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a b s t r a c t

Mwanganda's Village (MGD) and Bruce (BRU) are two open-air site complexes in northern Malawi with
deposits dating to between 15 and 58 thousand years ago (ka) and containing Middle Stone Age (MSA)
lithic assemblages. The sites have been known since 1966 and 1965, respectively, but lacked chrono-
metric and site formation data necessary for their interpretation. The area hosts a rich stone artifact
record, eroding from and found within alluvial fan deposits exhibiting poor preservation of organic
materials. Although this generally limits opportunities for site-based environmental reconstructions,
MGD and BRU are located at the distal margins of the alluvial fan, where lacustrine lagoonal deposits
were overprinted by a calcrete paleosol. This has created locally improved organic preservation and
allowed us to obtain ecological data from pollen, phytoliths, and pedogenic carbonates, producing a
regional- to site-scale environmental context for periods of site use and abandonment. Here, we inte-
grate the ecological data into a detailed site formation history, based on field observations and micro-
morphology, supplemented by cathodoluminescence microscopy and m-XRF. By comparing local, on-site
environmental proxies with more regional indicators, we can better evaluate how MSA hunter-gatherers
made decisions about the use of resources across the landscape. Our data indicate that while tree cover
similar to modern miombo woodland and evergreen gallery forest prevailed at most times, MSA hunter-
gatherers chose more locally open environments for activities that resulted in a lithic artifact record at
multiple locations between 51 and 15 ka.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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(MSA) are found in Africa from ~315 to 20 thousand years ago (ka)
and are associated with an increase in technological complexity
among hunter-gatherers, as well as developments in abstract
thinking and symbolism (Richter et al., 2017; Brooks et al., 2018;
Scerri et al., 2018). At present, most of the MSA archaeological re-
cord comes from northern Africa, the northern part of the East
African Rift Valley, and southern Africa (Mackay et al., 2014;
Wadley, 2015; Scerri, 2017; Tryon, 2019). Malawi is situated in the
important connecting region between the latter two regions
(Mercader et al., 2009a; Bicho et al., 2016; Thompson et al., 2018).

The physical environment played a significant role in shaping
human adaptation in eastern-central Africa, both regionally and
locally (Basell, 2008; Kandel et al., 2016; Patalano et al., 2021). The
choice of hunter-gatherers to use certain places was influenced by
local conditions of resource availability (Kandel et al., 2016).
However, most environmental records derive from large, basin-
wide datasets, which cannot be linked directly to archaeological
sites and human occupation (Cohen et al., 2007; Scholz et al., 2007;
Scholz et al., 2011; Lyons et al., 2015; Ivory et al., 2018; Thompson
et al., 2021b). In northern Malawi, paleoenvironmental research
has focused on the study of sediment cores from Lake Malawi,
dating back to 1.3 million years ago (Scholz et al. 2006, 2011; Cohen
et al., 2007; Beuning et al., 2011; Lyons et al., 2015). These studies
show that lakeshores transgressed and regressed hundreds of
meters in elevation through time, and that there were extreme arid
periods of near desiccation of the lake (Lyons et al., 2015). After 85
ka, lake levels remained relatively high, which has been attributed
tomore stable, wetter conditions caused by a shift in the position of
the Intertropical Convergence Zone related to changes in orbital
obliquity, eccentricity and precession (Ivory et al., 2016). This may
be a major reason why the region developed an abundant MSA
record after this time (Thompson et al., 2021b), but it does not
explain how MSA people selected their activity areas across that
landscape.

Previous studies showed that MSA sites in northern Malawi
became more abundant after 75 ka within the context of the
expansion of miombo woodland and mosaic savanna (Thompson
et al., 2021a). Complicating interpretations, though, is the fact
that most archaeological sites are found in alluvial fan deposits
with thick lateritic soils (also known as Oxisols or Ferralsols),
inhibiting the preservation of organic materials. These soils formed
during periods of stability, overprinting the sedimentary layers
created by the alluvial fan (Wright et al., 2017). Subsequent bio-
turbation and chemical weathering in laterites have homogenized
deposits, erasing structural sedimentologic features, as well as
former land surfaces (Wright et al., 2017). This confounds a clear
understanding of local-scale environments in which MSA people
concentrated their activities, and how these relate to different
kinds of artifact production.

Mwanganda's Village (MGD) and Bruce (BRU) are two MSA sites
located at the margins of the alluvial fan system to the west of Lake
Malawi (Fig. 1). Overviews of artifact assemblages, fossils (in the
case of MGD), and macro-scale geoarchaeological observations
were previously reported from both sites (Clark et al. 1970, 1973;
Clark and Haynes, 1970; Kaufulu, 1990; Wright et al., 2014). How-
ever, these studies lack essential data on timing and context of the
artifacts.

With our work, we have taken advantage of the location of these
neighboring sites on the distal part of the fan (Fig. 1) to access al-
luvial fan sediments as well as lake-lagoon deposits and paleosols.
Combining geoarchaeological, paleoenvironmental, and chrono-
logical data, this paper aims to (1) investigate past environments,
(2) achieve detailed reconstructions of site formation, and (3) place
late MSA occurrences in a regional-to site-scale environmental
context to address aspects of MSA forager behavior.
2

1.1. Geologic setting

The sites are located in the southern branch of the East African
Rift System, which runs NNW-SSE and forms Lake Malawi (also
known as Lake Nyasa or Lago Niassa), a large extensional graben
lake. The down-faulted rift valley is bounded to the east and west
by mountain ranges (Ring et al., 1992; Ring and Betzler, 1995). The
underlying Malawi Basement consists mainly of gneisses and
granulites of Precambrian to lower Paleozoic age. These meta-
morphic rocks are covered with Permian to Lower Jurassic volcanic
and sedimentary formations of the Karoo system. Locally, the
metamorphic Basement Complex and Karoo sediments are overlain
by Early Cretaceous Dinosaur Beds consisting of friable sandstones,
sandymarls, and clays (Betzler and Ring,1995). The Chiwondo Beds
unconformably overlie the Dinosaur Beds and have been tempo-
rally attributed to the Late Pliocene and Early Pleistocene based on
biostratigraphy (Dixey, 1927; Stephens, 1963; Clark et al., 1966;
Bromage et al., 1995), although they may extend into the early
Middle Pleistocene (Kullmer, 2008). The Chiwondo Beds mainly
consist of sandstones and siltstones of lacustrine origin, which have
been deeply incised (Stephens, 1963) and are unconformably
overlain by the Chitimwe Beds. The latter consist of eroded rem-
nants of an extensive alluvial fan system, which drained into the
lake (Fig. S1; Appendix A).

The Chitimwe Beds have long been recognized as hosting an
abundance of MSA and LSA lithic artifacts (Dixey, 1930; Clark, 1966;
Thompson et al., 2012; Wright et al., 2017; Nightingale et al., 2019).
The alluvial fans originate from periodic erosion of the upland
catchment of the western Rift shoulder where colluvium and
weathering bedrock produce new sediments, which aggrade in
lowland areas (Blair and McPherson, 1994). The movement and
transport of catchment sediment depends on water input, gravity,
vegetation, and mass wasting, and is especially promoted by flood
conditions, which are common in Malawi between November and
March due to monsoon-driven rainfall. Thompson et al. (2021b)
have further suggested that human use of fire starting ~90 ka
cleared tree cover to such an extent that it accelerated alluvial fan
formation. Secondary processes modifying the sands and gravels of
the Chitimwe Beds include surficial reworking by water and win-
nowing, as well as intensive weathering and laterite formation
(Blair and McPherson, 1994; Wright et al., 2017). In the Karonga
area, lateritic soil formation is widespread and likely induced by
increased exposure of the soil to extremes in temperature and
humidity after clearance of the forest cover (McFarlane, 1976).
Agriculture and construction activities have increased erosion of
alluvial fan deposits in many places, exposing numerous lithic
artifacts.

1.2. Archaeological context

The Malawi Earlier-Middle Stone Age Project (MEMSAP) has
taken a landscape approach to build a sequence of regional MSA
behaviors and environments that would not be possible at a single
locality. This has included survey (Thompson et al., 2014), geolog-
ical and archaeological test pitting (Thompson et al., 2018;
Thompson et al., 2021b), and more detailed archaeological exca-
vations such as at MGD and BRU (Fig. 1) (Thompson et al., 2012;
Thompson et al., 2022; Wright et al., 2014, 2017; Nightingale et al.,
2019).

Unlike other detailed excavations in the area, which are located
where Chitimwe Beds exhibit thick lateritic deposits (Wright et al.,
2017), MGD and BRU are situated at the fringe of the alluvial fan.
Both localities are situated on north-facing slopes overlooking the
floodplain of the North Rukuru River, which drains into Lake
Malawi ~7 km to the east (Fig. 1). Archaeological excavations in all



Fig. 1. Map of the area west of Karonga town indicating the site locations of Bruce (BRU) and Mwanganda's Village (MGD) on the hill slopes facing the catchment area of the North
Rukuru River, which drains into Lake Malawi to the east (map produced with AW3D30 data). Modern lake-lagoons are visible as blue areas along the shore. Other published
localities are indicated with blue dots: Airport Site (APS), Chaminade-I (CHA-I), and Chaminade-II (CHA-II). Below the map the modern topography is shown on a transect line
between BRU and MGD (A, B) with the incision of the Chirambiru seasonal stream indicated in between the site areas. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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trenches exposed MSA artifacts, but only two of them, MGD Area I
and BRU Area II (Fig. 2), yielded assemblages in primary or close to
primary context as demonstrated by refitting lithic artifacts
(Wright et al., 2014). Likely in situ lithic artifacts were also uncov-
ered from two additional tests pits at BRU (BRU-TP20 and BRU-
TP21). The analysis of all these lithic materials is currently
underway.
1.2.1. Mwanganda's Village (MGD)
In 1966, J. Desmond Clark led excavations at MGD, which had

skeletal remains of an elephant, too fragmentary to assign to a
genus, with artifacts scattered around the bones. He inferred that
MGD was an ancient elephant butchery site associated with
Sangoan tools, a type of artifact thought to occur in the earlier part
of the MSA (Clark and Haynes, 1970). Later, Kaufulu (1990) rein-
vestigated the site with large geological trenches to further un-
derstand the relationship between the Chitimwe and Chiwondo
Beds that were reported as occurring in contact at the location by
Clark and Haynes (1970). This “Elephant Butchery Site” at MGD has
since been frequently cited as an earlyMSA or Sangoan industry site
with evidence for the in situ disarticulation of an elephant (e.g.,
Piperno and Tagliacozzo, 2001; Surovell and Waguespack, 2008;
Yravedra et al., 2012). From 2009 to 2013, the Malawi Earlier-
Middle Stone Age (MEMSAP) team mapped the area, collected
samples, and conducted new excavations at MGD (MGD-I to III,
Fig. 2). We conducted excavations adjacent to and upslope from the
original elephant discovery location and dated the newly exposed
sediments with Optically Stimulated Luminescence (OSL). We also
examined the elephant remains for evidence of butchery, deter-
mined the age of elephant enamel fragments with
3

UraniumeThorium, and corrected maps from Kaufulu (1990),
which show inaccurate positions of some of the geological trenches
(Thompson et al., 2013; Wright et al., 2014). Based on these ana-
lyses, MEMSAP team members concluded that the fossils and ar-
tifacts were likely brought together through post-depositional
processes (Wright et al., 2014).

Wright et al. (2014) distinguished four fluvial cut terraces across
MGD dating to the Holocene, significantly post-dating MSA occu-
pation. This terrace formation may be partially responsible for the
mixing of sediments near the present-day surface but has not
affected more deeply buried Pleistocene sediments. The excavation
area at MGD-I (5 � 5 m) was positioned on a terrace uphill from
Clark's trenches to obtain a longer sequence (Figs. 1 and 2). MGD-II
(4 � 5 m) and MGD-III (4 � 5 m) were placed on a lower terrace
next to Clark's excavations, with the purpose of re-examining the
context of the “Elephant Butchery Site” (Figs. 2 and 3). A test pit
located 13 m to the north and 10 m to the east of MGD-I showed a
gravelly coarse sand deposit buried 1.7m below the ground surface,
which included artifacts and is bracketed by OSL ages between
43 ± 4 ka and 22 ± 2 ka (Wright et al., 2014). At MGD-I, un-
weathered lithic artifacts were found just above sediments dating
to 26 ± 1 ka. These lithics, in this paper referred to as “classic”MSA,
are typical of the Karonga MSA and comprise mostly casual and
radial core reduction with little standardization of form and almost
no retouch, but with some Levallois flake production and including
flakes with large, faceted platforms (Thompson et al., 2018). Above
this, terminal MSA lithics with multiple refits were recovered from
sediments dating to between 26 ± 1 ka and 15 ± 1 ka (Thompson
et al., 2021b). The terminal MSA assemblage displays both MSA
and Later Stone Age (LSA) approaches to artifact reduction on the



Fig. 2. Overview maps showing excavation areas of Clark and colleagues, Kaufulu, and MEMSAP at Mwanganda's Village (left) and Bruce (right). Darker browns are higher ele-
vations, contour elevations are in m. The original designations for the two test pits at BRUwere CHA-TP20 and CHA-TP21, as they were part of a larger survey program starting in the
general area of Chaminade Secondary School (near CHA-I and CHA-II, Fig. 1). Here and in the text, they will be referred to as BRU-TP20 and BRU-TP21 for clarity.
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same objects, e.g., a centripetal reduction strategy on small
(2e4 cm) quartz pebbles rather than larger quartzite cobbles,
resulting in pyramidal cores with neither final preferential de-
tachments nor evidence for microlith production. This sequence
supports an interpretation of the site as a place where people with
varying MSA technological approaches returned multiple times,
potentially over the course of ~10,000 years (Fig. 3).

1.2.2. Bruce (BRU)
In 1965, one of Clark's doctoral students, Alan van Eggers, su-

pervised excavations at a site called Chaminade 1A, about 1 km
northwest of MGD (Fig. 1). Although this was not described as a
Sangoan site, there is a core-axe illustrated by Clark et al. (1970),
alongside “classic”MSA artifacts such as Levallois points. Clark et al.
(1970, 1973) also report pigments, which are absent at MGD, sug-
gesting variation in activities carried out between the two sites.
Through systematic test-pitting, local knowledge, and analysis of
archive documents, MEMSAP identified a locality named BRU, later
determined to be equivalent to Chaminade 1A. The high density of
lithic artifacts and the presence of worked ochre on the surface also
match the description in Clark et al. (1973). Although we are
confident it is the same locality, unlike at MGD, we could not
identify the exact location of the original excavation led by van
Eggers relative to our new excavations. We therefore continue to
use the MEMSAP designation BRU for the site.

Three archaeological excavation areas of 1 � 2 m (BRU-I to III),
two archaeological test pits (BRU-TP20 and BRU-TP21), and three
geo-trenches (BRU-GT1 to 3) were placed on the hillslope (Fig. 2).
Beside the archaeological excavations and test pits, one of the geo-
trenches, BRU-GT2, is included in this paper, as it exposed thick
lagoonal deposits not well-represented in the archaeological ex-
cavations. Numerous lithic artifacts occur on the ground surface at
BRU due to water erosion, which is especially active at this location
due to agricultural activity and house construction. Although lithic
assemblages were not stratified in a single pit but were exposed in
several small excavations, the area shows repeated human occu-
pation over many thousands of years. At BRU-II, unweathered
4

artifacts occur in deposits dating between 34 ± 3 and 33 ± 3 ka,
while at BRU-TP20 numerous concentrations of artifacts with some
refits date between 51 ± 4 and 31 ± 2 ka (Thompson et al., 2021b).
Bedrock was not reached in any of the excavations.

2. Methods

The primary methods of analysis involved micromorphological
study of block sediment samples and carbonate nodules, paly-
nology, phytolith analysis, and the analysis of stable isotopes from
pedogenic carbonates. In this paper we also report two new OSL
ages from BRU-TP21. Methods are summarized in this section;
additional information is provided in the supplementary material
(Chapter S1; Appendix A).

2.1. Field descriptions

All exposed sections were described following the “USDA Field
Book for Describing and Sampling Soils” (Schoeneberger et al.,
2012). Visual observations were aided by a hand lens, and
included for each sedimentary unit descriptions of texture, color,
structure, weathering features, inclusions, carbonate content,
consistency, clay films, disturbances, and unit boundaries. Colors on
dry sediment were described using the Munsell soil-color charts
(Color X-rite 2009). Feel tests and soil ribbon tests were regularly
performed when textures were loamy or clayey (Thien, 1979).

2.2. Micromorphology, cathodoluminescence, and microscopic X-
ray fluorescence

Micromorphology was used to reconstruct site formation pro-
cesses and served as a basis for other analyses and to guide sub-
sample collection. 47 block samples and 15 carbonate nodule
samples were collected from exposed profiles at MGD and BRU,
producing 95 thin sections. Based on field observations and
micromorphology, the sedimentary and pedogenic units of MGD
and BRUwere grouped into facies (Walther,1894;Middleton,1973).



Fig. 3. Profile drawings of the excavation areas at MGD. At MGD-I (A), late "classic" MSA lithic artifacts were recovered from below the cobble layer within facies MGD-D, and
terminal MSA artifacts were found above the cobble horizon. The inset photo B shows faciesMGD-Dwith a partly carved out micromorphology sample, and an empty termite fungus
chamber in the lower left. The modern soil rubifies towards the top. The inset photo D shows the East and South profiles of MGD-II during sample collection. Photo F shows shallow
channel fill deposits (orange red) in the East profile of MGD-III, which are overlain by a thick overburden from the historic excavations, appearing whitish gray as it contains
carbonate nodules and clay from facies deriving from MGD-B and MGD-C. Inset photo G was taken from the opposite side, presenting a stratigraphic sequence without overburden
deposits. A reddish deposit of coarse sand and gravel (equivalent to the shallow channel fill in the West profile) is infilling a channel incision cutting into facies MGD-B and MGD-C.
The sequence is topped by a thin stony, organic-rich, horizon of winnowed cobbles and pebbles. OSL dates (ka) are displayed in roman typeface and radiocarbon dates on pedogenic
carbonates are shown in italics (cal ka BP) and have been calibrated in OxCal v.4.4 (Ramsey et al., 2013) using the SHCal20 atmospheric curve (Hogg et al., 2020). The sediments and
soils were grouped into facies, which are described in the results section. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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In addition to the analysis with stereoscopic and petrographic
microscopes, we used a cathodoluminescence (CL) microscope on a
selection of thin sections. Observations were recorded with pho-
tomicrographs (Chapter S5; Appendix A). Microscopic X-ray fluo-
rescence (m-XRF) was used to determine relative abundances of
major and trace elements (Mentzer and Quade, 2013), and was
performed on a selection of samples (Chapter S6; Appendix A).
5

2.3. Paleoecology

Pollen and phytolith samples were collected in the field as bulk
sediment samples from exposed profiles. The profiles were first
cleaned from top to bottom with a hard brush to remove loose
sediments and sampled from bottom to top with a trowel and
dustpan. The trowel and dustpan were cleaned in soapy water and
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rinsed in plain water followed by thorough air drying between
sampling episodes.

2.3.1. Palynology
Palynology was attempted only at MGD (Fig. 3). Ten sediment

samples were processed for pollen and micro-charcoal (particles
<125 mm) analyses, following the methods described in Moss
(2013). Seven of the samples contained pollen (1700e1705, and
1708) with concentrations between 200 and 700 grains per cm3.
Nine of the samples contained charcoal (1700e1708).

2.3.2. Phytolith analysis
The nomenclature for phytolith classification used in this paper

follows Madella et al. (2005). Supporting keys from pertinent re-
gions include: Runge (1999); Fahmy (2008); Albert et al. (2009);
Barboni and Bremond (2009); Neumann et al. (2009), Neumann
et al. (2017); Eichhorn et al. (2010); Novello et al. (2012); Albert
et al. (2015); Collura and Neumann (2017), as well as past phyto-
lith work on referentials and archaeological localities from both the
Malawi side of the lake (Wright et al., 2017; Nightingale et al., 2019;
Thompson et al., 2021b) and the Mozambican shore (Mercader
et al., 2009b; Mercader et al., 2010; Mercader et al., 2011).

2.3.3. Stable isotope analysis (d13CPC and d18OPC)
Stable isotopes from pedogenic carbonates (d13CPC, d18OPC) were

measured to reconstruct aspects of vegetation and climate during
soil formation (Cerling, 1984). The analyses were performed on 27
sub-samples from 18 pedogenic carbonate nodules. The samples
were calibrated against the NBS 18 standard: d13C ¼ �5.014‰ and
d18O ¼ �23.2‰. All d13CPC and d18OPC measurements are expressed
Table 1
Facies at MGD from top to bottomwith OSL ages (ka) of the deposits at each site area (“Are
sediments, ecological data, interpretation, and archaeology. All radiocarbon ages reported
using the SHCal20 atmospheric curve (Hogg et al., 2020). *The shallow MGD-D channel
bearing deposits at MGD-I are Late Pleistocene and preserve a segment of sediments lac

Facies Area OSL (ka) 14CPC (cal
ka BP)

Description Pollen Ch

MGD-E III e e Laminated silty
clay, CaCO3

nodules with
inclusions of
yellow clay
coatings

N/A N/A

«Clear to abrupt boundary»
MGD-D I 15±1* 1 Coarse textures

ranging from very
coarse sands to
very coarse
gravels, cobbles &
sandy loam

Dominated
by grasses,
with reeds,
evergreens

Ab
in
De
do

II
III

11±1e1.9±0.1*
8.2±0.1*

e

e

«Abrupt boundary»
MGD-C I

II
III

26±1e16±1
e

e

e

e

13

Coarse to very
coarse sandy
loam, abundant
secondary
carbonates

Generally
higher
proportion
of aquatic
taxa

Pre
all
sam

MGD-B I
II
III

34±4 (top)
e

e

31-30,
40
e

e

Laminated silty
clay with
secondary
carbonates

Not
preserved

No
pre

MGD-A I
II

58±9
e

e

e

Pale colored
bedded angular
medium to coarse
sands & fine
gravel

N/A N/A

6

in permille (‰) in relation to the Vienna Peedee Belemnite (VPDB)
standard.

2.4. OSL dating

OSL ages on quartz grains from two samples (LM13-10, LM13-
11) collected at BRU-TP21 were determined by protocols similar
to Wright et al. (2017), using small aliquots (~3 mm mask size),
consisting of several hundreds of quartz grains (180e212 mm in
diameter). OSL measurements were carried out using a Risø TL/OSL
reader (Model TL/OSL-DA-20C/D) at the Korea Basic Science Insti-
tute. Burial equivalent doses were calculated using the Single
Aliquot Regenerative dose (SAR) procedure. Dose rate estimations
were determined by low level high resolution gamma spectrom-
eter. The resulting ages are included in Table 2, and more details are
reported in the supplementary material (Table S6, Fig. S2, and
Fig. S3; Appendix A). Other ages referred to in this paper have been
previously published in Thompson et al. (2018) and Thompson et al.
(2021b).

3. Results

3.1. Lithostratigraphy of MGD and BRUd key field and
micromorphological observations

For a complete overview of the units, we refer to the supple-
mentary material (Table S12, Table S13; Appendix A). A schematic
overview of the profiles of the archaeological excavations and their
facies is given in Fig. 5. The facies are further summarized and
contextualizedwith the ecological data, chronology, and archaeology
a”), radiocarbon dates (cal ka BP) on pedogenic carbonates (PC), brief descriptions of
here and referenced in the text were calibrated in OxCal v.4.4 (Ramsey et al., 2013)
fill deposits at MGD-II and MGD-III date to the Holocene, while the deeper artifact
king at the other site areas.

arcoal Phytoliths d13CPC
(‰)

Interpretation Archaeology

N/A N/A Overburden from previous
excavations

Reworked

«(Historic) ground surface»
undant
the top.
clining
wnward

Morphologies
closest to
referentials of
gallery forest
& woodland

�9.7 Riverbed & mass-wasting
deposits containing reworked
soil & sediment.

Sharp-edged
"classic"/late
MSA & terminal
MSA with
conjoins

Stream channel fill & mass-
wasting deposits containing
reworked soil & sediment

Rolled lithics

«Erosional contact»
sent in

ples

Morphologies
most common
in trees &
bushes

�7.6 Wooded seasonal wetland.
Paleosol in mixed fluvial &
lagoonal deposit with
pedogenic carbonates
indicating gradual increase of
dry surface conditions

Locally, rolled.
Bones & lithic
artifacts in the
top 10 cm of this
facies at Clark's
Elephant
Butchery Site

t
served

Not preserved �10.8
to �10.1

Lake-lagoon None

N/A N/A Stream deposits in the distal
part of the alluvial fan,
Chitimwe Beds

None



Table 2
Facies at BRU from top to bottom with OSL ages of the deposits at each site area (“Area”), radiocarbon dates on pedogenic carbonates (PC), brief descriptions of sediments,
interpretation, and archaeology. The sediments at Bruce did not yield enough phytoliths for analysis and pollen analysis was not attempted. The complete radiocarbon and OSL
dates including the new ages for BRU-TP21 can be found in the supplementary material (Table S4, Table S5, and Table S6; Appendix A) and Thompson et al. (2021b).

Facies Area OSL (ka) 14CPC (cal
ka BP)

d13CPC

(‰)
Description Interpretation Archaeology

BRU-D GT2 e e N/A Coarse sand to medium gravel Recent channel fill e

«Clear erosional break between BRU-D & BRU-A (observed at BRU-GT2)»
BRU-C I 54±5e29±3 e N/A Beds of imbricated medium sands to medium gravels.

Sandy clay & loamy sand in the lowest units. Mineral
weathering, in situ silt & clay formation. Redox depletions
& concentration in lower units

Distal part of the alluvial fan,
defined by gullying & stream
bed deposition. Chitimwe Beds.

Many "classic"
MSA lithic
artifacts, ochre
fragments

II e e

III e e

TP20 51±4e31±2 e

TP21 39±2e20±1 e

BRU-B III >41±5 29e20 �10.9
to �8.8

Silty clay with 10e15% coarse sand to fine gravel Nodular calcrete in sediment
mixed by soil cracking &
bioturbation

Few lithic
artifacts

BRU-A GT2 e 33e28 �9.2 to Silty clay with few very fine sand inclusions, decomposing
organic matter & large carbonate nodules

Lagoon, overprinted by
wetland soil with palustrine
carbonate nodules

e

�7.6
III e e e
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in Table 1 for MGD, and in Table 2 for BRU. More detailed field and
micromorphological descriptions, CL-microscopy, and m-XRF results
can be found in the supplementarymaterial (Chapters S4, S5, and S6,
respectively; Appendix A).

3.1.1. Mwanganda's Village
The stratigraphy at MGD shows some variability between the

site areas as a result of their positions on different parts of the slope.
The facies comprise in detail, from oldest to youngest:

3.1.1.1. MGD-A. The lowermost facies, MGD-A, consists of angular
coarse sands and fine gravel with 1e2% coarse rounded pebbles.
Clear horizontal depositional planes and crossbedding are pre-
served. The facies is grayish white to yellowish in color with faint,
dm-scale yellow and purple redox masses (Fig. 3).

3.1.1.2. MGD-B. This facies formed under non-turbid, subaqueous
conditions which involved the deposition of silty clay as suspended
load with intercalated laminations of fine sand. The clay is rich in
mica, giving it a greenish color (Fig. 6a). Carbonate nodules are
common in this facies and vary in size from 1 mm to ~15 cm. In-
clusions of organic remains inside the nodules and the occurrence
of both alpha-type microfabrics (formed by physical and chemical
processes) and beta-type microfabrics (formed by biogenic pro-
cesses) within the nodules are indicative of palustrine-pedogenic
formation (Wright, 1990a; Alonso-Zarza and Wright, 2010a).
Because the finely laminated deposit is well-structured, bio-
turbation features appear very distinct (Fig. 6a). They mainly
consist of chambers (1e2 cm in diameter), interconnected by a
network of channels. Towards the top, an increase in bioturbation
by soil fauna, desiccation cracks and root disturbances is observed.

3.1.1.3. MGD-C. MGD-C is a welded, buried paleosol, corresponding
to the paleosol described by Clark and Haynes (1970), the top 10 cm
of which was the context of the elephant bones and lithic artifacts.
MGD-C initially formed in a lagoonal environment but was subse-
quently overprinted by soil formation and the admixture of coarse
alluvial sediment through cracks and bioturbation, giving the facies
a loamy texture (Fig. 6b, c, f, g). After this, a calcrete formed in the
mixed sediments. MGD-C appeared massive in the field but in thin
section, many mixing agents were distinguished, including shrink-
swell within the soil, the formation and infilling of desiccation
7

cracks, root action, bioturbation by soil fauna, and pedogenic car-
bonate formation. Their compounding effects obliterated potential
pre-existing sedimentary structures (Fig. 6c, h, i, k). However, rare
1-3-cm sized angular and pillar-shaped peds of laminated clay
(similar to facies MGD-B) were found in their original depositional
orientation, revealing the sedimentary origin of the soil parent
material (Fig. 6g). CL-microscopy of the pedogenic carbonate nod-
ules has shown that both types of sediment have been replaced by
carbonate, indicating that mixing of the lagoonal clay with alluvial
deposits occurred well before the paleosol became a mature cal-
crete. Generally, the formation of nodular calcretes constitutes the
final stage of soil development in this type of environment
(Blokhuis et al., 1990). Clay coatings and reworked fragments of clay
coatings are rare, but few intact and fragmented, laminated, limpid
yellow clay coatings were observed near and inside carbonate
nodules, some of which are partially dissolved and substituted by
microsparitic carbonate (Fig. S10c; Appendix A).
3.1.1.4. MGD-D. This facies consists of fluvial and alluvial fan-
related deposits, which overly MGD-C with an abrupt (0.5e2 cm)
to clear (2e5 cm) boundary (sensu Schoeneberger et al., 2012). The
sediments are coarse, ranging from fine-to very coarse sand and
sandy loam, to very coarse gravels and cobbles. Sand-to fine gravel-
sized materials are subangular to subrounded, while coarse gravels
(pebbles) and cobbles are generally subrounded to rounded. At the
site area located uphill, MGD-I, bedded fine gravels and a cobble
layer were deposited directly on top of facies MGD-C, which have
been overprinted by different episodes of soil formation involving
the formation of a subangular blocky microstructure and thick,
typic pale yellow dusty clay coatings with irregular laminations and
deformations (Fig. 6j). This type of clay coating forms as a result of
repeated cycles of wetting and drying with vertic activity (shrink-
swell) and may form at shallow depths (Kühn et al., 2010). The
overlying deposits are richer in clay (sandy loam) due to the in-
clusion of inherited materials from facies MGD-B and MGD-C, in
particular weathered and rolled fragments of laminated clay peds
and reworked carbonate nodules. In situ (orthic) carbonate features
are rare or weakly developed compared to the two facies below and
consist of biogenic, beta-type features such as micritic (crystal size
<5 mm) hypocoatings, needle fiber calcite, and small micritic nod-
ules, typical for the vadose zone (Wright, 1990a; Alonso-Zarza and
Wright, 2010a). Clay coatings are common and become more
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abundant towards the topwhere they exhibit pendant and crescent
shapes typical for clay illuviation in a part of the soil where top-
down soil processes are dominating. They are distinct from the
clay coatings in the fluvial deposits below, and indicative of
improved drainage relative to the preceding depositional phase.

At MGD-II and MGD-III, facies MGD-D is defined by a paleo-
channel incision (Fig. 3), which is infilled with reddish sediment of
bedded sandy clay loam, dispersed cobbles, and gravels, which are
strongly bioturbated (Fig. 6k). Shrink-and-swell activity is evi-
denced by grano- and poro-striated b-fabrics. Clay coatings and in
situ carbonate features are rare. The red color of the sediment
shows similarity to lateritic soils common in the Chitimwe alluvial
fan deposits. The carbonate nodules present in some of the coarser
channel fill sediments were likely redeposited from eroding parts
of the paleosol of MGD-C, or from MGD-B. Needle fiber calcite has
formed adjacent to some carbonate nodules, possibly in relation to
dissolution and disintegration of the nodule edges. Common small
(1e3 mm) FeeMn disorthic and orthic nodules can be found,
indicative of weak lateritic soil formation (Marcelino et al., 2010). A
thin, dark brown organic topsoil composed of pebbles in clay loam
represents the historic ground surface. It directly overliesMGD-C in
the northern part of MGD-III and caps the channel fill of MGD-D
occupying the southeastern part of the excavation (Fig. 3).

3.1.1.5. MGD-E. MGD-E comprises the overburden (~50 cm) from
Clark's old excavations covering the historic surface on the eastern
part of MGD-III.
Fig. 4. Profile drawings of the three excavation areas (BRU-I, BRU-II, BRU-III) and a geo-tre
pedogenic carbonate nodules (yellow diamonds), OSL ages (in roman) and radiocarbon date
Fig. 3. The sediments and soils were grouped into facies, which are detailed in the results s
Different from the similar paleosol horizon of faciesMGD-C, there are no signs that BRU-Bwa
C. Consequently, sediments of BRU-C are older than the paleosol they cover. The top of BRU-I
photo (D). (For interpretation of the references to color in this figure legend, the reader is

8

3.1.2. Bruce
The site areas at Bruce (BRU) contained four facies with 24

sedimentary units (Table S13; Appendix A). An overview of the
facies is given in Table 2. Fig. 4 shows profiles of the three exca-
vation areas and geo-trench BRU-GT2.

3.1.2.1. BRU-A. Facies BRU-A consists of white, fine carbonate silt
and lagoonal deposits of laminated silty clay similar to facies MGD-
B. It contains abundant large fragments of partly decomposed
organic matter.

3.1.2.2. BRU-B. This facies was exposed at BRU-III and is repre-
sented by a welded calcrete paleosol similar to MGD-C, with coarse
sand introduced by bioturbation and soil cracking. Many siliceous
minerals, deriving from both the lagoonal clay and the alluvial fan
deposits, have been (partly) dissolved and gradually replaced by
carbonate (Fig. 7aeh). Petrography and CL-microscopy reveal the
primary source material as reflected in the shapes of pseudomor-
phic pore spaces after dissolved minerals, calcite replacement of
dissolved siliceous grains, and sparitic neoformation around the
edges of sand grains affected by dissolution (Fig. 7g and h). This
process is better visible in BRU-B than in MGD-C, which may be
attributed to a less advanced level of maturity reached by the cal-
crete at BRU compared to MGD, although both fall in the same
calcrete category (stage 3), following Machette (1985).

3.1.2.3. BRU-C. BRU-C comprises artifact-bearing, lateritic sands
nch (BRU-GT2) at BRU, displaying sample locations for micromorphology (rectangles),
s (cal ka BP, in italics) from selected pedogenic carbonate nodules. For the legend, see
ection. One of the facies (BRU-B, found at BRU-III) is defined by calcrete soil formation.
s truncated and the soil horizon with pedogenic carbonates formed after burial by BRU-
I consists of a biomantle with abandoned termite chambers, as can be seen on the inset
referred to the Web version of this article.)



Fig. 5. Overview of four trenches at BRU (left) and three at MGD (right) along a NW-SE transect indicating the different facies within each profile. The y-axis indicates elevation in
meters above sea level (m.a.s.l.), based on AW3D30 data (see transect in Fig. 1). At BRU-III, facies BRU-Awas only observed at the bottom of the pit and is therefore indicated between
brackets. Facies BRU-A is equivalent to MGD-B, and carbonate paleosols developed in BRU-B and MGD-C but extend with palustrine-pedogenic carbonates into the underlying facies
BRU-A and MGD-B. The excavation areas are arranged from west to east, but the x-axis of the figure does not reflect accurate distances (refer to Fig. 1).
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and gravels, which formed mainly by gullying, stream deposition,
debris flow, and winnowing. Sand and very fine gravel-sized grains
are subangular to subrounded, while fine to medium gravel is
generally subrounded to well-rounded. The deposits vary between
the site areas and include breaks in sedimentation likely associated
with numerous erosional events. However, OSL dates the excavated
deposits to between 29 ± 3 and 54 ± 5 and soil formation and
confirms the temporal constraint of depositional processes at BRU.
Lateritic soil formation with mineral weathering impacted the
sediments considerably at all site areas. A multi-step weathering
sequence could be observed, beginning with the disintegration of
larger fragments (sand, gravel) and the formation of authigenic
(silty) clay (Fig. 7j and k), followed by its vertical translocation, and
ending with the formation of limpid, finely laminated clay coatings
(Fig. 7l, m, n, o). Indications for erosional processes within the soil
were observed at BRU-I (Fig. S16; Appendix A). As opposed toMGD-
D, BRU-C deposits do not contain inherited soil materials, sug-
gesting that the calcrete (BRU-B) was not truncated at the Bruce site
location.

3.1.2.4. BRU-D. This facies consists of relatively recent channel fill
with clast-supported, very coarse sand to fine gravel.

3.2. Paleoecology

3.2.1. Pollen
Facies MGD-D contained pollen from six consecutive samples

(samples 1700e1705), and the lowermost (1708) sample from
MGD-C yielded enough pollen for analysis as well (Fig. 8). Overall,
the pollen record was dominated by herbs, especially grass
(30e40% of the pollen sum), of which aquatic taxa, in particular
sedge, formed the next most important group, and arboreal taxa
(montane forest, evergreen forest, and woodland) making up be-
tween 10 and 15% of the pollen sum. Pteridophytes were also
present in samples 1702 to 1705 and 1708. In terms of general
trends with changes in pollen taxa there is a clear transition from
samples 1705 to 1703 and 1702 to 1700, with a decline inwoodland
9

taxa (particularly Blighia sp. and Asteraceae) and an increase in
Brassicaceae and Eucalyptus sp. Charcoal values are generally
around 200,000 particles per cm3, except for samples 1709 (no
charcoal present), 1707 (<100,000 particles per cm3), 1701
(<50,000 particles per cm3) and 1700 (~400,000 particles per cm3).
3.2.2. Phytoliths
The total number of phytoliths tallied for the current study is

1077 from 12 samples, seven of them coming from MGD-I (tally of
908) and five from BRU-TP20 (Table S7; Appendix A). Their
respective phytolith records vary, with low counts (n ¼ 0e31) for
BRU-TP20 and for samples 1703,1707, and 1709 fromMGD-I (Fig. 3),
which were thus excluded from further analysis and paleoenvir-
onmental interpretation. For the productive samples from MGD-I,
phytolith weathering/dissolution affects a very minor part of the
assemblage: <2%. Morphotype diversity is somewhat limited,
totaling 33 discrete shapes. Mean morphotype frequency is ~6
(range¼ 1e556). Five morphotypes are very common, representing
more than 85% of the total variability, and in numbers above the
mean (n ¼ 31e556). These morphotypes are, in order of domi-
nance: 1) globular granulate (~53% from the total), 2) blocky (~14%),
3) cylindroid psilate (~10%), 4) tabular elongate (~6%), and 5) bilo-
bate short cells (~6%), with the remainder of the assemblage rep-
resenting 11% of the total phytolith count (Fig. S5; Appendix A).

Archaeological phytolith assemblages fromMGD-I follow a non-
normal distribution. A Principal Components Analysis (PCA)
transformed 12 variables (phytolith classes) into loading values
upon standardization. Raw counts used for PCA are in the supple-
mentary material (Table S8; Appendix A). The first and second
components account for 61.32% of the variance. This PCA includes
samples from MGD (Fig. 3), along with three comparative datasets
representing the phytolith spectra from known modern local and
regional environments, which represent various ecofacies within
Zambezian woodlands (Mercader et al., 2011). The archaeological
data processed for the PCA come from MGD-I (this paper), along
with contemporaneous MSA sites in Mozambique (Mercader et al.,
2013) and Tanzania (Mercader et al., 2021b) for comparison. The



Fig. 6. Micromorphology of MGD. a) Thin section of silty clay with interbedded laminations of fine sand (fs) and termite features (tm). b) Boundary between intact clay in MGD-B
and bioturbated MGD-C, showing contrasting grain sizes of MGD-B (silt, clay) and MGD-C (coarse sand, clay) and a fragmented orange slaking crust at the contact (XPL). c) Sandy
loam infilling envelops a pedogenic carbonate nodule in a crack within facies MGD-B (XPL). d) and e) show calcified organic remains including a root fragment in a biogenic
carbonate nodule shown in (c) (small black frame, PPL). f) Thin section from a part of MGD-C with organic remains and carbonate nodules. g) Pillar-shaped remnant of laminated
silty clay in sandy matrix (XPL). h) Brecciated feldspar with dissolution voids and microsparite (~5e20 mm) (XPL). i) Flat blocky merging carbonate nodules with internal microlayers
of different calcite crystal sizes (XPL). j) Deformed pale yellow dusty clay coatings (PPL). k) Vertical channel (upper left) leading to a circular termite feature in between carbonate
nodules (gray) affected by dissolution (PPL). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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PCA shows two clusters, which together represent a continuum of
wooded and forested paleoenvironments (Fig. 9). Quadrant no. 2
clusters the Mozambican MSA sites with woodlands. Quadrant no.
4 groups all samples from MGD-I between a Zambezian gallery
forest of Guineo-Congolian affinity and the mesic woodland
reconstructed from the Nasera Industry site of Mumba in Tanzania
(Mercader et al., 2021b). For contrast, we also included a hydro-
morphic grassland nested within a miombo woodland, locally
known as a “dambo,” noticing that all archaeological and reference
samples plot far from this outlier.

3.2.3. Stable isotopes
The results of the carbon and oxygen stable isotope analysis of

pedogenic carbonate nodules (d13CPC and d18OPC) from MGD and
BRU are represented in Fig. 10. d13CPC VPDB values are
between �10.9‰ (min) and �7.6‰ (max) (range of 3.2‰), with a
mean value of �9.3‰ and a standard deviation of 1.1. d18OPC VPDB
values are between�9.1‰ (min) and�6.3‰ (max) (range of 2.8‰),
with a mean value of �8.2‰ and a standard deviation of 0.5. The
10
scatterplot further gives an overview of the facies from which the
carbonate samples were collected, their age brackets, and the
inferred wood cover associated with decreasing d13CPC values. The
complete results are provided in the supplementary material
(Tables S1 and S3; Appendix A).

4. Discussion

4.1. Complications of OSL dating

All OSL dates are in stratigraphic order, except at BRU-I (Fig. 4).
Out-of-order OSL ages are attributed to potential partial resetting of
OSL signals in quartz during fan formation, soil formation processes
and/or uncalculated errors in time-averaged water content in the
different parts of the profile. Soils are dynamic environments as
minerals undergoing secular equilibrium are mobile, which moves
sources of ionizing radiation into new aspects of the profile over the
time of formation. In addition, water attenuates the absorption of
radiation in the crystal matrix of sedimentary minerals, but the



Fig. 7. Micromorphology of BRU. a) Carbonate nodule after laminated silty clay (BRU-A) of fine micrite. b) laminated mica inside a carbonate nodule (PPL). c) Tilted ped of laminated
clay showing partial dissolution and calcite replacement (XPL). d) Carbonate nodule from the top of BRU-Bwith zones with sand inclusions and cracks with sparite infillings and clay
coatings. e) Crack (black) with a sparite (light) coating starting to infill the crack, overlain by an orange limpid clay coating (rectangle in [d], XPL). f) Two inclusions of clay domains in
a micritic nodule with an accommodating plane (fissure) partially infilled with sparite (PPL). g) Sand grain inside a carbonate nodule with multiple dissolution phases represented
by void spaces and carbonate. Equivalent to the one displayed in (h) (PPL). h) Episodes of dissolution around a siliceous sand grain have been partially filled with sparitic (bright red)
and micritic (darker red) calcite. Some silt in the surrounding micrite appears blue (quartz) or yellow (feldspar). Black specks may indicate pore spaces pseudomorphic after
dissolved silt grains (CL). i) Ferruginous open boxworks of alteromorphs (Delvigne and Stoops, 1990) (PPL). j-k) In situ clay (yellowish, probably sericite) formation inside a heavily
weathered feldspar pebble (j in PPL, k in XPL). l) Different phases of clay illuviation represented by coarse yellow to orange clay coatings (PPL). m-n) A yellow laminated clay coating
has been truncated on the side and overprinted by dark orange coarser clay illuviation (m in PPL, n in XPL). o) Remnant clay coating on a sand grain, indicative of erosional processes
within the soil (PPL). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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relative content of water mass over the duration of burial can be
variable, particularly in open environments, and therefore is a
common source of uncertainty in OSL dating (Diaz et al., 2016).
Other bioturbation effects such as termite and root disturbance can
affect grain distributions over the course of millennia (Kristensen
et al., 2015). At BRU-I, termite activity was likely the main cause
for out-of-order OSL ages in the lower part of the profile, as evi-
denced by clay-infilled fossil termite chambers (Fig. 4). This does
not affect the dating of the archaeological occurrences at this site
area, which came from less bioturbated overlying deposits, or our
11
paleoenvironmental reconstructions, which are based on samples
collected from other profiles.
4.2. Soils: laterites and welded calcrete paleosols

Site formation processes of open-air sites in the humid tropics
are often complex due to the high biological activity and marked
periodic changes in humidity and temperature in these environ-
ments (Friesem et al., 2016; Wright et al., 2017; Morley and
Goldberg, 2017). Such complexities can confound clear



Fig. 8. Pollen diagram with ages and facies indicated on the left and right. Graph created using the Tilia pollen diagram software (Grimm, 2004). Asterisks indicate samples with
both pollen and phytolith results available.

Fig. 9. Principal Component Analysis of MGD-I phytoliths along with penecontemporaneous regional sites. The ellipses group woodland (brown) and forest environments (green).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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interpretations of past human behavior and the environments in
which they occurred. The deposits at MGD and BRU have been
subject to various post-depositional alterations, including pedo-
genic and biogenic mixing, the formation of authigenic clay and silt,
precipitation of carbonates and iron-manganese, and the formation
of redoximorphic features resulting from fluctuations in the
groundwater table. Both lateritic soils and carbonate paleosol ho-
rizons are the result of prolonged formation histories.
4.2.1. Lateritic soils
Lateritic soils have formed in many parts of the Chitimwe allu-

vial fan deposits of the Karonga area, especially where the removal
12
of protecting tree cover has encouraged their development
(Thompson et al., 2021b). The laterites represent a late phase of soil
formation, overprinting earlier pedogenetic phases which typically
involved clay illuviation, as seen for example at Chaminade-II
(Wright et al., 2017). At BRU, the laterites of facies BRU-C exhibit a
wider variety of features related to mineral weathering than at the
excavations at Chaminade (Wright et al., 2017; Nightingale et al.,
2019), possibly due to different sedimentary sources including al-
kali granite, sandstone, and gneiss. Much of the clay and silt ap-
pears to have formed in situ by chemical and physical mineral
weathering. Bt horizons in the alluvial fan deposits (facies BRU-C)
contain various types of clay coatings which are frequently



Fig. 10. Scatterplot of the d13CPC and d18OPC values (both presented relative to VPDB) from carbonate nodules organized according to facies with the ranges of radiocarbon dates
indicating the time of their formation, ante quem. Radiocarbon ages were calibrated in OxCal v.4.4 (Ramsey et al., 2013) using the SHCal20 atmospheric curve (Hogg et al., 2020). The
bar at the bottom on the x-axis shows the ranges of C3 and C4 vegetation, with more negative d13CPC values associated with denser tree cover. The original isotopic compositions in
organic matter, prior to carbonate formation, are between �20‰ and �35‰ for plants following the C3 photosynthetic pathway, and between �9‰ and �17‰ or plants following
the C4 photosynthetic pathway (Cerling and Quade, 1993). Due to fractionation, pedogenic carbonates forming below C3 vegetation have values between �16‰ and �8‰, and C4

vegetation, shown in yellow, has values between 0‰ and þ4‰. The values for C4 vegetation lie to the right from the shown ranges on the x-axis of the scatterplot (�7‰ to �11‰
d13C-VPDB), and the distance has been truncated for presentation purposes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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overprinting one another, as well as localized zones with evidence
for fracturing and removal of clay coatings by erosional processes
within the soil (Fig. 7l-o).

Based on these observations, we hypothesize that BRU-C resul-
ted from the cyclic alternation of alluvial deposition, episodes of
landform stability during which Bt horizons formed, and erosional
events. The Bt horizons may reflect multiple hiatuses in deposition,
as indicated by the age range for the aggradation of ten coarse
channel beds at BRU-I during Marine Isotope Stage (MIS) 3 that
broadly spans from 54 to 29 ka (Fig. 4).
4.2.2. Calcrete paleosols
Carbonate nodules are the most prominent feature of the

paleosols at MGD and BRU (MGD-C, BRU-B), and also formed in the
underlying deposits with less pedogenic development (MGD-B,
BRU-A). Overprinting by carbonate formation has been intensive in
these paleosols and deposits, obliterating earlier soil and sedi-
mentary features. Micromorphological and field observations of
partly oxidized organic matter and desiccation cracks in facies
MGD-B and BRU-A show that soil formation started when the lake-
lagoon began to dry up (Pons and Zonneveld, 1965). This process
occurred periodically, probably during the dry season, while the
wet season continued to introduce lagoonal sediments which were
topped by stream deposits from the alluvial fan. Bioturbation
thoroughlymixed the coarse streamdeposits with the upper part of
the underlying lagoonal clay, creating a welded soil composed of
two different types of sediment (Ruhe and Olson, 1980). As the
lagoon retreated, more stream deposits buried the paleosol, and
13
clay illuviation (Fig. 7e) and carbonate precipitation (Fig. 6cef, i)
ensued. The overprinting of clay coatings by carbonates demon-
strates that these soil processes alternated, probably following
seasonal rhythms. Ultimately, carbonate formation became the
most dominant process, further enhanced by soil plugging due to
the continued growth of carbonate nodules.

Micromorphology and CL-petrography show that carbonate
formation occurred in three main ways. (i) The first is especially
common in horizons with less pronounced carbonate precipitation
(MGD-D) and consists of the formation of small (<2 mm) nodules
and hypocoatings of micrite. In horizons with more intense car-
bonate formation, (ii) displacement and disruption of the original
sediment fabric (Fig. 6c, 6f-g) and (iii) mineral replacement are
more prevalent. The latter is best observed in the calcrete paleosols
(MGD-C, BRU-B) and occurred under extreme alkaline conditions
(pH >9), when the opposite trend in solubility of silica and car-
bonates as a function of pH led to dissolution of siliceous minerals
and intense carbonate precipitation (Durand et al., 2010). Within
MGD-C and BRU-B, we observed that carbonates substituted a range
of siliceous soil components, including clay domains (e.g., lagoonal
clay, Fig. 7c and f), clay coatings, and grains of feldspar and quartz
(Alonso et al., 2004; Wright, 2007; Alonso-Zarza and Wright,
2010a; Durand et al., 2010). The process of silicate dissolution and
subsequent substitution by calcite is further exemplified by frag-
mentation (Fig. 7j and k) and brecciation (Fig. 6h) of mineral grains,
pseudomorphs or ghost features of replaced minerals within nod-
ules, and residual pore spaces between partly dissolved siliceous
grains and the carbonatematrix (Fig. 7g and h) (Alonso et al., 2004).
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Depending on the primary material, carbonate replacement
resulted in two main types of carbonate nodules:

(i) Nodules formed by replacement of laminated clay, contain-
ing fine laminations of silt (Fig. 7b). These nodules of ho-
mogeneous micrite are present in all carbonate horizons, but
are most typical for the two facies with limited pedogenic
development (MGD-B and BRU-A) (Fig. 7a).

(ii) Nodules formed in the bioturbated portions of the paleosols
with abundant coarse sand (MGD-C and BRU-B), exhibiting
zones with different micritic, microsparitic (5-20 mm), and
sparitic (>20 mm) crystal sizes and containing various sili-
ceous mineral inclusions such as sand grains, fragments of
clay coatings, and clay domains (Fig. 7d). We hypothesize
that the frequency and size of these inclusions within the
nodules does not only reflect the primary material but may
also depend on thematurity of the calcrete, as we expect that
increased maturity (continued dissolution and carbonate
replacement) will reduce the number and size of the
inclusions.

In the literature, nodules comparable to the two types we
observed at MGD and BRU are classified into two separate cate-
gories: palustrine-pedogenic and calcrete nodules, respectively
(Wright, 1990a; Freytet and Verrecchia, 2002). Applying this clas-
sification to the nodule types at MGD and BRU, however, could be
misleading because the mechanism that formed these pedofea-
tures is the same, as also supported by carbon and oxygen stable
isotope analysis (Fig. 10). Therefore, both nodule types are consid-
ered pedogenic carbonates.

The conditions promoting intense carbonate formation at MGD
and BRU may have been created by several factors, including the
location of the soils within the landscape, the presence of a perched
water table, and other climatic conditions such as temperature and
precipitation variability. The contribution of carbonate dust was
likely not a decisive factor, as carbonate horizons only formed at
certain locations within the study area. Namely, the low to middle
position in the landscape of the paleosol horizons allowed for soil
carbonate in solution, leached from higher parts of the landscape,
to be moved into the paleosols and continuously refreshed
(Zamanian et al., 2016). In the older, fossiliferous sediments of the
Chiwondo Beds, pedogenic carbonates (Lüdecke et al., 2016) and
groundwater carbonate (own observations, Fig. S24; Appendix A)
are common, but geologic sources for carbonate such as limestone
are locally absent, precluding a considerable inherited geogenic
input of calcite in the paleosols. This leads us to hypothesize that
the supply of calcite and the associated stable isotope values from
the nodules indeed reflect the local environment at MGD and BRU.
A second formation factor is the poor permeability of the lagoonal
clays, which would have caused water to stagnate during heavy
(seasonal) rain, forming a perched water table in which water
pooled at shallow depths. This groundwater aquitard may have
played an essential role in transporting carbonate-saturated waters
laterally into the surrounding subsoils, facilitating carbonate pre-
cipitation in the capillary zone. Soil plugging by carbonate forma-
tion would have retarded water infiltration once the first
carbonates had formed. Despite the important role of the aquitard,
these carbonate horizons do not classify as groundwater carbonates
as they did not form under continuously saturated conditions (Slate
et al., 1996; Alonso-Zarza and Wright, 2010b). While temperatures
were not very different frommodern values (Woltering et al., 2011),
pollen data from Lake Masoko indicate stronger seasonality with
long, well-pronounced dry seasons between 34 and 23 cal ka BP
(Vincens et al., 2007; Gasse et al., 2008). This may have led to
enhanced evapotranspiration and carbonate precipitation in the
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soil after the rainy season, possibly coinciding with increased plant
growth.

As outlined above, the long formation history of the paleosol
horizons is evidenced by a range of pedofeatures, which in part pre-
date carbonate formation. Radiocarbon dates on the nodules pro-
vide an age for the later end stage of soil formation and the asso-
ciated episode of ground surface stability. Theymost likely also date
a late phase of calcium carbonate formation within the nodules,
creating ante quem ages for their formation. Although the amount
of time required for the formation of calcretes similar to the pale-
osols of MGD and BRU varies significantly, a minimum of 10 ka has
been suggested for calcretes developed in areas where the geogenic
contribution of carbonate is low (Wright, 1990b). This timeframe
agrees with our OSL and radiocarbon dating, which show that the
carbonate nodules of MGD and BRU are up to 10 ka younger than
the sediment in which they formed (see for example MGD-III and
BRU-III, Figs. 3 and 4).

4.3. Paleoecology

The general lack of pollen in facies MGD-B and MGD-C (samples
1706, 1707 and 1709, Fig. 8) may reflect environments that are not
conducive to preservation, possibly linked to oxidation, which
significantly impacts pollen preservation (Moss, 2013). Palynology
indicates that the study region was covered with woodland or
savanna vegetation, with high values of grass and consistent
presence of arboreal taxa (Fig. 8). Throughout MGD-D we observed
a decrease in woodland and aquatic taxa, which may reflect a
transition from moist (early formation of paleosol MGD-C) to drier
conditions (stream and mass-wasting deposits, MGD-D). The top
three samples from MGD-D (1700e1702, Fig. 8) may reflect the
influence of Iron Age or historical agricultural activity, with a clear
decline in pteridophytes and increase in Brassicaceae (particularly
sample 1701). In addition, the presence of exotic species of the
genus Eucalyptus in the top of the profile down to ca. 30 cm of depth
(1700e1702, Figs. 3 and 8) does not necessarily signal the contin-
uous presence of this vegetational component but rather pollen
grains migrating through the soil profile by bioturbation.

The micro-charcoal records suggest frequent fires on the land-
scape (Fig. 8). The sharp increase in micro-charcoals in the topmost
sample (1700) from MGD-D potentially reflects changes in fire re-
gimes, associated with the presence of the fire tolerant Eucalyptus.

Previous phytolith work has confirmed that for the most part
soil phytoliths represent catchment areas smaller than 5 ha
(Blinnikov, 1994; Fredlund and Tieszen, 1994; Blinnikov et al.,
2002). Therefore, unlike the pollen and micro-charcoals, phytolith
data can be used to reconstruct local or semi-local environments.
The richest phytolith morphotypes from MGD are similar to
dominant phytoliths in the modern regional soil and botanical re-
cord (Fig. S5; Appendix A) (Mercader et al. 2019; Mercader et al.,
2021a,b), with closest comparison in paleoenvironments of the
woodland ecozone. PCA analysis (Fig. 9) shows that between ~34 ka
and 15 ka, when late and final MSA groups inhabitedMGD, this area
or its surroundings consisted of mesic environments similar to the
modern evergreen gallery forest, forming along rivers and wet-
lands, and miombo woodland, widespread in southern central Af-
rica and characterized by the presence of trees of the Brachystegia
and Julbernardia species. This conclusion contrasts somewhat with
the reconstruction based on the pollen data, which besides the
presence of trees emphasizes a dominance of grasses (Poaceae) and
sedges (Cyperaceae). Such discrepancy, however, can be explained
by the different scales of the two archaeobotanical methods, with
the pollen deriving from a wider, regional catchment.

Stable isotopes from pedogenic carbonate nodules provide even
more local, on-site environmental signatures. All d13CPC values
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consistently fall within the range of the C3 photosynthetic pathway
(Fig. 10), generally associated with closed woodland environments
(Cerling, 2009). d13CPC values cluster per carbonate soil horizon
(Fig. 10), but variation can be noted between different horizons. The
carbonate horizons of BRU-GT2 (~33-28 cal ka BP) and MGD-I (~31-
30 cal ka BP) overlap in age and formed when MSA hunter-
gatherers were present at BRU. Our d13CPC data suggest a more
open vegetation regime at BRU at this time than at MGD, where
tree-cover has generally been denser (Fig. 10). This open woodland
at BRU was followed by an increase in tree cover, with the younger
carbonate nodules from BRU-III (~29-20 cal ka BP) indicative of
more C3-dominant vegetation, which agrees with the phytolith
data from MGD (Figs. 9 and 10).

4.3.1. Broader environmental context
Regional-scale reconstructions of vegetation and paleoenvir-

onments at the end of MIS3 and during MIS2 are available from
cores from Lake Malawi (core 1C, central basin) (Debusk, 1998;
Beuning et al., 2011; Stone et al., 2011) and the maar-lake of
Masoko, located 70 km north from MGD and BRU (Garcin et al.,
2006; Vincens et al., 2007). Currently, Lake Malawi is at its high-
est level within the last 1.3 million years. Diatom records from Lake
Malawi suggest deep but fluctuating lake levels between 70 and 55
ka (Stone et al., 2011). Stone et al. (2011) further reconstructed a
significant drop in lake level between 47 and 30 ka, in agreement
with pollen records indicative of an extremely dry phase between
43 and 40 cal ka BP (Debusk, 1998). Our reconstructions of MGD
and BRU indicate that the lake-lagoon formed after ~58 ka, and
before ~41 ka. The approach of a lagoon to these sites, which are
today located ~6 km inland (Fig. 1), may have been caused by a
change in base-level and geometry of the shore deposits, leading to
a relative rise in lake level and flooding of the area. After ~41 ka, a
shift to drier climate with longer dry seasons may have played a
role in the recession of the lake margins and the formation of a
seasonal wetland with palustrine-pedogenic carbonates.

Between 34 and 23 cal ka BP, a dry climate characterized by
longer dry seasons and open savanna vegetation is indicated by
pollen spectra from Lake Masoko. This phase was followed by a
period with increasing rainfall and shorter dry seasons with less
pronounced seasonality between 23 and 19 cal ka BP (Vincens et al.,
2007; Gasse et al., 2008). The marked dry season detected from the
early phase of the pollen record of Lake Masoko may have been a
key factor in calcrete formation at MGD and BRU, which was most
pronounced between 33 and 20 cal ka BP (Fig. 10). Seasonal aridity
may also have driven people to MGD and BRU, where streams or
places with permanent water, such as the modern springs found
near the sites, may have created attractive areas, additionally
providing lithic raw materials from pebble and cobble deposits.

4.4. Environments, late MSA occurrences, and forager behaviors

Based on our geoarchaeological and paleoecological analyses,
six stages of landscape development leading to the formation of
MGD and BRU could be identified. Here we outline these environ-
ments in chronological order and contextualize the archaeological
occurrences associated with them.

(1) Alluvial fan (~58 ka, MGD-A, and by at least ~54 ka at BRU-C)

Non-lateritic alluvial fan deposits at MGD (facies MGD-A) un-
derlie lagoonal clays (MGD-B). Their age (58 ± 9 ka) overlaps with
the earliest ages of alluvial fan sedimentation at BRU (Fig. 4),
demonstrating that both sites consisted of a terrestrial, alluvial fan
landscape before they were flooded by a lake-lagoon. This timing is
in line with previous studies, which reconstructed that early
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Chitimwe alluvial fan deposition was active by 92 ka (Thompson
et al., 2021b). Our field observations indicate that no significant
landform stability occurred during the formation of the early al-
luvial fan deposits at MGD (MGD-A), as they exhibit minimal
pedogenic development. This further supports interpretations by
Thompson et al. (2021b), who argue for an increase in the scale and
scope of human occupation and anthropogenic burning after 70 ka,
which enhanced alluvial fan activity and contributed to burial of
MSA artifacts such as those recovered in the test pits at BRU.

(2) Lagoon (after ~58 ka and before 41 ka, BRU-A and MGD-B)

MGD and part of BRU became flooded by a non-turbid body of
water, such as a lake-lagoon, in which clays intercalated with fine
laminations of silt and fine sand. Episodes of alluvial fan aggrada-
tion continued at some locations of BRU (BRU-I and BRU-II),
signaling a different physical environment from MGD, which was
entirely covered by the lagoon. The lagoonal wetlands formed after
~58 ka and well before ~41 ka, based on OSL ages obtained from
alluvial fan sediments underlying (MGD-A, Fig. 3) and overlying
(BRU-C at BRU-III, Fig. 4) lagoonal clay deposits.

(3) Seasonal wetland (BRU-A and MGD-B) and late MSA lithic
assemblages at BRU (BRU-C) (~34-28 ka)

This stage includes episodes of landform stability as well as
continued aggradation of alluvial fan deposits (BRU-C) at the mar-
gins of the lake-lagoon, which was retreating and developing into a
seasonal wetland (BRU-A and MGD-B). Periods of stability are re-
flected by soil horizons, such as Bt horizons in the alluvial fan de-
posits (BRU-C) and early carbonate nodules forming in the lagoonal
deposits (MGD-Band BRU-A). At MGD, a dense stand of forest cover
is indicated by d13CPC compositions from carbonate nodules dating
to ~40 cal ka BP and ~31-30 cal ka BP, while the isotopic signal from
contemporaneous carbonate formation at BRU (BRU-GT2, dating to
between ~33 and 28 cal ka BP) indicates a more open vegetation
regime, reflecting a patchy, or mosaic landscape (Fig. 10). Pollen
assemblages fromMGD-I, dating to this time (1708), contain higher
amounts of aquatic species and sedges in comparison to the
younger samples, but also show presence of evergreens indicative
of a forested wetland environment (Fig. 8). The timing of carbonate
formation and the corresponding reconstructed vegetation overlap
with the age brackets of late MSA occupations on the exposed
surfaces of the alluvial fan at BRU (facies BRU-C). At BRU-II, two
archaeological occurrences were uncovered within the alluvial fan
deposits. Few dispersed lithic artifacts were unearthed from sedi-
ments dating to between 44 ± 3 ka and 34 ± 3 ka. Additionally, a
richer in situ assemblage of sharp-edged late MSA artifacts was
found in and on a pebble layer dating to between 34 ± 3 ka and
33 ± 3 ka (Fig. 4), which may represent an ancient, winnowed
ground surface. The fact that these occupations bordered facies
BRU-A and MGD-B suggests that foragers at the time used open
environments of the alluvial fans adjacent to a seasonal wetland.

(4a) Calcrete paleosol (BRU-B andMGD-C) (~29-20 cal ka BP, up to
~13 cal ka BP)

Carbonate precipitation ultimately led to the formation of a
stage 3 nodular calcrete paleosol (sensu Machette, 1985; Wright,
1990a,b; Durand et al., 2010), dating to between 29 and 20 cal ka
BP at BRU (BRU-B), with stable carbon isotope compositions
indicative of increased tree cover. The calcrete of paleosol MGD-C
was under-sampled for radiocarbon dating and stable isotope
analysis. However, a sample fromMGD-III indicates that at this site
area carbonate formation continued until ~13 cal ka BP, with stable
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carbon isotope compositions reflective of reduced tree cover
(Fig. 10). This more open tree cover may indicate an environment
created by the processes described in the next stage (4b), which is
roughly contemporaneous to 4a.

(4b) Erosion, late "classic" MSA stone tools at MGD, meandering
stream (MGD-D), and terminal MSA lithic assemblages at
MGD (26-15 cal ka BP)

While calcrete formation (stage 4a, facies MGD-C) continued in
the downhill site areas of MGD, a meandering stream truncated the
paleosol at MGD-I, after ~26 ka but before ~15 ka (MGD-D, Fig. 3).

Late "classic" MSA lithics were introduced by the meandering
stream and deposited with fluvial sands at the base of faciesMGD-D
(Fig. 3). A similar process probably led to the co-occurrence of MSA
stone tools and elephant bones in the top 10 cm of the calcrete
reported by Clark and Haynes (1970), which likely corresponds to
our truncated MGD-C paleosol. This hypothesis is supported by the
high abrasion of the lithics and elephant bones, which also do not
show evidence of forager cutmarks but of crocodile gnawing
(Wright et al., 2014).

The fluvial sands with reworked (but unweathered) late
"classic" MSA stone tools were buried below a cobble streambed,
within the same time bracket of ~26-15 ka. In situ, terminal MSA
lithic artifacts with several refits were found embedded in the
deposits just above the cobbles and may relate to the approximate
level of the ground surface above a Bt horizon detected below the
cobbles, which formed during a relatively short period of landform
stability (Fig. 6j). With the start of facies MGD-D, directly above the
truncation, pollen spectra indicate a decline in sedges and aquatic
species, and a continuous presence of grasses and evergreens
(Fig. 8). Phytolith spectra indicate continuous dense tree cover near
MGD, comparable to modern evergreen gallery forest and miombo
woodland (Fig. 9).

Overlying the fluvial cobbles and lowermost sands ofMGD-D are
sediments with abundant redeposited soil materials and lagoonal
clay deriving from the paleosol of facies MGD-C. This reworking of
soil materials and fragments of lagoonal clay is indicative of
extensive erosion in the area, which may have occurred during
mass-wasting events (MGD-D) (Fig. 3). Notably, a period of more
intensive rainfall is discernible in the lakes Malawi and Masoko
between 23 and 11.8 cal ka BP (Vincens et al., 2007; Gasse et al.,
2008; Lyons et al., 2015). This more torrential climate may have
contributed to erosion, particularly in combination with anthro-
pogenic burning of vegetation cover (Thompson et al., 2021b).

(6) Channels and flash floods, followed by the formation of a
winnowed surface (~12e2 ka)

Around 12 ka, a large channel incision truncated the top of the
paleosol at MGD-II and MGD-III. More recent infilling (dated to
1865 ± 120 ka at MGD-II and 8200 ± 100 ka at MGD-III) of gravels
contains redeposited carbonate nodules, indicating further epi-
sodes of high-energy erosion in the area, probably by flash floods.
The early Holocene sequences at MGD-II andMGD-III are topped by
a winnowed lag deposit which forms the modern ground surface
and consists of mixed coarse sediment rich in organic matter from
vegetation and human activity.

5. Conclusions

The unique settings of the open-air sites of MGD and BRU at the
fringes of the alluvial fan provided the opportunity to reconstruct
paleosols and depositional environments absent from sites located
on central parts of the fan in the Karonga area. By placing MSA
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occurrences in their environmental and landscape context, we
were able to capture previously unknown aspects of the behavioral
spectrum of late MSA foragers.

Though the Karonga area had an increase in occupation after 70
ka (Thompson et al., 2021b), at MGD and BRU we could not gather
any evidence of forager occupation until 51 ka. Sediment analysis
has shown that, after initial alluvial fan deposition, a lake-lagoon
flooded the site areas after 58 ka. This re-configuration of the
lakemargins has not been reported by previous palaeogeographical
and paleoenvironmental reconstructions from Lake Malawi, which
were mainly based on drilling and geophysical programs from the
lake itself (Scholz et al. 2006, 2011; Cohen et al., 2007; Beuning
et al., 2011; Lyons et al., 2015).

MSA hunter-gatherers first visited BRU between 51 and 31 ka
when a mosaic of seasonal wetlands was created by the retreating
lake-lagoon, which became bordered by alluvial fan deposits. Our
paleoenvironmental data show that these MSA people were pro-
ducing artifacts in forested riparian zones embedded within more
open landscapes. The site of MGD attracted MSA human activity
only after the formation of a meandering, seasonal stream, which
locally opened the landscape after 26 ka. These findings are in line
with previous interpretations emerging from our earlier works in
the Karonga area, which demonstrated that MSA foragers favored
mosaic/riparian landscapes (Thompson et al. 2012, 2018; Wright
et al. 2014, 2017; Nightingale et al., 2019).

Data presented in this paper enable us to further expand these
reconstructions. The in situ terminal MSA occupation at MGD,
dating after 26 ka, is one of the latest intact MSA assemblages
known from Africa (Mercader et al., 2012; Barton et al. 2013, 2016;
Bader et al., 2018). This indicates that MSA exploitation of gallery
forested riparian environments perpetuated into the latest Pleis-
tocene. Our findings reveal that MSA hunter-gatherers might have
chosen MGD and BRU not only due to the presence of riparian
environments but also because these localities were positioned at
the confluence of river andwetland areas, which serve as important
corridors for the dispersal of biota (Wantzen et al., 2008). Therefore,
MGD and BRU likely offered a wider range of resources to MSA
people crucial for their foraging and tool production.

In conclusion, our work demonstrated that a holistic approach
integrating geoarchaeological analyses with different ecological
proxies can be very effective in achieving multi-scale landscape,
environmental, and behavioral reconstructions, even in a dynamic
tropical landscape with limited organic preservation. Though
extremely complex, future research might target similar deposi-
tional environments to benefit from the variety of paleoenvir-
onmental data that can be obtained, as well as the likely presence of
MSA hunter-gatherer occupations.
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