gen-
erations of termites. There is no clear reason for the resident termites to
actively convey organic matter ever deeper into the inactive center of
their mound during a stage of mound stability, nor were any other local
sources of more recent carbon encountered during sampling. In the ab-
sence of a viable alternative explanation, the most plausible option is to
consider the possibility of leaching of modern carbon from the active
nest, even though this was assumed to be negligible.

3.3. Influence of organic carbon leaching

While both abandonedmounds show an increase of age with depth,
this expected age pattern is disturbed in both activemounds. This raises
the question whether the presence of an active nest can influence the
age of the underlying samples. The limited mobility of organic matter
in themounds, and removal ofwater-soluble carbon during sample pre-
treatment should preclude this. However, it is not inconceivable that a
limited amount of small organic molecules resulting from recent de-
composition in the active nest was leached downward and was partly
adsorbed to themineral phase. This contaminationwith younger carbon
would then not be completely removed by the applied pretreatment,
and would influence the measured 14C-age. To verify a difference in
carbon mobility, and hence potential contamination, between the large
active and abandoned mounds, the cold-water-extractable organic car-
bon (CWEOC) content was determined for all the dated samples of the
two large mounds (Table 2; Fig. 5). Cold water was used for extraction
tomimic the leaching process in themounds. Overall, the CWEOCvalues
for the mound samples are high compared to those reported for soils
(Corvasce et al., 2006). This may be a result of the concentrated miner-
alization of organic matter in the active nest (Kalbitz et al., 2000), com-
bined with limited leaching inside the mounds. The CWEOC content in
the abandoned mound (Lab) decreases with depth, similar to patterns
observed for soil profiles (Corvasce et al., 2006). On the other hand, an
increase of CWEOC with depth is evident in the lower part of the active
mound (Lact), coinciding with the decrease in age in that part of the
mound (Fig. 5).

When comparing the specific absorbance at 280 nm (SUVA280) of
CWEOC at similar heights in the mounds, values are lower in the Lab
mound compared to the Lact mound. Using SUVA280 as a proxy for
Sab #

) Lab nr
(RICH)

Corg

(%)
pMC
(%)

Age range (95.4%)
(cal yr BP⁎)

20935 3.63 112.68 ±0.40 -8 to -6
20938 1.17 94.55 ±0.35 516–333
20949 0.75 91.27 ±0.34 678–564
20936 0.95 90.46 ±0.34 732–662
20937 0.79 89.55 ±0.33 796–684

SHCal13 calibration curve (Hogg et al., 2013), or (when pMC N 100%) the Bomb13SH3



Table 2
pMC, calibrated age ranges, and cold-water-extractable organic carbon analyses along the central axes of the large mounds.

Mound Lab nr Height§ Corg pMC Age range (95.4%) CWEOC SUVA280

(cm) (%) (%) (cal yr BP⁎) (mg kg-1) (L mg-1 m-1)

Lact# KIA 48921 620 0.53 96.62 ± 0.32 436–151 83.98 0.17
KIA 48923 600 0.76 96.71 ± 0.33 425–150 86.42 0.17
KIA 48922 550 0.72 100.51 ± 0.32 -1 to -9 103.18 0.06
KIA 48927 450 0.58 94.38 ± 0.33 522–340 68.39 0.11
KIA 48925 350 0.52 93.92 ± 0.32 539–491 91.48 0.35
RICH 20268 300 0.37 89.97 ± 0.34 766–675 75.37 0.43
KIA 48929 250 0.69 90.22 ± 0.30 736–670 71.81 0.83
RICH 20284 200 0.71 92.50 ± 0.35 645–532 103.62 0.61
KIA 48926 150 0.52 93.00 ± 0.31 625–514 100.18 0.24
KIA 48924 50 0.62 94.61 ± 0.32 511–334 164.74 0.43

Lab# RICH 20297 630 1.38 106.86 ± 39 -7 to -59 96.39 0.29
RICH 20296 550 0.76 101.91 ± 39 -6 to -6 81.24 0.23
RICH 20286 450 0.42 93.83 ± 35 541–493 50.53 0.34
RICH 20267 350 0.45 90.83 ± 34 726–573 56.08 0.54
RICH 20269 250 0.33 87.96 ± 34 956–802 62.04 0.24
RICH 20285 150 0.27 81.34 ± 33 1580–1420 39.82 0.53
RICH 20287 50 0.29 75.56 ± 31 2335–2119 34.62 1.43

§ Vertical position of the sample in the mound compared to the surrounding soil surface.
# Lact: large active mound, Lab: large abandoned mound.
⁎ Age ranges were calibrated using the OxCal 4.2.3 software (Bronk Ramsey, 2013) and the SHCal13 calibration curve (Hogg et al., 2013), or (when pMC N 100%) the Bomb13SH3

calibration curve (Hua et al., 2013).
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CWEOC aromaticity (Traina et al., 1990; Chin et al., 1994; Kalbitz et al.,
2003b), CWEOC in the Lact mound is found to be less aromatic than
that occurring in the Lab mound. As more complex organic molecules
are increasingly adsorbed to the mineral phase (Kalbitz, 2001), the
CWEOC in the Lact mound can be considered to be more mobile than
that in the Lab mound. Furthermore, less aromatic carbon is also less
resistant to decomposition (Kalbitz et al., 2003a). The active mound
(Lact) containsmore CWEOC, of a type that is less complex and therefore
more mobile compared to the CWEOC found in the abandoned mound
(Lab). It is plausible that CWEOC found in the Lact mound, with higher
concentrations than in the Lab mound, originated from the active nest.
Some of the recently leached carbon was probably not removed by
the pretreatment and influenced the age measurement. As the most
mobile organic compounds are also the most susceptible to microbial
decomposition, much of the carbon that leaches downward from the
active nest will be mineralized within a relatively short period of time.
Hence, the proportion of leached carbon will diminish over time after
the demise of the colony, while no new carbon is added. This might
explain why a consistent increase of age with depth is found in the
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Fig. 1. Calibrated age ranges of the samples taken along the central vertical axis of the large activ
to the surrounding soil surface (also in Figs. 2 to 5).
abandoned mounds, whereas the age sequence in the active mounds
is not chronological.

Another reason why carbon leachingmay have such an influence on
the measured age in the active mounds is mound activity in the post-
bomb age. Nuclear weapons testing in the second half of the 20th
century increased levels of 14C in the atmosphere and vegetation ever
since. Contamination of deeper mound samples with this modern car-
bonwould have amuch larger influence on themeasured age compared
to a similar contamination with pre-bomb carbon. The influence of
carbon leaching on the 14C-ages of the samples below is therefore likely
more pronounced in currently (or recently) active mounds. Judging
from the vegetation and advanced A-horizon development on top of
both abandoned mounds, their desertion is assumed to predate the
bomb effect.

In addition to discussing contamination as explanation for aberrant
age-depth results, it should also be considered that a significant correla-
tion (rp= -0.602, P=0.01) exists between CWEOC content and 14C-age
for the full data set. This relationship suggests that CWEOC and SUVA280

values are largely determined by a change in the nature of this organic
e (cal yr BP)

emound (Lab). Height refers to the vertical position of the sample in themound compared
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Fig. 2. Calibrated age ranges of the samples taken along the central vertical axis of the small abandoned mound (Sab).
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fraction with time, by degradation, without affecting the age of the
dated material.

3.4. Mound growth rates as a temperature proxy

The distribution pattern of M. falciger mounds in the study area is
regular, which typically results from intraspecific competition between
neighboring colonies (Mujinya et al., 2014). This suggests that these
mounds, which currently have low occupancy rates, were once active
at the same time, during a period with more conducive climatic condi-
tions (Mujinya et al., 2014). Local late-Quaternary climate history is
not documented by records for sites within the Miombo eco-region,
but information can be drawn from studies for the nearest localities that
are considered in regional reviews (Nicholson et al., 2013), particularly
Lake Tanganyika (Tierney et al., 2010).

SinceM. falciger is predominantly awoodland species (Ruelle, 1970),
a warm humid climate, with an extensive tree cover, would create con-
ditions with great food availability. However, temperature itself may
well be the most influential factor controlling M. falciger population
densities. The ventilation mechanism of closed dome-shaped mounds
built bywoodland-dwellingMacrotermes species likeM. falciger is inter-
nally driven, which implies a trade-off between gas-exchange and ther-
moregulation (Korb, 1999). The thick walls, closed ventilation system,
and low surface area of these mounds serve to minimize loss of
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Fig. 3. Calibrated age ranges of the samples taken along the
metabolic heat, as a constant temperature of±30 °C is required for fun-
gus cultivation. Lower ambient temperatures would allow for less gas-
exchange while maintaining suboptimal nest temperatures, resulting
in lower metabolic rates and therefore reduced reproductive success
(Korb and Linsenmair, 1999; Korb, 2000). The distribution of M. falciger
may therefore be limited by annual average temperatures, which has al-
ready been documented for M. bellicosus and M. subhyalinus in Uganda
(Pomeroy, 1978). Similarly, temperature variation over time may affect
historical population densities and thus occupancy rates, which would
in turn be reflected by mound growth rates.

In the present study, results for the abandoned mounds Lab and Sab
are consistent, with high growth rates between ca. 800 and 500 cal yr
BP, followed by a long inactive period that continues to the present.
The Lact mound profile can be interpreted as recording a stage with
fast growth rates around 500 cal yr BP, based on dates for the 350 and
450 cmsamples. A periodwith high termitemound growth rates around
800-500 cal yr BP can be matched with a warm period recognized
for Lake Tanganyika (850-550 cal yr BP), based on the TEX86 proxy for
lake surface temperature (Tierney et al., 2010). This warm stage is
considered to correspond to the globally recognized Medieval Climate
Anomaly (MCA), occurring at a somewhat later time in these and
other parts of the tropics than in temperate regions (Nicholson et al.,
2013). The Lake Tanganyika record shows that this period ended with
an abrupt temperature decrease around 500 cal yr BP, followed by a
e (cal yr BP)

central vertical axis of the small active mound (Sact).
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Fig. 4. Calibrated age ranges of the samples taken along the central vertical axis of the large active mound (Lact).
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stage with variable temperatures that were lower than during the MCA
(Tierney et al., 2010). During this stage, the African equivalent of the Lit-
tle Ice Age period, which ended around AD 1850, little or no termite
mound development took place. Similarly, apparent slow growth of the
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Lab mound prior to ±800 cal yr BP concurs with low TEX86-based lake
temperatures for Lake Tanganyika at that time. As no other mound age
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consistent, the age profiles themselves may provide insight into past en-
vironmental conditions, as well as provide further evidence and age con-
straints for a period when all mounds were active simultaneously.

4. Conclusions

The radiocarbon age sequence of the acid-insoluble organic matter
along the central vertical axis of large abandoned termite mounds is
shown to provide plausible age estimates for the sampled mound posi-
tions. In currently active mounds however, leaching of more recent car-
bon appears to influence the age measurements of lower mound parts.
When using this methodology, it is therefore advisable to select mounds
that appear to have been abandoned for a long time. This ensures much
of the recently leached carbonwill havemineralized, and precludes con-
tamination with post-bomb carbon. Taking multiple samples along the
central axis enables verifying the expected increase of agewith depth be-
fore accepting the bottommeasurement as a valid mound age estimate.
Furthermore, historical mound growth rates inferred from the age pro-
files may provide information about past environmental conditions, as
variations in temperature and rainfall likely affect population density.

The smaller abandonedmound in this study is at least 750 years old,
whereas the large abandoned mound is over 2200 years old. Since con-
tamination by leaching of younger organic matter cannot be ruled out
completely, these ages should be interpreted as minimum estimates.
Nonetheless, some of the mounds are much older than previously esti-
mated (Watson, 1967). As the termite origin of the 4000 year-old
South-African Heuweltjies is contested (Cramer et al., 2012; McAuliffe
et al., 2014), the mounds in this study may well be the oldest termite
structures ever dated, excluding entirely inactive fossil examples (e.g.
Bordy et al., 2004; Darlington, 2005; Duringer et al., 2006)

Acknowledgments

This study was funded by project G.0011.10 N of the Fund for Scien-
tific Research (FWO Flanders). Jan Van Roy of the congregation
Aumôniers du Travail, Arpad Hoegen of HOBECON, Michel Anastasiou,
Groupe Forrest International, and theDepartment of General Agricultural
Sciences of theUniversity of Lubumbashi are gratefully acknowledged for
the supplied logistical and technical support.

References

Bordy, E.M., Bumby, A.J., Catuneau, O., Eriksson, P.G., 2004. Advanced Early Jurassic termite
(Insecta: Isoptera) nests: evidence from the Clarens Formation in the Tuli Basin, South-
ern Africa. Palaios 19, 68–78.

Boudin, M., Van Strydonck, M., Synal, H., Wacker, L., 2015n. RICH–a new AMS facility at
the Royal Institute for Cultural Heritage, Brussels, Belgium. Nucl. Instrum. Methods
Phys. Res., Sect. B Beam Interact. Mater. Atoms. in press.

Brock, F., Froese, D.G., Roberts, R.G., 2010. Low temperature (LT) combustion of sediments
does not necessarily provide accurate radiocarbon ages for site chronology. Quat.
Geochronol. 5, 625–630.

Bronk Ramsey, C., 2013. Recent and planned developments of the program OxCal. Radio-
carbon 55, 720–730.

Byers, B., 2001. Conserving the Miombo ecoregion. reconnaissance summary report,
reconnaissance summary. WWF, Southern Africa Regional Programme Office, Harare.

Chin, Y.P., Aiken, G., O’Loughlin, E., 1994. Molecular weight, polydispersity, and spectro-
scopic properties of aquatic humic substances. Environ. Sci. Technol. 28, 1853–1858.

Coaton, W.G.H., 1962. The origin and development of massive vegetated termite hills in
Northern Rhodesia. Afr. Wildl. 16, 159–166.

Corvasce, M., Zsolnay, A., D’Orazio, V., Lopez, R., Miano, T.M., 2006. Characterization of
water extractable organic matter in a deep soil profile. Chemosphere 62, 1583–1590.

Cramer, M.D., Innes, S.N., Midgley, J.J., 2012. Hard evidence that heuweltjie earth mounds
are relictual features produced by differential erosion. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 350–352, 189–197.

Darlington, J.P.E.C., 2005. Distinctive fossilised termite nests at Laetoli, Tanzania. Insect.
Soc. 52, 408–409.

Duringer, P., Schuster, M., Genise, J.F., Likius, A., Mackaye, H.T., Vignaud, P., Brunet, M.,
2006. The first fossil fungus gardens of Isoptera: oldest evidence of symbiotic termite
fungiculture (Miocene, Chad basin). Naturwissenschaften 93, 610–615.

Erens, H., Mujinya, B.B., Mees, F., Baert, G., Boeckx, P., Van Ranst, E., 2015. The origins and
implications of variations in soil-related properties within Macrotermes falciger
mounds. Geoderma 249-250, 40–50.
Fleming, P.A., Loveridge, J.P., 2003. Miombo woodland termite mounds: resource islands
for small vertebrates? J. Zool. 259, 161–168.

Frost, P., 1996. The Ecology of MiomboWoodlands. In: Campbell, B. (Ed.), The Miombo in
Transition:Woodlands andWelfare inAfrica. Center for International Forestry Research
(CIFOR), Bogor, Indonesia, p. 266.

Grasse, P.P., Noirot, C., 1957. La genèse et l’évolution des termitières géantes en Afrique
Equatoriale Française. C R. Acad. Sci .Paris 244, 974–979.

Hogg, A.G., Hua, Q., Blackwell, P.G., Niu,M., Buck, C.E., Guilderson, T.P., Heaton, T.J., Palmer,
J.G., Reimer, P.J., Reimer, R.W., Turney, C.S.M., Zimmerman, S.R.H., 2013. SHCal13
Southern Hemisphere calibration, 0-50,000 years cal BP. Radiocarbon 55, 1–15.

Hua, Q., Barbetti, M., Rakowski, A., 2013. Atmospheric radiocarbon for the period
1950–2010. Radiocarbon 55, 2059–2072.

Kalbitz, K., 2001. Properties of organic matter in soil solution in a German fen area as
dependent on land use and depth. Geoderma 104, 203–214.

Kalbitz, K., Solinger, S., Park, J., Michalzik, B., Matzner, E., 2000. Controls on the dynamics
of dissolved organic matter in soils: a review. Soil Sci. 165, 277–303.

Kalbitz, K., Schmerwitz, J., Schwesig, D., Matzner, E., 2003a. Biodegradation of soil-derived
dissolved organic matter as related to its properties. Geoderma 113, 273–291.

Kalbitz, K., Schwesig, D., Juliane, F., Schmerwitz, J., Ludwig Haumaier, L., Glaser, B.,
Ellerbrock, R., Leinweber, P., 2003b. Changes in properties of soil-derived dissolved
organic matter induced by biodegradation. Soil Biol. Biochem. 35, 1129–1142.

Keller, L., 1998. Queen lifespan and colony characteristics in ants and termites. Insectes
Soc. 45, 235–246.

Korb, J., 1999. The architecture of termite mounds: a result of a trade-off between ther-
moregulation and gas exchange? Behav. Ecol. 10, 312–316.

Korb, J., 2000. Ventilation of termite mounds: new results require a new model. Behav.
Ecol. 11, 486–494.

Korb, J., Linsenmair, K.E., 1999. Reproductive success of Macrotermes bellicosus (Isoptera,
Macrotermitinae) in two neighbouring habitats. Oecologia 118, 183–191.

Loveridge, J.P., Moe, S.R., 2004. Termitaria as browsing hotspots for African mega-
herbivores in Miombo woodland. J. Trop. Ecol. 20, 337–343.

Malaisse, F., 1978. High termitaria. In: Werger, M.J.A. (Ed.), Biogeography and Ecology of
Southern Africa. Dr W Junk bv Publishers, The Hague, Netherlands, pp. 1281–1300.

Malaisse, F., 2010. How to live and survive in Zambezian open forest (Miombo ecoregion).
Les presses agronomiques de Gembloux, Gembloux.

Mayer, J.H., Burr, G.S., Holliday, V.T., 2008. Comparisons and interpretations of charcoal
and organicmatter radiocarbon ages fromburied soils inNorth-central Colorado. Radio-
carbon 50, 331–346.

McAuliffe, J.R., Timm Hoffman, M., McFadden, L.D., King, M.P., 2014. Role of aeolian sedi-
ment accretion in the formation of heuweltjie earth mounds, western South Africa.
Earth Surf. Process. Landforms 39, 1900–1912.

McGeehin, J., Burr, G., Jull, A., Reines, D., Gosse, J., Davis, P.T., Muhs, D., Southon, J.R., 2001.
Stepped-combustion 14C dating of sediment: a comparison with established tech-
niques. Radiocarbon 43, 255–261.

Moore, J.M., Picker, M.D., 1991. Heuweltjies (earth mounds) in the Clanwilliam district,
Cape Province, South Africa: 4000-year-old termite nests. Oecologia 86, 424–432.

Mujinya, B.B., Mees, F., Boeckx, P., Bodé, S., Baert, G., Erens, H., Delefortrie, S., Verdoodt, A.,
Ngongo, M., Van Ranst, E., 2011. The origin of carbonates in termite mounds of the
Lubumbashi area, D.R. Congo. Geoderma 165, 95–105.

Mujinya, B.B., Adam, M., Mees, F., Bogaert, J., Vranken, I., Erens, H., Baert, G., Ngongo, M.,
Van Ranst, E., 2014. Spatial patterns and morphology of termite (Macrotermes
falciger) mounds in the Upper Katanga, D.R. Congo. CATENA 114, 97–106.

Nadeau, M.-J., Grootes, P., Schliecher, M., Hasselberg, P., Rieck, A., Bitterling, M., 1998.
Sample throughput and data quality at the Leibniz-Labor AMS facility. Radiocarbon
40, 239–245.

Nicholson, S.E., Nash, D.J., Chase, B.M., Grab, S.W., Shanahan, T.M., Verschuren, D., Asrat, A.,
Lezine, A.-M., Umer, M., 2013. Temperature variability over Africa during the last
2000 years. The Holocene 23, 1085–1094.

Pomeroy, D.E., 1978. The abundance of large termite mounds in Uganda in relation to
their environment. J. Appl. Ecol. 15, 51–63.

Pullan, R.A., 1979. Termite hills in Africa: their characteristics and evolution. CATENA 6,
267–291.

Rosenheim, B., Santoro, J., Gunter, M., Domack, E., 2013. Improving Antarctic sediment 14C
dating using ramped pyrolysis: an example from the Hugo Island Trough. Radiocar-
bon 55.

Ruelle, J., 1970. A revision of the termites of the genus Macrotermes from the Ethiopian
region (Isoptera: Termitidae). Bull. Brit. Mus. nat. Hist. Entomol 24, 365–442.

Silva, L.C.R., Vale, G.D., Haidar, R.F., Sternberg, L.d.S.L., 2010. Deciphering earth mound
origins in central Brazil. Plant Soil 336, 3–14.

Tierney, J.E., Mayes, M.T., Meyer, N., Johnson, C., Swarzenski, P.W., Cohen, A.S., Russell,
J.M., 2010. Late-twentieth-century warming in Lake Tanganyika unprecedented
since AD 500. Nat. Geosci. 3, 422–425.

Traina, S.J., Novak, J., Smeck, N.E., 1990. An ultraviolet absorbance method of estimating
the percent aromatic carbon content of humic acids. J. Environ. Qual. 19, 151.

Van Strydonck, M., Van der Borg, K., 1991. The construction of a preparation line for AMS-
targets at the Royal Institute for cultural Heritage, Brussels. Bull. K. Inst. voor
Kunstpatrim. 23, 228–234.

Wang, Y., Amundson, R., Trumbore, S., 1996. Radiocarbon dating of soil organic matter.
Quat. Res. 45, 282–288.

Watson, J.P., 1967. A termite mound in an Iron Age burial ground in Rhodesia. J. Ecol. 55,
663–669.

http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0005
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0005
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0005
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0225
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0225
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0225
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0010
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0010
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0010
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0015
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0015
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0230
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0230
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0025
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0025
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0030
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0030
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0035
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0035
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0040
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0040
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0040
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0235
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0235
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0050
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0050
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0240
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0240
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0240
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0245
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0245
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0250
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0250
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0250
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0065
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0065
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0070
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0070
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0075
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0075
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0080
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0080
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0095
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0095
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0085
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0085
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0090
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0090
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0100
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0100
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0105
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0105
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0110
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0110
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0115
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0115
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0120
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0120
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0255
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0255
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0130
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0130
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0135
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0135
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0135
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0140
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0140
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0140
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0145
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0145
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0145
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0150
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0150
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0260
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0260
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0155
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0155
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0165
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0165
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0265
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0265
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0175
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0175
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0180
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0180
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0185
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0185
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0185
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0185
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0190
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0190
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0270
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0270
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0200
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0200
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0205
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0205
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0275
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0275
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0275
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0215
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0215
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0220
http://refhub.elsevier.com/S0031-0182(15)00314-4/rf0220

	The age of large termite mounds—radiocarbon dating of Macrotermes falciger mounds of the Miombo woodland of Katanga, DR Congo
	1. Introduction
	2. Material and methods
	2.1. Description of the study area
	2.2. Mound selection and sampling
	2.3. Radiocarbon dating
	2.4. Total and cold-water-extractable organic carbon
	2.5. UV-VIS spectroscopy

	3. Results and discussion
	3.1. Methodology justification
	3.2. Radiocarbon ages
	3.3. Influence of organic carbon leaching
	3.4. Mound growth rates as a temperature proxy

	4. Conclusions
	Acknowledgments
	References


