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ARTICLE INFO ABSTRACT

Handling Editor: M Mapeo Detrital zircon U-Pb geochronology of the Moatize and N’Condédzi coalfields in the Zambezi Karoo Basin of
Mozambique provides key insights into the regional provenance, sediment dispersal pathways and basin evo-

Keywords: lution. Borehole cores from the two coalfields reveal a stratigraphy spanning the early Roadian (middle Permian)

Geochronology to the Carnian (Upper Triassic). The Permian sandstones of the Moatize Coalfield (MC) yield three detrital zircon

Detrital-zircon
Intracontinental extension
Permian-Triassic

populations, with ages ranging from 1150 to 950 Ma, 900-780 Ma and 650-490 Ma. In contrast, the Permian
sandstones of the N’Condédzi Coalfield (NC) have only one population, which ranges from 1150 to 950 Ma.
During the Permian, the provenance area for the NC was the Tete-Chipata Terrane and Malawi Complex
(1150-950 Ma) to the north-northeast. In the MC, the detrital zircon populations of the early lake delta depo-
sitional setting (Roadian to Wordian) indicate a main provenance in the Zambezi Belt (900-780 Ma) located to
the south of the MC, with minor sourcing from the Nampula Block (1150-950 Ma and 650-490 Ma) to the east.
The transition from a lake delta to an alluvial depositional setting is attributed to a major tectonic event in the
MC, which involved the formation of a braided channel belt. Sandstones from this braided channel belt yield
three detrital zircons populations (650-490 Ma, 900-780 Ma and 1150-950 Ma), indicating provenance from
both the Zambezi Belt and the Nampula Block. The overlying sandstones in the MC show only a minor population
from the Zambezi Belt (900-780 Ma), implying a shift in provenance to the Nampula Block that was likely
induced by tectonics. The absence of detrital zircon populations of 900-780 Ma and 650-490 in the Permian
sandstones of NC implies that the two coalfields were not connected during the mid to late Permian. It is likely
that an intra-rift horst (the Mesoproterozoic Gabbro-Anorthosite Tete Suite) separated the two coalfields. The
Lower Triassic sandstones of the NC yield a main detrital zircon population indicating provenance from the Tete-
Chipata Terrane and Malawi Complex (1150-950 Ma). A minor population at 650-490 Ma is linked to increased
aridity at the Permian — Triassic boundary, which caused expansion of the watershed across the Tete-Chipata
Terrane and the Malawi Complex. The Upper Triassic sandstones in the NC yield a 1150-950 Ma detrital
zircon population, indicating provenance from the Tete-Chipata Terrane and Malawi Complex and a return to the
source-to-sink conditions seen in the mid to late Permian.
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P. Fernandes et al.
1. Introduction

Detrital-zircon geochronology is an effective tool to obtain insights
into the tectonic environment associated with the development of
sedimentary basins by identifying source area(s) and sediment dispersal
pathways. These can be undertaken when potential source regions have
distinct and well-constrained tectonothermal histories (e.g. Barham
et al., 2022; Cawood et al., 2012; Dickinson, 2008; Pointon et al., 2012).
Detrital zircon geochronology can also be applied to fluvial deposits to
gain insight into the source areas of the drainage basin and its reor-
ganisation throughout the evolution of the fluvial system (Midwinter
et al., 2024; Song et al., 2022).

This study presents new U-Pb detrital zircon age data from the
Moatize and N’Condédzi coalfields of the intracontinental rift Zambezi
Karoo Basin of Mozambique (ZKBM). The sedimentary sequences in
these two coalfields make a composite continental stratigraphic
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succession approximately 2 km thick, ranging in age from the Lower
Guadalupian to the Carnian. The depositional environment began with a
lake delta setting associated with the end Palaeozoic glaciation, shifting
to an alluvial depositional setting that persisted from the lower Cap-
itanian (late Guadalupian) until the Carnian. According to Fernandes
et al. (2023), the change in depositional setting can be attributed to an
important tectonic phase (extensional to transtensional stress along
inherited high-strain zones within the Zambezi Mobile Belt, such as the
Sanangoe and the Muzarabani Shear Zones), related to the formation of
the ZKBM (Fig. 1). This dominantly extensional tectonic regime formed
graben and half-graben-type rift basins and lasted throughout the Karoo
cycle from the Permian to the Lower Jurassic.

The primary objectives of this research are, therefore, to analyse and
interpret the detrital zircon geochronology of the Permian to Triassic
continental (lacustrine through alluvial) successions in these two coal-
fields. Additionally, it aims to determine how tectonic activity
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Fig. 1. Simplified map of the principal geotectonic units of Southern East Africa, adapted from Hanson (2003), Bingen et al. (2009), Macey et al. (2013) and Petry
et al. (2022). a) Location map. b) Geotectonic map with the main orogenic belts and cratons: AKC — Angola-Kasai Craton, BA — Barue Complex; BB - Bangweulu Block,
CDNC - Cabo Delgado Nappe Complex, CKB — Choma-Kalomo Block, IB — Irumide Belt, KI — Kibaran Belt, LA — Lufillian Arc, MB- Magondi Belt, NB — Nampula Block,
SIB - Southern Irumide Belt, TZ — Tanzania Craton, UbB — Ubendian Belt, UsB — Usagaran Belt, ZB — Zambezi Belt, ZC — Zimbabwe Craton. Dashed lines are ductile
shear zones: LSZ — Liirio Shear Zone (=Lurio Belt), MSZ — Mwembeshi Shear Zone, MuSZ — Muzarabani Shear Zone, SSZ - Sanangoe.
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contributed to the formation of the Karoo sedimentary fill architecture,
including the principal coal deposition periods. Furthermore, the study
of the detrital zircon geochronology seeks to investigate the develop-
ment of these Karoo depocenters over time by examining changes in
drainage patterns in response to tectonic events, and significant
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environmental changes that occurred across the Permo-Triassic
boundary.

The Moatize and N’Condédzi coalfields are bounded by terranes that
contain rocks from various crustal growth events and orogenies dating
from the Mesoproterozoic to the Early Palaeozoic (see Fig. 1). The ages
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Fig. 2. (a) Detailed geological map depicting the geotectonic units of the various orogenic belts and cratons surrounding the Zambezi Karoo Basins in Mozambique,
the location of the Moatize and N’Condédzi coalfields and the location of borehole 11MTDO001 of Whitecross (2020). The magmatic ages of the various geotectonic
units are employed otherwise stated (mda — maximum deposition age of detrital zircons). (b) The position of the three Karroo sub-basins that compose the Zambezi
Karoo Basin of Mozambique. Adapted from Bingen et al. (2009), Macey et al. (2013) and Goscombe et al. (2020).
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of their magmatic and metamorphic events are well-determined,
providing crucial data for a thorough source-to sink analysis of the
clastic sediments in these coalfields. To the south of the coalfields, the
geology consists of the Zimbabwe Craton, part of the great Kalahari
Craton, and the surrounding Proterozoic to early Palaeozoic mobile
belts, namely the Zambezi Belt, Magondi Belt Choma-Kaloma Block,
Nampula Block and Barue Block (Goscombe et al., 2020; Hanson, 2003).
To the north and east, the coalfields are bordered by
Meso-Neoproterozoic mobile belts belonging to the Southern Irumide
Belt, the Irumide Belt, the Cabo Delgado Nappe Complex and the Lufi-
lian Arc (Bingen et al., 2009; Chatique et al., 2019; Hanson, 2003;
Johnson et al., 2006; Macey et al., 2010). The oldest terranes to the
north comprise the Palaeoproterozoic Bangweulu Block and the Meso-
proterozoic (2200 Ma to 1800 Ma) Ubendian - Usagaran Belts (Fig. 1).

2. Geological background

Mozambique’s most representative and studied Karoo sedimentary
depocenters are located along the Zambezi River valley in the Province
of Tete, in northwest Mozambique (Fig. 2). Tectonic reactivation under
extensional and transtensional stress of high-strain zones of the Zambezi
Mobile Belt, a part of the Pan-African Orogeny (570-530 Ma), during
Permian - Triassic times, formed a system of continental graben and
half-graben-type rift basins known as the ZKBM (Afonso, 1984; Afonso
et al., 1998; Bicca et al., 2017; GTK Consortium, 2006; Orpen et al.,
1989). The formation of the ZKBM is believed to be linked to the
movements of an original Tethyan spreading center along the northern
edges of Gondwana and the propagation of this extensional regime into
central and southern Gondwana (Catuneanu et al., 2005). The exten-
sional movements progressed gradually, creating rift basins that became
progressively younger from north to south. For instance, the Karoo
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deposition in the Ruhuhu Basin in Tanzania began in the late Carbon-
iferous (e.g. Wopfner et al., 2009). In contrast, in the Moatize Coalfield,
Karoo deposition began during the late Cisuralian (Fernandes et al.,
2023).

In the Karoo intracontinental rift basins, several tectonic pulses are
recognised and described, related to normal faulting along the rift’s
master and antithetic faults. Faulting uplifted the rift shoulders that
acted as the main sediment sources transported and deposited in the
graben depocentres. Usually, the tectonic pulses correspond to the main
phases of normal faulting and are recognised in the sedimentary record
by an increase in the clastic sediment load of the alluvial settings,
forming thinning and finning upward alluvial cycles. These alluvial
cycles may start at the base with coarse-grained conglomerates and
sandstone deposited in braided channel belts, which progressively pass
upward to meandering channel belts (Verniers et al., 1989; Fernandes
et al., 2023). The successive fault movements in these rift basins
controlled, therefore, the sediment accommodation space and the ver-
tical organisation of the lacustrine and alluvial sedimentary deposits
that progressively filled the basin depocentres.

The ZKBM is divided into three sub-basins, which are from east to
west: i) the Moatize-Minjova Sub-Basin, ii) the Sanangoe-Mefidéze Sub-
Basin, and iii) the Chicoa-Mecticoe Sub-Basin (Hartzer et al., 2008)
(Fig. 2). One of the main features of the Lower Karoo sedimentary suc-
cessions in these sub-basins is their extensive mid to upper Permian coal
seams and their associated coalfields (Vasconcelos and Achimo, 2010).
This detrital U-Pb zircon study exclusively concerns the sedimentary
successions of the Moatize and N’Condédzi coalfields of the
Moatize-Minjova Sub-Basin (Fig. 2), the most intensively explored and
exploited sub-basin of the ZKBM.

The studied sandstones were sampled from eight coal exploration
boreholes, five in the Moatize Coalfield and three in the N’Condédzi
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Coalfield (Fig. 3). The palynological ages of the eight boreholes indicate
a composite stratigraphy encompassing a succession from late
Cisuralian-early Guadalupian to early Late Triassic (Carnian) times, with
a hiatus in the Middle Triassic (Fernandes et al., 2023; Galasso et al.,
2019b).

The Moatize and N’Condédzi coalfields are located on opposite sides
of the Moatize-Minjova Sub-Basin and are in faulted contact with
basement rocks. To the southwest, the Moatize Coalfield is separated
from the Zambezi Belt and Barue Block by the Serra Caroeira Fault,
while to the north, the N°’Condédzi Coalfield is separated from the
Southern Irumide Belt by the Mwanza Fault (Fig. 3). These last two
faults are considered the main faults in the coalfields and experienced
the majority of the fault displacements during the deposition of the
Karoo sediments. The basement rocks bounded by these faults consti-
tuted the rift shoulders and were the potential source areas for the
sediments that progressively filled the grabens.

The two coalfields are separated by extensive outcrops of gabbro-
anorthosites belonging to the Mesoproterozoic Tete Suite (Fig. 3). As a
result of the half-graben to graben geometry of the rift basins, the Karoo
sequences in the two coalfields exhibit varying thicknesses, thickening
towards the Serra Caroeira and Mwanza faults and thinning towards the
Tete Suite, where they overlap it (Fernandes et al., 2023; Lopes et al.,
2021a, 2021b; Galasso et al., 2019b).

The lower Karoo Supergroup in the Moatize-Minjova Sub-Basin
comprises four clastic units, which are, from base to top: the Vizi,
Moatize, Matinde and Cadzi formations (GTK Consortium, 2006a). The
Vizi Formation unconformably overlays the Mesoproterozoic gabbros
and anorthosites of the Tete Suite (Sm-Nd whole rock isochron of 1025
+ 79 Ma, Evans et al., 1999). The Vizi Formation consists of clast-to
matrix-supported conglomerates, sandstones, siltstones, carbonaceous
mudstones and coals, and it has been interpreted as representing a
fluvial to lacustrine setting (Achimo et al., 2014; Pendkar et al., 2014),
and more specifically a lake delta environment in a periglacial setting
(Fernandes et al., 2023) related to the end of the Late Palaeozoic
Glaciation. In the Moatize Coalfield, the Vizi Formation is late Kun-
gurian to early Roadian age (Fernandes et al., 2023; Galasso et al.,
2019a; Lopes et al., 2021a; Pereira et al., 2016, 2019). The Vizi For-
mation is not seen in the N’Condédzi Coalfield, as neither its charac-
teristic lithofacies nor palynomorphs of late Kungurian to early Roadian
age have been identified (Galasso et al., 2019b).

The Moatize Formation conformably overlies the Vizi Formation.
The boundary between the two formations is usually placed above the
last conglomerate bed in the Vizi Formation. However, in a lake delta
depositional setting, conglomerates would not be found in distal lake
floor sub-environments, and the boundary between the two formations
is thus uncertain in the distal facies (Fernandes et al., 2023). The Moa-
tize Formation comprises workable coal seams of variable thicknesses
intercalated with coarse-to fine-grained micaceous sandstones, silt-
stones, mudstones and rare matrix-supported conglomerates. The coal
seams in the Moatize Formation are termed the Sousa Pinto, Chipanga,
Bananeiras, Intermédia and Grande Falésia from oldest to youngest. The
post-glacial Moatize Formation represents a shallow lacustrine setting at
the base to fluvial braided river settings in the middle and upper parts of
the formation. The change from the lacustrine to fluvial deposition is
attributed to an important regional tectonic phase that tilted the basin
floor to the west and uplifted the watershed that occurred after the
deposition of the Chipanga Seam (Fernandes et al., 2023). The Moatize
Formation in the Moatize Coalfield spans the late Roadian to late
Wuchiapingian (early Guadalupian to mid-Lopingian), with the change
from lacustrine to fluvial depositional constrained to the early Cap-
itanian (Fernandes et al., 2023).

The Matinde Formation conformably overlies the Moatize Formation
and comprises coarse-to fine-grained sandstones, siltstones, mudstones,
coal beds and conglomerates. The sandstone beds occur as isolated or
amalgamated beds and show sedimentary features suggesting fluvial
channel fill deposits. The mudrock lithologies and coal horizons (André
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and several unnamed coal seams) correspond to floodplain deposits
within these fluvial systems. The absence of thick coal seams and
abundance of laminae and thin beds of barcode coal are the main dif-
ferences between the Matinde Formation and the underlying Moatize
Formation (Fernandes et al., 2023; Lopes et al., 2021b). However, as the
formations are petrographically similar, the boundary between the two
formations can be difficult to recognise. In the Moatize Coalfield the
boundary is placed above the Grande Falésia Coal Seam, at the base of an
amalgamated package of coarse-to medium-grained sandstone beds
interpreted as a renewed phase of regional tectonic uplift linked to the
development of a new braided channel belt. In the Moatize coalfield, the
Matinde Formation is of Changhsingian age (Late Lopingian) and is
defined by the first occurrence (FO) of the Osmundacidites senectus
miospore (Pereira et al., 2019; Fernandes et al., 2023). This correlates
with the L3 palynological assemblage described in the N’Condédzi
Coalfield and constrains the age of the Matinde Formation from the early
Changhsingian up to the Permo-Triassic boundary (Galasso et al.,
2019b). The Matinde Formation reaches a maximum thickness of ca. 2
km (GTK Consortium, 2006a).

The Cadzi Formation is the last unit of the Karoo succession. It
consists of red-brown coarse-to medium-grained arkosic sandstones
interbedded with red-, green- and buff-coloured siltstones and mud-
stones. The sandstones show normal grading and large-scale cross-
bedding and represent a channel-fill succession of braided rivers, while
the siltstones and mudstones represent overbank deposits (GTK Con-
sortium, 2006a). The Cadzi Formation was recognised only in two
boreholes (CIMT-014 and A1TM-039) of the N’Condédzi Coalfield in
this study. It is Lower Triassic (Induan) to Upper Triassic (Carnian) in
age, with a depositional hiatus in the Middle Triassic (Galasso et al.,
2019b). In the N’Condédzi Coalfield, the Cadzi Formation has a mini-
mum thickness of ca. 1.2 km (Galasso et al., 2019b).

3. Materials and methods

Detrital zircons were extracted from sandstones from eight coal
exploration boreholes in the Moatize (five boreholes) and N’Condédzi
(three boreholes) coalfields of the Moatize-Minjova Sub-Basin (Fig. 3),
to characterise the source terranes of these two depocenters on opposite
sides of the Moatize-Minjova Sub-Basin. Table 1 provides a summary
description of the stratigraphic succession of the two coalfields, the
stratigraphic age of the samples and their depositional environment.
Appendix 2 shows examples of the sandstones that were sampled from
the N’Condédzi Coalfield.

Figs. 4 and 5 display the location of the samples in the stratigraphic
succession of the boreholes and their correlation with depositional en-
vironments identified in both coalfields. The interpretation of the sedi-
mentary environments in the Moatize Coalfield is after Fernandes et al.
(2023), and in the N’Condédzi Coalfield is after Galasso et al. (2019a,b).
Photographs of the N’Condédzi Coalfield borehole cores, where some of
the sandstones were collected, are provided in the supplementary
material.

In the Moatize Coalfield (Fig. 4), the samples were collected: i) from
below the late Wordian Chipanga Seam, which represents the earliest
sedimentary infill in a lake delta setting; ii) the first braided channel belt
above the Chipanga Seam associated with a major tectonic pulse linked
to the shift from a lake delta to alluvial depositional setting; iii) above
the first braided channel belt and below the late Wuchiapingian Grande
Falésia Seam, and iv) above the Grande Falésia Seam representing the
second braided channel belt.

In the N’Condédzi Coalfield (Fig. 5), deposition began in the early
Capitanian with the Wordian and Roadian age sediments missing, and
this hinders the correlation of the Permian depositional facies with the
Moatize Coalfield. Therefore, for the Guadalupian to Lopingian succes-
sion of borehole A1TM-058, the stratigraphic position of the Chipanga
and Grande Falésia seams was based on the position of the two promi-
nent braided channel belts identified using the same palynological
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Table 1
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Summary of the stratigraphic succession of the two coalfields, the stratigraphic age of the samples and their depositional environment after Fernandes et al. (2023) for

the Moatize Coalfield and Galasso et al. (2019b) for the N’Condédzi Coalfield.

Moatize Coalfield

Borehole Sample ref. Depth (m) Formation Age Depositional phase Notes
BENG-DHO00005 E81 102 Matinde Changhsingian Alluvial Plain Second braided channel belt
LD21 245 Moatize Wuchiapingian Alluvial Plain Between braided channel belts
LD20 522 Moatize Capitanian Alluvial Plain First braided channel belt
E79 780 Vizi Roadian Lake delta Deglacial phase
SC2X-DH00027 BO3 329.6 Moatize Changhsingian Alluvial Plain Second braided channel belt
B02 488.1 Moatize Capitanian Alluvial Plain First braided channel belt
BO1B 624.4 Vizi Roadian Lake delta Deglacial phase
BO1A 635.5 Vizi Roadian Lake delta Deglacial phase
SC2X-DH00010 A63 123 Matinde Changhsingian Alluvial Plain Second braided channel belt
A62 315.7 Moatize Wordian Lake delta Base Chipanga seam
SC2X-DH00011 D34 65.6 Matinde Changhsingian Alluvial Plain Second braided channel belt
D33 344.2 Moatize Wordian Lake delta Base Chipanga seam
S2B-HQO51 c23 23 Matinde Changsingian Alluvial Plain Second braided channel belt
N’Condédzi Coalfield
Borehole Sample ref. Depth (m) Formation Age Depositional phase Notes
A1TM-058 LD3 102 Matinde Changhsingian Alluvial Plain Meandering belt
LD60 251 Matinde Changhsingian Alluvial Plain Meandering belt
LD22 591 Matinde Wuchiapingian Alluvial Plain Second braided channel belt
LD2 796 Moatize Wuchiapingian Lake delta First braided channel belt
LD58 833 Moatize Wuchiapingian Lake delta Meandering belt
CIMT-014 LD13 130 Cadzi Carnian Alluvial Plain Meandering belt
LD17 143 Cadzi Olenekian Alluvial Plain Meandering belt
LD15 256 Cadzi Olenekian Alluvial Plain Braided channel belt
LD12 310 Cadzi Olenekian Alluvial Plain Meandering belt
LD16 355 Cadzi Induan Alluvial Plain Braided channel belt
LD19 434 Cadzi Induan Alluvial Plain Braided channel belt
LD11 460 Cadzi Induan Alluvial Plain Braided channel belt
LD14 500 Matinde Changhsingian Alluvial Plain Last Permian sandstone
A1TM-039 LD10 96 Cadzi Carnian Alluvial Plain Braided channel belt
LD9 554 Cadzi Carnian Alluvial Plain Meandering belt

criteria for the Moatize Coalfield as described in Fernandes et al. (2023).
The shift from a lake delta to an alluvial setting was tentatively placed
above sample A1TM-058/LD58. Samples A1TM-058/LD2 and
A1TM-058/LD22 in this borehole represent the two braided channel
belts, and the remaining Permian sandstone samples (LD60 and LD3)
represent the channel-fill of meandering river systems. For the Triassic
succession, sandstones were sampled from thick sandstone intervals
representing high-energy fluvial pulses related to tectonism and across
prominent stratigraphic boundaries recognised in the succession (i.e.,
the Permo-Triassic and Lower — Upper Triassic boundaries).

3.1. Laboratory and analytical methodology

All drill core samples underwent a standard separation process for
heavy minerals (Mange and Maurer, 1992) in the LNEG Lab facilities in
Portugal. This included crushing and sieving to 40-250 pm, followed by
density (Wilfley Table), magnetic (Frantz), and heavy liquid (poly-
tungstate) separation. After individual grains were hand-picked under a
Zeiss Stemi SV6 binocular microscope, zircons were mounted in epoxy
resin, ground to half-thickness and then polished.

Detrital zircon grains underwent U-Th-Pb isotopic analyses at the
Department of Geology, Trinity College Dublin, Ireland. A Photon Ma-
chines Iridia 193 nm ArF excimer laser-ablation system with a Cobalt 2-
vol ablation cell, coupled to an Agilent 7900 mass spectrometer was
employed. Line scans on NIST612 standard glass were used to tune the
instrument, by obtaining a Th/U ratio close to unity and low oxide
production rates (i.e., ThO"/Th™ typically <0.15%). A circular laser
spot of 24 pm was employed with the spot diameter constant for each
session. A repetition rate of 13 Hz and a fluence of 2.25 J cm™2 was
employed. The helium carrier gas was fed into the laser cell at ~0.4 1

min~}, and was mixed with ~0.6 1 min~! Ar make-up gas and 11 ml
min~! Ny. Each analysis comprised 27.3 s of ablation (300 shots) and 12
s of washout time and the latter portions of the washout were used for
baseline measurements. The data reduction of raw U-Th-Pb isotopic data
was undertaken using the freeware IOLITE package (Paton et al., 2011)
using the “VizualAge” data reduction scheme (Petrus and Kamber,
2012). Conventional sample-standard bracketing was then applied to
account for both downhole fractionation and long-term drift in isotopic
or elemental ratios by normalising all ratios to those of the U-Th-Pb
reference materials. For the Moatize Coalfield samples, the primary
U-Pb zircon calibration standard was Plesovice zircon (2°°Pb-238U age of
337.13 + 0.37 Ma; Slama et al., 2008). The secondary standards were
GZ7 zircon (2°°Pb-238U TIMS age of 530.26 Ma +0.05 Ma; Nasdala et al.,
2018) which yielded a2°°Pb-2%U weighted mean age of 532.9 + 1.0 Ma
(n = 180; MSWD = 0.94), and WRS 1348 zircon (*°6Pb-238y age of
526.26 + 0.70; Pointon et al., 2012) which yielded a2°°pb-238U
weighted mean age of 523.3 + 1.4 Ma (n = 134; MSWD = 0.99). For the
N’Condédzi Coalfield samples, the primary U-Pb zircon calibration
standard was 91500 zircon (206Pb-238U age of 1065.4 + 0.6 Ma; Wie-
denbeck et al., 1995; Wiedenbeck et al., 2004). The secondary standards
were Plesovice zircon, which yielded a2°Pb-238U weighted mean age of
339.5+1.2Ma (n=119; MSWD = 2.0), and GZ-7 zircon, which yielded
a2%pb-238y weighted mean age of 533.9 + 1.4 Ma (n = 117; MSWD =
0.98).

Data plotting was carried out using Isoplot 3.0 software (Ludwig,
2003) for concordia diagrams and probability density plots (Figs. 6 and
7). The Density Plotter Java application was used for Kernel Density
estimation and Probability Density plotting (Vermeesch, 2012). Con-
cordia ages (concordant data only) were used for all ages quoted in the
text and for all grains on the probability density plots (Figs. 6 and 7). The
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Fig. 4. Stratigraphic logs of the Moatize Coalfield boreholes showing depositional environments, their correlation across the coalfield and the stratigraphic position
of the samples. Adapted from Fernandes et al. (2023).

U-Pb LA-ICP-MS data are shown in the appendix files.

4. U-Pb geochronology results

Tables 2 and 3 summarise U-Pb geochronology results, including the
ages of the oldest and youngest zircon grains, the main age population
peaks, and the modal percentages of grain ages falling within geological
periods. Individual U-Pb detrital zircon ages for all samples are provided
in the supplementary material.

The following section summarises the results according to the
stratigraphic position of the samples. For the Moatize Coalfield and
borehole A1TM-058 (N’Condédzi Coalfield), the stratigraphic position is
determined relative to the Chipanga and Grande Falésia seams. For the
other two boreholes in the N’Condédzi Coalfield, the results are pre-
sented according to the sub-environments of the alluvial plain setting
(channel-fill of braided or meandering river systems).

4.1. Moatize Coalfield (Fig. 6, Table 2)

4.1.1. Lake delta depositional phase - Viizi Formation and Moatize

Formation (below the Chipanga Seam)

The samples from this depositional phase are from boreholes SC2X-
DHO00027 (BO1A and BO01B), SC2X-DH00010 (A62), SC2X-DH00011
(D33) and BENG-DH00005 (E79). The sandstones represent deposition
within a lake delta setting during the deglacial phase that followed the
late Palaeozoic Gondwana glaciation.

The samples from the Vizi Formation are characterised by two
distinct subpopulations. The first (and main) subpopulation exhibits
ages clustering between 920 and 750 Ma, with peaks at ca. 882 Ma, 844
Ma and 830 Ma. The second subpopulation is in the range of 598-494
Ma, with peaks at ca. 560 Ma, 540 Ma and 536 Ma. Accordingly, the

detrital zircons are predominately of Neoproterozoic (Tonian) age, fol-
lowed by Cambrian age detrital zircons.

The Moatize Formation samples in this depositional phase yield
broader U-Pb-age zircon spectra than the Vizi Formation. In sample
SC2X-DH00011/D33, most U-Pb ages of the zircon grains fall within
901-762 Ma, with a peak at ca. 871 Ma. Additionally, two smaller
subpopulations are present at 1049-959 Ma (peak at 1034 Ma) and
565-493 Ma (peak at 553 Ma). Neoproterozoic ages (68% Tonian, 5%
Cryogenian and 5% Ediacaran) predominate in this sample, with sub-
ordinate Mesoproterozoic (18%) and Cambrian zircons (5%).

Zircons in sample SC2X-DH00010-A62 are Mesoproterozoic (36%),
Neoproterozoic (36%) and Cambrian (24%), with occasional Paleo-
proterozoic and Ordovician zircons. U-Pb ages can be grouped into two
subpopulations. The first subpopulation has an age range of 576-487
Ma, with a peak at ca. 500 Ma and a smaller peak at ca. 560 Ma. The
second subpopulation ranges between 1048 and 954 Ma, with a main
peak at 1015 Ma and smaller peaks at 1067 Ma and 969 Ma. Addition-
ally, a much smaller subpopulation was found at 908-730 Ma, with a
peak at 804 Ma.

There is, therefore, an increase in Mesoproterozoic zircons and a
decrease in Neoproterozoic zircons in the Vizi to the Moatize forma-
tions. Cambrian zircons are the only subpopulation found in all these
samples.

4.1.2. Alluvial plain depositional phase — Moatize Formation (first braided
channel belt above the Chipanga Seam)

The two samples from the older braided channel belt, BENG-
DHO00005/LD20 and SC2X-DH00027/B02, yielded detrital zircons
with broad age spectra, showing three subpopulations. The zircons from
sample BENG-DH00005/LD20 yield three subpopulations at
1070-1000 Ma, 850-770 Ma and 600-477 Ma. The most prominent
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peak occurs at ca. 1040 Ma, while secondary peaks are at 928 Ma, 844
Ma, 785 Ma, 700 Ma, 598 Ma, 526 Ma and 477 Ma. Detrital zircon ages
in sample SC2X-DH00027/B02 can also be divided into three sub-
populations at 1143-956 Ma, 880-812 Ma and 577-502 Ma, with peaks
at 1104 Ma, 860 Ma and 534 Ma, respectively. Sample BENG-DH00005-
LD21 above the older braided channel belt is characterised by two
detrital zircon subpopulations, one ranging from 578 to 481 Ma, with a
peak at ca. 517 Ma and a second at 1139-949 Ma, with two peaks at ca.
1043 and 1091 Ma.

4.1.3. Alluvial plain depositional phase - Matinde Formation (second
braided channel belt, above the Grande Falésia seam)

Five sandstone samples (BENG-DH00005/E81, S2B-HQ051/C23,
SC2X-DH00011/D34, SC2X-DH00010/A63, and SC2X-DH00027/B03)
from the second braided channel belt were analysed. All samples
except BENG-DH00005/E81 showed two age subpopulations. The main
subpopulation is of Mesoproterozoic age at 1166-923 Ma. The second
subpopulation is Cambrian to Neoproterozoic age (690-464 Ma). Sam-
ple BENG-DHO00005/E81 yielded three zircon subpopulations, including
the two subpopulations mentioned above and a third subpopulation at
899-836 Ma. This third subpopulation is commonly found in samples of
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the Vizi and Moatize formations in the lake delta depositional phase, as 4.2. N’Condédzi Coalfield (Fig. 7, Table 2)
well as in samples from the older (first) braided channel belt.
4.2.1. Alluvial plain depositional phase, Moatize Formation (above the ?
Chipanga Seam, first braided channel belt)
In the N’Condédzi Coalfield, the oldest analysed sandstone samples
are from the late Capitanian Moatize Formation and are tentatively
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correlated with the underlying first braided channel belt (sample A1TM-
058/LD58) and above the Chipanga Seam (sample A1TM-058/LD2)
(Tables 1 and 2 and Fig. 5). These two samples are dominated by a
unimodal Mesoproterozoic age population at 1094-989 Ma, with main
peaks at 1036 and 1046 Ma.

4.2.2. Alluvial plain depositional phase, Matinde Formation (above the
Grande Falésia seam, second braided channel belt)

Sample A1TM-058/LD22 is a sandstone interpreted as part of the
second braided channel belt at the top of the Grande Falésia Seam. The
U-Pb zircon age population clusters at 1091-988 Ma, with a main peak
at 1027 Ma and a minor peak at 1084 Ma. 88% of the zircons are
Mesoproterozoic and 11% Neoproterozoic. Samples A1TM-058/LD60
and A1TM-058/LD3 are sandstone beds interpreted as the channel-fill
deposits of meandering rivers. They are dominated by a Mesoproter-
ozoic unimodal U-Pb zircon population, similar to the previous samples.
Sample A1TM-058/LD60 has a population at 1080-998 Ma with two
peaks at 1034 Ma and 1046 Ma. In sample A1TM-058/LD3 the U-Pb
zircon ages range from 1093 to 930 Ma, with a main peak at 1037 Ma.
Sample CIMT-014/LD14 represents the last sandstone bed deposited
before the Permo-Triassic Boundary. The detrital zircon U-Pb ages are
similar to those found in the other Matinde Formation samples from
borehole A1TM-58, with a main population at 1082-999 Ma and a
prominent peak at 1043 Ma.

4.2.3. Alluvial plain depositional phase, Cadzi Formation — Lower Triassic

Five sandstone samples from the Lower Triassic Cadzi Formation
(LD11, LD19, LD16, LD12, LD15, and LD17) were analysed in borehole
CIMT-014. Samples LD11, LD15, LD16, and LD19 are coarse-grained
sandstones and conglomerates representing channel-fills of braided
rivers. They yield a zircon subpopulation between ca. 650-500 Ma,
which is distinct from the age spectra of the upper Permian Moatize and
Matinde formations.

The first sample above the Permo-Triassic Boundary, CIMT-014/
LD11, yields a main zircon population from 1085 to 960, with a main
peak at 1025 Ma and two minor peaks at 960 Ma and 1085 Ma. Other
sub-populations are present at 952-930 Ma, 859-648 Ma and 618-519
Ma, with peaks at 598 Ma and 563 Ma. In this sample, 52% of the zircons
are Mesoproterozoic (Stenian), followed by Neoproterozoic (24%
Tonian and 13% Ediacran) and minor Paleoproterozoic and Paleozoic
ages.

In sample CIMT-014/LD19, most of the U-Pb zircon population
clusters at 1099-1008 Ma, with two prominent peaks at 1028 and 1042
Ma, with 92% of grains of Mesoproterozoic (Stenian) age. The remaining
8% of grains yield ages at 994-912 Ma, 820 Ma, 662 Ma and 544-535
Ma. Sample CIMT-014/LD16 is similar, with a primary population at
1085-948 Ma (peak at ca. 1035 Ma) and minor peaks at 1072 Ma, 1022
Ma and 988 Ma. Subpopulations are also present at 1776-1101 Ma,
948-846 Ma and 621-489 Ma, with peaks at 1110 Ma, 846 Ma and 589
Ma, respectively.

Sample CIMT-014/LD12 has 93% of zircons of Mesoproterozoic
(Stenian) age and displays a clearly defined population at 1083-980 Ma
(main peak at 1041 Ma and a smaller peak at 1027 Ma). Outside this age
population, there is only a discrete peak at ca. 1106 Ma.

U-Pb zircon ages obtained from sample CIMT-014/LD15 reveal the
presence of three distinct subpopulations. The primary subpopulation is
666-586 Ma, with 609 Ma and 627 Ma peaks. The second subpopulation
is 541-489 Ma, with a peak at ca. 515 Ma. The third subpopulation
displays a wide spectrum of ages ranging from 1131 to 932 Ma, with
peaks at 1125 Ma, 1032 Ma and 1013 Ma.

Sample CIMT-014/LD17 displays a unimodal population at
1082-1009 Ma, with a main peak at 1040 Ma. 98 % of detrital zircons
are of Mesoproterozoic age, and the remaining 2% are of Neoproterozoic
age.
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4.2.4. Alluvial plain depositional phase, Cadzi Formation — Upper Triassic

Upper Triassic sandstones were sampled in borehole CIMT-014
(sample LD13), and borehole A1TM-039 (samples LD9 and LD10).
These samples are dominated by a unimodal U-Pb zircon age population
ranging from 1090 to 898 Ma, with peaks at 1034 Ma, 1030 Ma and
1025 Ma.

5. Discussion
5.1. Summary of the detrital zircon U-Pb age spectra

In the Moatize Coalfield, the detrital zircon U-Pb ages can be grouped
into three subpopulations at 1150-950 Ma, 900-780 Ma and 610-490
Ma. Only the 610-490 Ma subpopulation is found in all samples
(including the different depositional facies and the three lithostrati-
graphic formations of the Moatize Coalfield) though in varying pro-
portions (Fig. 6).

The 900-780 Ma subpopulation is observed in the lake delta depo-
sitional phase of the Viizi (BENG-DH00005/E79, SC2X-DH00027/B01A
and SC2X-DH00027/B01B) and Moatize formations (SC2X-DH00011/
D33, SC2X-DH00010/A62). It is also seen in samples related to the first
braided channel belt of the alluvial plain depositional phase in the
Moatize Formation (BENG-DH00005-LD20 and SC2X-DH00027/B02)
and in sample BENG-DH00005-E81 of the Matinde Formation related
to the second braided channel belt. The deposition of these braided
channel belts is associated with regional tectonic pulses that caused
uplift in the watershed (Fernandes et al., 2023). To summarise, in the
Moatize Coalfield, the zircon grains ranging from 900 to 780 Ma are
associated with the sandstones of the Viizi Formation deposited in a lake
delta depositional setting and with sandstones of the Moatize and Mat-
inde formations, deposited by bedload rivers in alluvial plain settings.
Detrital zircons in this age range are not present in the N’Condédzi
Coalfield.

In the sandstone samples in the Moatize Coalfield at the base of the
Chipanga Seam, (samples SC2X-DH00011/D33 and SC2X-DH00010/
A62), a zircon subpopulation at 1150-950 Ma is present. Interestingly,
this subpopulation is also prominent in all other sandstone samples from
the Moatize and Matinde formations. Based on the available data, it
appears that the 1150-950 Ma source only becomes significant after the
Chipanga Seam and was thus minor during the deglacial Lake delta
deposition phase (Viizi Formation).

The majority of zircon grains found in the N’Condédzi Coalfield have
U-Pb ages between 1100 and 1000 Ma, with a peak at ca. 1040 Ma.
There was, therefore, a relatively constant sediment supply from regions
dominated by igneous rocks with U-Pb crystallisation ages between
1100 and 1000 Ma in the Moatize, Matinde, and Cadzi formations. There
is a less significant zircon subpopulation at 610-490 Ma, with minor
peaks at ca. 520, 610 and 630 Ma. However, the 610-490 Ma subpop-
ulation only occurs in Lower Triassic age sandstones and is generally
minor, with the exception of sample CIMT-014/LD15, where the
610-490 Ma subpopulation is predominant. The lower Triassic sand-
stones which yielded the 610-490 Ma subpopulation are coarse-grained
amalgamated sandstone beds interpreted as channel-fill sequences of
braided river channel belts that most likely formed during regional
tectonic pulses. This population is not seen in the Upper Triassic,
possibly due to regional tectonic activity. No zircon grains younger than
489 Ma and older than 1545 Ma were found in the N’Condédzi Coalfield
sandstones.

When comparing the U-Pb ages of the zircon populations of the two
coalfields, it is clear that the 900-780 Ma subpopulation is absent in the
N’Condédzi Coalfield. The other two subpopulations, 610-490 Ma and
1150-950 Ma, are present in both coalfields, although 610-490 Ma
zircons are rare in the N’Condédzi Coalfield. In particular, the upper part
of the Moatize and the Matinde formations are coeval in both coalfields,
but these formations differ significantly in their zircon populations. The
only zircon subpopulation common to both formations ranges is
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Fig. 7. Normalised probability density plots for the N’Condédzi Coalfield U-Pb detrital zircon samples. The stratigraphic position of the samples is determined based
on their age and their depositional environment, as described by Galasso et al. (2019b).

1150-950 Ma, which is prominent in the N’Condédzi Coalfield. This
suggests that the two coalfields had different sediment sources, indi-
cating they were not fully connected during the deposition of the two
coal-bearing formations.

The sandstones of the Cadzi Formation were only sampled in the
N’Condédzi Coalfield. All the sandstones of the last formation have a
main zircon subpopulation between 1100 and 1000 Ma. However, a
minor subpopulation, at 650-490 Ma, is present only in the Lower
Triassic samples. This suggests that during the deposition of the Cadzi
Formation, despite the Middle Triassic hiatus detected by the paly-
nomorph ages, the main sedimentary source areas remained constant,
with terranes exposing rocks within the 1100-1000 Ma age interval.
Only during Lower Triassic times were terranes within the 650-490 Ma
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age interval available as sediment sources for the N’Condédzi Coalfield.
Nonetheless, during the deposition of the Cadzi Formation, rock units
within the 900-780 Ma age interval were never exposed to erosion in the
source areas of this basin.

5.2. Detrital zircon provenance analysis

5.2.1. Regional sources

The Moatize and N’Condédzi coalfields are surrounded by cratons
and mobile belts ranging in age from Archaean to early Palaeozoic
(Figs. 1 and 2). To the south and east of these coalfields, the geology
consists of the Zimbabwe Craton, part of the great Kalahari Craton and
surrounding Proterozoic to early Palaeozoic mobile belts, namely the
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Table 2

Summary of the detrital zircon U-Pb LA-ICP-MS data for the Moatize Coalfield. Arch — Archaean, Paleoprot — Palaeoproterozoic, Mesoprot — Mesoproterozoic, Neoprot — Neoproterozoic, Ton — Tonian, Cry — Cryogenian,

Edi - Ediacaran, Cam — Cambrian, Ord — Ordovician, Sil - Silurian, Dev — Devonian, Carb — Carboniferous.

Moatize Coalfield

Borehole Samp. Format. Deposit. # Youngest Oldest Populations (Ma) Peaks (Ma) Age distribution (%)
ref. phase Grains - zircon (Ma) (ZI:/I:?" 1st 2nd 3rd Palaeozoic Neoprot Meso Paleo Arch
Carb Dev Sil Ord Cam Edi Cry Ton prot prot
BENG-DH00005 E81 Matinde Alluvial 120 486 1166 512-519; 531-540; 556-576; 591; 615-629; 689; 1130  850; 514; 6.7 9.2 0.8 27.5 558
Plain 734; 750; 807-810; 836-899; 923; 938; 957-960; 1011; 558
979-1145; 1166 1053
LD21 Moatize Alluvial 120 406 1362 469; 481-578; 599-624; 691; 729; 823-830; 517; 1043 605 0.8 1.7 242 15.8 0.8 13.3 433
Plain 867-871; 883; 949-962; 976; 989-1011; 1025- 1091
1068; 1081-1139; 1362
LD20  Moatize Alluvial 56 475 2699 477; 480; 490; 499; 507; 525-532; 555; 579; 1040 477;526; 598; 54 125 7.1 3.6 39.3 286 3.6
Plain 597607; 695-702; 760; 780-800; 825; 838-862; 785; 841 700;
894; 913; 926-941; 973; 981; 995; 1010-1048; 928
1070-1083; 2657; 2699
E79 Vzi Lake 142 481 1587 487-489; 506; 513-559; 573; 603; 616; 649-652; 844 540 729; 07 99 99 49 602 85
Delta 670; 685; 719-727; 738; 750-752; 766; 780-791; 992
802-887; 923; 936; 967-979; 989-1017;
1035-1066; 1587
SC2X-DH00027 BO3 Moatize Alluvial 107 344 1700 500-549; 568-584; 611-617; 636; 6601; 710; 1007 533; 590;
Plain 738; 915-929; 949; 966; 971-1126; 1157; 1194; 1061; 920
1700 1095
B02 Moatize Alluvial 88 327 1237 467; 502-577; 596-598; 689-690; 711; 775; 534;  1064; 960 1.1 1.1 10.2 10.2 4.5 30.7 42.0
Plain 812-880; 956-981; 1000-1143; 1237 860 1104
BO1B  Vuzi Lake 110 494 2587 494-502; 514-556; 568-569; 586; 598; 667-671; 830 636; 785  960; 17.3 11.8 2.7 61.8 5.5 0.9
Delta 707; 743; 758-887; 928; 959-973; 1009-1036; 1020
2587
BO1A  Vizi Lake 115 496 2676 534; 546-549; 558-566; 582-595; 638; 685; 700; 882 558 1.7 78 35 757 9.6 1.7
Delta 712; 725; 754-758; 794-799; 822-920; 1008;
1024; 1037-1048; 1063-1095; 2682-2676
SC2X-DH00010 A63 Matinde Alluvial 123 482 1586 482-485; 499-587; 602-603; 635; 732; 745; 769; 545;  986; 730; 1.6 89 220 22.8 44.7
Plain 801-806; 837; 878; 898-900; 950-1080; 1068 1035 870
1098-1146; 1198; 1586
A62 Moatize Lake 104 478 1735 487-542; 559-576; 600; 614; 623; 730; 754-757; 500;  560; 969; 804 1.0 240 115 25.0 36.5 1.9
Delta 795-826; 841; 879; 894-908; 928; 954; 967-991; 1015 1067
1004-1129; 1167; 1653; 1735
SC2X-DHO00011 D34 Matinde Alluvial 116 464 1690 464-466; 478-482; 495-598; 621-622; 650; 696; 1021  509; 574; 4.3 14.7 147 3.4 224 39.7 0.9
Plain 718; 737-751; 799-804; 855; 879; 901; 912; 1083 949
938-1109; 1137-1139; 1690
D33 Moatize Lake 108 498 1073 498-509; 529-548; 559-565; 640-645; 687; 698; 871 1034 553 46 46 46 67.6 185
Delta 762-770; 786-889; 901; 929; 959-1048; 1065-
1073
S2B-HQO051 Cc23 Matinde Alluvial 124 465 1721 470; 494-539; 563-603; 635-640; 727; 833; 907; 1031 501;586; 930 1.6 21.0 12.1 0.8 10.5 54.0
Plain 932-946; 962-963; 979-1068; 1085-1130; 1194; 1093
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Table 3

Summary of the detrital zircon U-Pb LA-ICP-MS data for the N’Condédzi Coalfield. Arch — Archaean, Paleoprot — Palaeoproterozoic, Mesoprot — Mesoproterozoic, Neoprot — Neoproterozoic, Ton — Tonian, Cry —
Cryogenian, Edi — Ediacaran, Cam — Cambrian, Ord — Ordovician, Sil — Silurian, Dev — Devonian, Carb — Carboniferous.

N’Condédzi Coalfield

Borehole Samp. Format. Deposit. No Youngest Oldest Populations(Ma) Peaks (Ma) Age distribution (%)
ref. phase Grains zireon Zircon 1st 2nd 3rd Palaeozoic Neoprot Meso Paleo
(Ma) (Ma)
Carb Dev  Sil Ord Cam  Edi Cry  Ton prot prot
A1TM- LD3 Matinde  Alluvial 121 880 1093 980; 998-1093 1037 1027; 1075 2.0 6.0 92.0
058 Plain 1014
LD60 Matinde  Alluvial 123 946 1108 994; 998-1080; 1046 1034 1003; 1.0 6.0 93.0
Plain 1087-1094; 1108 950
LD22 Matinde Alluvial 122 968 1091 988-1065; 1083-1091 1027 1084 1.0 11.0 88.0
Plain
LD2 Moatize  Lake 120 942 1060 994-1060 1036 1.0 6.0 93.0
Delta
LD58 Moatize  Lake 119 506 1545 915; 952; 989-1080; 1029 1074 1.0 6.0 92.0
Delta 1093; 1545
CIMT- LD13 Cédzi Alluvial 121 930 1181 993-1091; 1114; 1181 1025 1063 1.0 2.0 97.0
014 Plain
LD17 Cadzi Alluvial 120 706 1099 1009-1082; 1099 1040 1.0 1.0 98.0
Plain
LD15 Cadzi Alluvial 119 502 1131 502-531; 539-541; 609; 515 1013; 1.0 9.0 38.0 5.0 13.0 34.0
Plain 586; 599-643; 654; 627 1032;
666; 765; 778; 856; 1125
873; 896; 923-941;
974; 989-1063; 1072-
1076; 1088-1091;
1103-1105; 1122-1131
LD12 Cadzi Alluvial 120 974 1106 980-989; 998-1068; 1041 1027 1106 7.0 93.0
Plain 1076-1083; 1106
LD16 Cadzi Alluvial 120 489 1776 489-492; 501; 516; 1035 988; 589; 5.0 6.0 20.0 69.0
Plain 528542; 579; 588-600; 1022; 846;
615-621; 846-848; 1072 1110
948-1085; 1091;
1101-1118; 1133-
1137; 1776
LD19 Cadzi Alluvial 121 522 1099 535-544; 662; 820;912;  1028; 2.0 1.0 1.0 4.0 92.0
Plain 994; 1008-1099 1042
LD11 Cadzi Alluvial 118 492 1710 519-526; 540; 1025 960; 563; 2.0 2.0 1.0 4.0 13.0 1.0 24.0 52.0 1.0
Plain 560-567; 577; 1085 598
585-603; 612-618;
648; 743; 859;
930-941; 951;
960-1085; 1094-1122;
1143; 1710
LD14 Matinde Alluvial 122 943 1082 980; 999-1082 1043 1019 1.0 6.0 93.0
Plain
A1TM- LD10 Cadzi Alluvial 120 981 1090 985-1068; 1076; 1090 1025 1030 1034 1.0 9.0 90.0
039 Plain
LD9 Cadzi Alluvial 119 898 1145 932; 946; 977-985; 1.0 10.0 89.0
Plain 993-1076; 1116; 1145
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Zambezi, Choma-Kaloma, Nampula and Barue Blocks, and the Magondi
Belt (Goscombe et al., 2020; Hanson, 2003). To the northeast, the
coalfields are bordered by Meso-Neoproterozoic mobile belts including
the Southern Irumide Belt, the Irumide Belt, the Kibaran Belt, the Cabo
Delgado Nappe Complex and the Lufilian Arc (Bingen et al., 2009;
Chatque et al., 2019; Hanson, 2003; Johnson et al., 2006; Macey et al.,
2010). The oldest terranes to the north comprise the Palaeoproterozoic
Bangweulu Block and the Palaeoproterozoic (2200 Ma to 1800 Ma)
Ubendian - Usagaran Belts. The wide ranges in age of these diverse
sources thus represent an ideal opportunity to constrain the provenance
of the Moatize and N’Condédzi coalfields.

As most of the zircon grains populations have ages ranging from
1150 to 450 Ma, this indicates that the source terranes for both Karoo
depocenters were the Mesoproterozoic Grenvillian orogenic belts
(1350-1000 Ma) nearby, which include the Kibaran, Irumide, and
Southern Irumide belts, as well as the Choma-Kaloma, Nampula, and
Barue Blocks, and the Pan-African orogenic belts (650-450 Ma),
comprising the Zambezi Belt, the Cabo Delgado Nappe Complex, Lirio
Belt and the Lufilian Arc (Fig. 1). These units are discussed below.
Archaean cratons (>2500 Ma) and the Paleoproterozoic mobile belts
(2200-1800 Ma) are unlikely to be the primary source terrains for these
Karoo depocenters due to the very minor amounts of zircon grains of
these ages.

5.2.2. Source terranes for the 650-490 Ma zircon subpopulation (Figs. 2
and 8)

The zircon subpopulation within the age range of 650-490 Ma is
most likely associated with Pan-African granitoids present in the Lirio
Belt, Nampula Block, and the Southern Irumide Belt (Fig. 2). These in-
trusions include the Malema Suite, dated from 532 to 502 Ma, and the
Murrupula Suite, dated from 535 to 495 Ma, in the Nampula Block and
Ldrio Belt. Pan-African granites and syenites ranging from 543 to 474
Ma are also found in the Southern Irumide terranes of Zambia, and South
Malawi and the Western Niassa province of Mozambique where crys-
tallisation ages range from 562 to 515 Ma.

In the Cabo Delgado Nappe Complex (Fig. 2), intrusive granitoids
and orthogneiss are within the age range of 650-490 Ma. These rocks
were thrust over the Southern Irumide Belt and have crystallisation ages
ranging from 799 to 591 Ma (Jamal, 2005; Norconsult Consortium,
2007). The Monapo Complex also contains intrusive rocks that were
emplaced in the same nappe complex, and have U/Pb zircon ages
ranging from 637 to 635 Ma (Grantham et al., 2007; Jamal, 2005).

5.2.3. Source terranes for the 900-780 Ma zircon subpopulation (Figs. 2
and 8)

In western Zambia, the Late Mesoproterozoic (1106-1090 Ma)
basement rocks of the Zambezi Belt (Hanson et al., 1988; Katongo et al.,
2004) are unconformably overlain by supracrustal sequences
comprising metavolcanic rocks that yielded crystallisation ages ranging
from ca. 880 Ma (Kafue Rhyolite) (Johnson et al., 2007) to ca. 795 Ma
(Chironga Gneiss) (Hargrove et al., 2003). Portions of the supracrustal
sequences are intruded by the 820 Ma Lusaka Granite (Johnson et al.,
2007). The Zambezi Allochthonous Terrane is found in the eastern part
of the Zambezi Belt along the Zimbabwe-Mozambique border. It is
characterised by thick-skinned tectonics and an inverted crustal column
(Hargrove et al., 2003). The Zambezi Allochthonous Terrain was thrust
over the Neoproterozoic supracrustal Rushinga Metamorphic Suite,
which includes the ca. 795 Ma Chironga Gneiss. The Zambezi
Allochthonous Terrain consists of two thrust slices, the orthogneisses of
the Masoso Suite and the Mavuradonha Metagabbroic Complex.
Gneisses of the Masoso Suite yield zircon U-Pb crystallisation ages of the
protoliths from 1051 to 850 Ma (Mariga et al., 1998; Vinyu et al., 1999).
The basal Rushinga Igneous Complex intrusive rocks have yielded a
U-Pb zircon crystallisation age of 805 Ma.

In Mozambique, the outcrops of the Zambezi Allochthous Terrane
are limited in extent and geochronological data. The most representative
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units of the Zambezi Belt in Mozambique are the Rushinga Group and
the Guro Suite. The Rushinga Group comprises metasediments and the
Guro Suite is made of metamorphosed granitoids (charnockites, granite-
gneisses, and TTG) (GTK Consortium, 2006a; Manjate and Tassinari,
2018). The granitoids of the Guro Suite have yielded zircon U-Pb crys-
tallisation ages of 867 Ma and 852 Ma (Mantari, 2008) and 835 Ma, 824
Ma and 822 Ma (Manjate and Tassinari, 2018), all within the 900-780
Ma age range.

The Ocua Complex is a tectonic mélange located in the core of the
Lirio Belt, and consists of metasediments, granulites, and gneisses that
can be traced from adjacent geological units of the Nampula Block and
Southern Irumide Belt (Grantham et al., 2011) (Fig. 2). The Ocua
Complex Group metasediments have yielded detrital zircon ages be-
tween 978 — 922 Ma and 880-768 Ma (Jamal, 2005; Norconsult Con-
sortium, 2007). The Lirio Belt is intruded by the late Pan-African
granitoids of the Malema Suite dated from 532 to 502 Ma (Bingen et al.,
2009; Norconsult Consortium, 2007).

Few magmatic rocks within the 900-780 age interval are found in
the other mobile belts that encircle the two coalfields. Such rocks are
mostly found in the Southern Irumide Belt in southern Malawi, western
Tete province and the western Niassa province in Mozambique. These
rocks comprise a small group of syenites and mafic intrusions that were
emplaced between 808 and 600 Ma, including the 729 Ma nepheline-
bearing gneiss in southern Malawi (Ashwal et al., 2007), the 788 Ma
Monte Chissindo syenite in Niassa province (Norconsult Consortium,
2007), and the 864 + 30 Ma mafic rocks of the Atchiza Suite (Mantari,
2008).

Detrital zircon grains within the 900-780 Ma age range are also
found in metasedimentary sequences, but always as minor sub-
populations, in the Nampula Block and Barue Complex. Given the
paucity of Archaean and Palaeoproterozoic zircons in the studied Karoo
successions, we disregard any metasedimentary sequences that also
contain significant proportions of Archaean and Palaeoproterozoic
detritus. These metasedimentary include the strongly deformed meta-
psammites and meta-conglomerates of Mecubdri and the Alto Benfica
Groups (Thomas et al., 2010) that unconformably overlie the Meso-
proterozoic rocks of the Nampula Block (Norconsult Consortium, 2007)
(Fig. 2), and the metasedimentary Chimoio and Macossa Groups of the
Barue Complex (Chatique et al., 2019; Grantham et al.,, 2011; GTK
Consortium, 2006a). The Zambezi Belt is, therefore, the most likely
source of the detrital zircon grains found in the Moatize Coalfield in the
900-780 Ma age range.

5.2.4. Source terranes for the 1150-950 Ma zircon subpopulation (Figs. 2
and 8)

Zircon grains within the age range of 1150 to 950 Ma are the most
common among all subpopulations. A large number of terranes of this
age are located in the mobile belts adjacent to the Moatize and
N’Condédzi coalfields.

The basement rocks of the Zambezi Belt in eastern Zambia and
northern Zimbabwe comprise Late Mesoproterozoic orthogneisses,
including the ca. 1106 Ma Mpande Gneiss (Hanson et al., 1988) and the
ca. 1090 Ma Munali Hill Granite (Katongo et al., 2004). The ocellar
gneisses of the Masoso Suite in the Zambezi Allochthonous Terrane have
yielded zircon U-Pb zircon crystallisation ages of the protoliths between
1051 and 870 Ma (Hargrove et al., 2003).

The Nampula Block (Fig. 2), located east of the Moatize and
N’Condédzi coalfields, comprises mainly Mesoproterozoic rocks
deformed at ca. 1000 Ma. The WSW-ENE trending Lirio Belt separates
the Nampula Block from the Southern Irumide Belt. The Lirio Belt is a
structure formed during the folding of the Cabo Delgado Nappe Com-
plex, later reactivated as a shear zone (Viola et al., 2008). The Mocuba
Suite is the oldest unit in the Nampula Block and comprises metasedi-
mentary and metavolcanic sequences, with intrusive
trondhjemite-tonalite-granite orthogneiss suites that formed in a
magmatic arc (Bingen et al., 2009; Kroner et al., 1997; Macey et al.,
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Fig. 8. Major tectonomagmatic events and zircon ages of the several geologic units in the Southern Irumide Belt, Cabo Delgado Nappe Complex, Zambezi Belt,
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(1999), (8) GTK-Consortium, 2006, (9) Mantari (2008), (10) Manjate and Tassinari (2018), (11) Jamal (2005), (12) Norconsult-Consortium (2007), (13) Bingen et al.
(2009), (14) Macey et al. (2010), (15) Kroner et al. (1997), (16) Macey et al. (2007), (17) Thomas et al. (2022), (18) Grantham et al. (2007), (19) Grantham et al.
(2008), (20) Jacobs et al. (2008), (21) Thomas et al. (2010), (22) Chatique (2012), (23) Chatique et al. (2019), (24) Manjate (2012), (25) Manjate (2015), (26)
Westerhof et al. (2008), (27) Petry et al. (2022), (28) Kroner et al. (2001), (29) Manda et al. (2019), (30) Tsunogae et al. (2021), (31) Ashwal et al. (2007), (32)

Thomas et al. (2022).

2007, 2010; Manhica et al., 2001). The orthogneisses yield protolith
ages ranging from 1148 to 1063 Ma (Macey et al., 2010), whereas an age
of 1092 Ma was obtained from the Mamala Gneiss, a metavolcanic rock
within the Mocuba Suite (Macey et al., 2007). The rocks of the Mocuba
Suit are covered by the Molécue Group, consisting of paragneiss and
metavolcanic rocks. Metarhyolites of the Molocue Group have yielded
crystallisation ages of 1092-1090 Ma. Detrital zircons from the Molécue
Group yield a main age peak at ca. 1100 Ma and a subpopulation at
1800 Ma (Macey et al., 2010). The youngest concordant detrital zircon is
1115 + 19 Ma, which can be regarded as the maximum deposition age.
All the units above are intruded by the orthogneisses of the Culicui Suite,
the most voluminous and widespread unit in the Nampula Block (Macey
et al., 2010). The orthogneisses of the Culicui Suite have yielded zircon
protoliths ages ranging from 1094 to 1042 Ma (Bingen et al., 2009;
Kroner et al., 1997; Macey et al., 2007, 2010).

The major rock units of the Nampula Block were recognised by
Thomas et al. (2022) in south Malawi (Malawi Complex, Fig. 2), with
zircon ages similar to the units defined in Mozambique. Orthogneisses of
the Mocuba suite yield U-Pb zircon ages ranging from 1180 to 1094 Ma,
the Mamala Gneiss at 1065 Ma, and the Culicui Suite yields an age of
1043 Ma. The Moldcue Group does not outcrop in south Malawi. The
post-tectonic Tengani Suite anorthosites have yielded an emplacement
age of 1008 Ma (Thomas et al., 2022).

The Barue Complex borders the Zimbabwe Craton to the west and the
Zambezi Belt to the north. To the east is covered by sedimentary rocks
and sediments, ranging in age from the Jurassic to recent. It consists of a
crystalline basement of granitoid-orthogneisses, overlain by two groups
of metasedimentary rocks, the Chimoio and Macossa Groups (Chatique
et al., 2019; Grantham et al., 2011; GTK Consortium, 2006a). Several
granitoid-orthogneisses bodies yield U-Pb zircon crystallisation ages
ranging from 1156 to 1016 Ma (Chatique, 2012; Chatque et al., 2019;
Manjate, 2012, 2015).

The Southern Irumide Belt (Fig. 2) trends WSW-ENE and can be
traced from Zambia to NW Zimbabwe, Mozambique (Tete province),
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central and south Malawi and NE Mozambique (Niassa and Cabo Del-
gado provinces). To the south, the Southern Irumide Belt is separated
from the Zambezi Belt and Nampula Block by the Sanangoe Shear Zone
and Ldrio Belt, respectively, while to the east, it is in contact with the
Neoproterozoic Cabo Delgado Nappe Complex of the Mozambique Belt.
The Southern Irumide Belt comprises a late Palaeoproterozoic(?) to late
Mesoproterozoic crystalline basement composed of metasedimentary
and metavolcanic suites (Johnson et al., 2005; Westerhof et al., 2008).
This basement has been intruded by granitoids with emplacement ages
ranging from ca. 1060-1000 Ma (Bingen et al., 2009; GTK Consortium,
2006a; Johnson et al., 2006; Mantari, 2008; Norconsult Consortium,
2007; Westerhof et al., 2008).

The age of the metasedimentary and metavolcanic sequences in the
basement of the Southern Irumide Belt is not well constrained. Meta-
andesites within the metasedimentary basement rocks of the Tete
province, Mozambique (Fingoe Supergroup) yield crystallisation ages of
ca. 1327 Ma (Mantari, 2008), ca.1095 Ma (Petry et al., 2022), and a
mafic gneiss interpreted as an original basaltic lava has yielded a crys-
tallisation ages of ca. 1058 Ma (Council for Geoscience, 2007). Detrital
zircon ages range from 2635 to 1052 Ma in the Tete province meta-
sedimentary units, but with a near unimodal population at ca.
1200-1106 Ma and maximum deposition ages of between 1143 and
1077 Ma (Petry et al., 2022). In the Niassa province of NE Mozambique,
detrital zircon ages from metasedimentary rocks within the Unango
Complex (Fig. 2) range from 2596 to 1062 Ma with a maximum depo-
sition age of 1062 Ma (Norconsult Consortium, 2007).

The crystalline basement of the Southern Irumide Belt is mainly
composed of suites of granitoid-orthogneiss that intrude the metasedi-
mentary units. In Mozambique, the crystallisation ages of these gran-
itoid suites range between 1201 and 939 Ma in the Tete-Chipata terrane
(Mantari, 2008) and in the Niassa province from 1065 to 968 Ma in the
Unango and Marrupa complexes (Bingen et al., 2009; Jamal, 2005;
Norconsult Consortium, 2007). In southeastern Zambia, three granitoid
emplacement ages were recognised; the most voluminous ranges
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between 1076 and 1008 Ma. Granitoid emplacement also took place at
2000-1950 Ma and 742-647 Ma (Johnson et al., 2006). In the Southern
Irumide Belt in southern Malawi, basement granitoid-orthogneiss com-
plexes have yielded zircon U-Pb crystallisation ages from 1130 to 929
Ma (Kroner et al., 2001; Manda et al., 2019; Tsunogae et al., 2021).
The Cabo Delgado Nappe Complex (Fig. 2) is a stack of Neo-
proterozoic nappes (the Muaquia, M’Sawize, Lalamo, Montepuez and
Xixano complexes) thrust over the Mesoproterozoic terranes (the
Unango, Marrupa, Nairoto and Meluco complexes) of the Southern
Irumide Belt in Mozambique (Viola et al., 2008). Also included in the
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Cabo Delgado Nappe Complex are the Monapo and Mugeba complexes
that were thrust over the Nampula Block (Fig. 2). The Nairoto and
Meluco basement complexes have yielded protolith crystallisation ages
ranging from 1044 to 944 Ma (Jamal, 2005; Norconsult Consortium,
2007). The oldest zircon ages from the stacked nappes come from a
paragneiss leucosome within the Montepuez Complex dated at 942 Ma
(Jamal, 2005) while a meta-rhyolite within the Xixano Complex has
been dated at 818 Ma (Norconsult Consortium, 2007). In the nappes
thrust over the Nampula Block, the Mugeba Complex has yielded a
crystallisation age of ca. 1100 (Macey et al., 2007), while the intrusive
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rocks in the Monapo Complex ranges in age from 637 to 635 Ma
(Grantham et al., 2007; Jamal, 2005).

5.3. Sediment dispersal pathways and basin evolution (Fig. 9)

5.3.1. Lake delta depositional phase — early Roadian to late Wordian
(Fig. 9a)

This depositional phase corresponds to the succession up to the
Chipanga Seam and is represented by the Viizi Formation and the lower
part of the Moatize Formation. The Viizi Formation was not identified in
the N’Condédzi Coalfield, and therefore, discussion is limited here to the
Moatize Coalfield. The dominant detrital zircon subpopulation in the
Vizi Formation is 900-780 Ma, followed by the 650-450 Ma subpop-
ulation. The age distribution of the zircon population suggests that the
predominant source is located in the Zambezi Belt (Fig. 2). This obser-
vation is consistent with the ages of the Guro Suite, Masoso Suite, and
the metavolcanics that are present in the supracrustal Rushinga Group of
the Zambezi Belt (Fig. 8).

Another possible sediment source for the Viizi Formation could be
the Ocua Complex (Mantari, 2008; Manjate and Tassinari, 2018)
because its detrital zircon population matches the detrital zircon pop-
ulation in the Vizi and lower Moatize formations. This would imply
sediment transport from east to west. However, the Ocua Complex
exposure is limited, and a source in this region would also likely include
derivation of 1350-1000 Ma zircon from the Nampula Block and the
Southern Irumide Belt of northwest Mozambique (the Unango and
Marupa Complexes) and south Malawi (Malawi Complex). Zircons in the
1350-1000 Ma age range are not seen in the Vizi Formation but are
present in the lower part of the Moatize Formation below the Chipanga
Seam. Hence the Ocua Complex could be a source for the Moatize
Coalfield following deposition of the Vizi Formation.

The Vizi Formation in the Chicéa-Meciicoeé Sub-Basin (Borehole
11MTDO001, Fig. 2) yielded detrital zircons with a dominant subpopu-
lation at 1200-900 Ma with a peak at 1080 Ma (Whitecross, 2020).
Additionally, there are minor peaks at 560-520 Ma and 780-697 Ma
(Fig. 8) (Whitecross, 2020). These age spectra do not resemble those of
the Vizi Formation in this study, with the only common peak being the
minor 560-520 Ma subpopulation. The Chicoa-Mecticoe Sub-Basin lacks
the 900-750 Ma age interval found in the Moatize Coalfield, while its
main 1200-900 Ma is either absent or minor in the Viizi Formation of
the Moatize Coalfield. The Vizi Formation in the Moatize Coalfield and
the Chicoa-Mecticoe Sub-Basin were therefore sourced from terranes of
different age, the Chicoa-Mecticoe Sub-Basin most likely from the
Southern Irumide Belt located to the north or northeast (Whitecross,
2020) (Fig. 2), and the Moatize Coalfield from the Zambezi Belt to the
south and (less likely) from the Ltrio Belt/Nampula Block to the east.

Noteworthy, in the Moatize Coalfield, a shift in the sediment prov-
enance is detected in the samples of the lower part of the Moatize For-
mation, below the Chipanga Seam, with the subpopulation ranging from
1150 to 950 Ma starting to become prominent. This indicates a sediment
source in the basement rocks of the Zambezi Belt, located in eastern
Zambia and northern Zimbabwe and from the Nampula Block. However,
several units of the Cabo Delgado Nappe Complex have zircon ages
between 1150 and 950 Ma, and should not be dismissed as potential
source areas if exposed during the initial phases of the Moatize Forma-
tion depositional cycle.

In conclusion, the lower part of the Moatize Formation formed
during the final stages of the lake delta deposition phase, with sandstone
beds deposited during this time interval associated with the develop-
ment of the Chipanga Seam. The detrital zircon population of these beds
points towards a source in the Zambezi Belt, specifically the Guro Suite
and Barue Complex. However, the first appearance of a 1150-950 Ma
zircon subpopulation indicates derivation from the Nampula Block to
the east and possibly from Southern Irumide Belt to the north-northeast.

In the study of Whitecross (2020) on the Chicoa-Mecticoe Sub-Basin,
sample B1775 was attributed to the ‘Transitional Formation’, a
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sandstone unit that can be correlated to the sandstone beds that predate
deposition of the Chipanga Seam. This sandstone unit is known as the
Cambéua Sandstone in the Moatize Coalfield (Real, 1966; Lopes et al.,
2021a) and can be correlated with samples SC2X-DH00011/D33 and
SC2X-DH00011/A62 of the Moatize Coalfield in this study. Most zircon
grains in sample B1775 have U-Pb zircon ages of 1172-1021 Ma, with a
peak at 1100 Ma. There are also subpopulations at 1256-1244 Ma and
1544-1474 Ma. The primary zircon population in sample B1775
matches with the equivalent Moatize Formation samples of the
N’Condédzi Coalfield, which are also dominated by a unimodal zircon
population at 1100-950 Ma, suggesting that the Chicoa-Mecticoe
sub-basin and the N’Condédzi Coalfield had similar sediment source
regions during the deposition of the Moatize Formation. However, the
absence of zircons with ages ranging from 610 to 490 Ma and 900-780
Ma, which are common in the lower part of the Moatize Formation in the
Moatize Coalfield, suggests that the Chicoa-Mecticoe sub-basin and the
Moatize Coalfield did not share the same sediment source regions during
deposition of the Moatize Formation.

5.3.2. Alluvial plain depositional phase associated with the first braided
channel belt — early Capitanian to late Wuchiapingian (Fig. 9b)

In the Moatize Coalfield, the samples from the sandstone beds of the
first braided channel belt (BENG-DH00005/LD20 and SC2X-DH00027/
B02) clearly show three detrital zircon populations (1150-950 Ma,
900-780 Ma and 610-490 Ma). This marks the first time source terranes
from the Zambezi Belt, Nampula Block, and possibly from the Southern
Irumide Belt (Unango and Marrupa complexes) simultaneously
contributed sediment to the alluvial systems of the Moatize Coalfield.
This highlights the role of tectonism in the reorganisation of the basin by
uplifting and exposing these source terrains to erosion. This implies the
uplift of the rift shoulders of the Serra Caroeira Fault, exposing the
Zambezi and Barue Complex, and also the uplift of the Nampula Block.

In the N’Condédzi Coalfield, samples A1TM-058/LD58 and A1TM-
058/LD2 were collected from sandstone beds tentatively correlated to
the first braided channel belt of the Moatize Coalfield. Their zircon
populations range between 1100 and 1000 Ma, indicating that the
sediment source was the Southern Irumide Belt terranes located to the
north (Tete-Chipata and Malawi Complex) and northeast (Unango and
Marrupa complexes) (section 5.2.4). The N’Condédzi Coalfield was not
likely sourced from the Zambezi Belt or the Nampula Block due to the
absence of 610-490 Ma and 900-780 Ma zircon populations, which are
always present in the equivalent sandstone units of the Moatize Coal-
field. This suggests the presence of a topographic barrier between the
two coalfields during the mid-Guadalupian. We suggest that this phys-
ical barrier between the two depocenters was an intra-rift horst block
(likely Mesoproterozoic Tete Suite rocks) that persisted until the end
Permian.

Sample BENG-DH00005/LD21 located stratigraphically above the
first braided channel belt, was collected from a sandstone bed whose
sedimentary structures indicate a reduction in energy in the alluvial
setting and a shift to more mixed load (meandering) river systems
(Fernandes et al., 2023) The zircon population in this sample reflects
another important change in the sediment source region(s). The absence
of the 900-780 Ma population indicates that the Zambezi Belt was no
longer a sediment source, as it was the only source area with exclusively
that age range. Instead, the bimodal zircon population of 1150-950 Ma
and 610-490 Ma implies the upper part of the Moatize Formation was
sourced from the Nampula Block with a minor contribution from the
Zambezi Belt, located to the east and south of this coalfield, respectively.
The available palaeocurrent data from channel-fill sandstones in this
part of the Moatize Formation (Bicca et al., 2017; Key et al., 2015;
Mugabe, 1999; Pendkar et al., 2014) indicates that the rivers flowed
mainly to the west and southwest, which supports the sediment trans-
port directions inferred from the detrital zircon provenance analysis,
particularly the uplift of the Nampula Block, which acted as the main
sediment source.
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5.3.3. Alluvial plain depositional phase associated with the second braided
channel belt — early Changhsingian to latest Changhsingian (Fig. 9b)

This depositional phase starts with a thick sandstone interval
deposited in a braided channel system related to a renewed phase of
tectonism in the basin (Fernandes et al., 2023). This phase coincides
typically with the first occurrence of the spore Osmundacidites senectus
associated with the development of the Grande Falésia coal seam and
marks the base of the Matinde Formation (Pereira et al., 2019; Lopes
et al., 2020; Fernandes et al., 2023).

In the Moatize Coalfield, samples SC2X-DH00011/D34, SC2X-
DHO00010/A63, BENG-DH00005/E81, SC2X-DH00027/B03 and S2B-
HQO051/C23 were collected from this second braided channel belt.
From these samples, only sample BENG-DH00005/E81 has three zircon
populations (1150-950 Ma, 900-780 Ma and 610-490 Ma). The other
samples show only two zircon populations at 1150-950 Ma and
610-490 Ma. This again suggests that during the tectonic pulses asso-
ciated with the deposition of the braided channel belts, more areas were
exposed as sediment sources, particularly from the Zambezi Belt,
implying vertical movements along the Serra Carroeira Fault. However,
the exposure of the Zambezi Belt was transient since no 900-780 Ma
zircons are found in sandstones above this braided channel belt. Except
for sample E81, the detrital zircon data imply that the source area for the
Matinde Formation in the Moatize Coalfield was the Nampula Block.

In the N’Condédzi Coalfield, the Matinde Formation is represented
by samples A1TM-058/LD22, A1TM-058/LD60, A1TM-058/LD3, and
CIMT-014/LD14. Sample A1TM-058/LD22 is tentatively correlated to
the second braided channel belt of the Moatize Coalfield at the top of the
Grande Falésia Seam. The LD14 sample represents the last sand bed
deposited before the Permo-Triassic Boundary in this coalfield (Galasso
et al., 2019b). The zircon population of all samples shows a single
unimodal peak with an age range of 1100-1000 Ma. Again, the absence
of 900-780 Ma and 610-490 Ma zircon populations, which are present
in the Moatize Coalfield, indicates that the sediment source for
N’Condédzi Coalfield remained in the Southern Irumide Belt terranes
and that the two coalfields remained isolated from each other during the
deposition of the Matinde Formation.

Bicca et al. (2017) published U-Pb zircon ages obtained from a
sandstone bed in the Moatize Coalfield near the Serra Caroeira Fault (see
Fig. 3), attributed to the Matinde Formation, but indicating a Lower
Triassic age. Thus, the conclusions of Bicca et al. (2017) regarding the
sediment provenance of this sample were integrated in Fig. 9¢c which
depicts the likely sediment sources during the Lower Triassic.

According to previous data (Bicca et al., 2017), the primary sub-
population ranges from 700 to 490 Ma with peaks at 619 and 628 Ma
(Fig. 8). A subpopulation at 900-700 Ma does not have any significant
peaks, while a subpopulation at 1260-900 Ma has a peak at 1053 Ma.
Our zircon age spectra from the Matinde Formation in the Moatize
Coalfield are partially comparable to those of Bicca et al. (2017).
However, the zircon subpopulations of these authors have broad age
spectra and slightly older peaks. For example, the youngest zircon
subpopulation, ranging from 700 to 490 Ma, has 628 Ma and 619 Ma
peaks, whereas our youngest zircon subpopulation ranges between 610
and 490 Ma, with a main peak at ca. 530 Ma. Only one of our samples
from the Matinde Formation in the Moatize Coalfield
(BENG-DHO00005/E81) exhibits three zircon subpopulations, similar to
that of Bicca et al. (2017). The source terrain inferences of these pre-
vious data align with those of this study, which include the Guro Suite of
the Zambezi Belt, the Nampula Block, and the Southern Irumide Belt
units of the Unango and Marrupa complexes.

The Matinde Formation in the Chicéa-Mecticoe Sub-Basin yields a
main detrital zircon population at 1259-1022 Ma, with a peak at 1104
Ma, with subpopulations at 996-705 Ma and 607-525 Ma (Whitecross,
2020). The Whitecross (2020) sample (B1766) was taken from the lower
part of the Matinde Formation from a horizon that probably represents
the braided channel belt. The zircon age spectra show a strong corre-
lation with sample BENG-DH00005/E81 from the Matinde Formation in
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the Moatize Coalfield but not with the Matinde Formation in the
N’Condédzi Coalfield which has a unimodal 1100-950 Ma population.
The similar detrital zircon spectra and stratigraphic position of samples
B1766 of Whitecross (2020) and BENG-DH00005/E81 from the Moatize
Coalfield further supports the influence of tectonic activity during the
onset of Matinde Formation deposition in both Karoo depocenters.
Whitecross (2020) attributes a likely sediment source region for sample
B1766 to the Zambezi Belt to the south and the Southern Irumide Belt to
the north and northeast.

5.3.4. Alluvial plain depositional phase associated with the Lower Triassic
Cadzi Formation — early Induan to late Olenekian (Fig. 9c)

The Lower Triassic sandstones of the Cadzi Formation were investi-
gated only in the N’Condédzi Coalfield. Six sandstone beds were
sampled from borehole CIMT-014 (CIMT-014/LD11, CIMT-014/LD12,

CIMT-014/LD15, CIMT-014/LD16, CIMT-014/LD17 and CIMT-014/
LD19). No Middle Triassic rocks are recognised in the N'Condédzi Coalfield, and

the contact between the Lower and the Upper Triassic sedimentary rocks could correspond to a

major hiatus (Galasso et al., 2019b).

All samples except for CIMT-014/LD15 are dominated by a zircon
population at 1100-1000 Ma. In sample CIMT-014/LD15, the primary
zircon population is 650-490 Ma with a peak at 610 Ma. In all other
samples, the 650-490 Ma zircon population is minor and is associated
with thick coarse-grained sandstone intervals, which probably corre-
spond to channel-fill deposits of braided rivers (e.g. CIMT-014/LD11,
CIMT-014/LD16 and CIMT-014/LD15). The Lower Triassic zircon
spectra point to a sediment source in the Southern Irumide Belt located
to the north of this coalfield, with 650-490 Ma zircon population linked
to Pan-African intrusive rocks in the late Mesoproterozoic mobile belt.
However, the link between the 650-490 Ma zircon population and thick
and coarse-grained sandstone and conglomerate intervals can be
tentatively ascribed to Early Triassic tectonic pulses in the Metangula
Graben in Niassa province (Verniers et al., 1989) and in the Karoo basins
of Tanzania (Wopfner, 2002). An alternative explanation for the pres-
ence of the 490-650 Ma zircon population in the Lower Triassic sand-
stones is the regional devastation of vegetation due to the catastrophic
end-Permian climatic upheaval (Aftabuzzaman et al., 2021; Benton
and Newell, 2014; Chen et al., 2022; Retallack, 2021). Vegetation
collapse resulted in the development unprotected soils in the catchment
areas which were more prone to erosion. This may have caused a denser
drainage network that, together with uplift caused by tectonism, trig-
gered the expansion of the catchment areas into the Pan-African gran-
itoid and syenite intrusions present in the Tete-Chipata Terrane (e.g.,
Macanga Granite at ca. 470 Ma, Sinda Suite at ca. 502 Ma, Uléngue Suite
at ca. 570 Ma).

5.3.5. Alluvial plain depositional phase associated with the Upper Triassic
Cadzi Formation — Carnian (Fig. 9d)

The three samples from the Upper Triassic (Carnian) (A1TM-039/
LD9, A1TM-039/LD10, CIMT-014/LD13, exhibit a single zircon popu-
lation at 1100-1000 Ma. This indicates that the sediment source for
these samples was from the Southern Irumide Belt (Tete-Chipata Terrane
and the Malawi Unango and Marrupa complexes). The Southern Irumide
Belt was, therefore, the primary source of sediment from the Upper
Permian to the Upper Triassic in the N’Condédzi coalfield.

6. Conclusions

Our detrital zircon U-Pb geochronology study on the Moatize and
N’Condédzi coalfields in the ZKBM enables the following conclusions to
be drawn regarding its provenance, sediment dispersal pathways and
basin evolution:

e The boreholes from the two coalfields reveal a stratigraphy that
ranges from the early Roadian (lower Guadalupian) to the Carnian
(early Upper Triassic). However, it is only possible to correlate the
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Permian strata between the two coalfields, as the boreholes in the
Moatize Coalfield did not intersect any Triassic strata.
The detrital zircon spectra in the Permian samples of the Moatize
Coalfield define three subpopulations at 1150-950 Ma, 900-780 Ma
and 650-490 Ma; detrital zircons outside these age ranges are rare. In
contrast, the detrital zircon spectra in the N’Condédzi Coalfield
define a unimodal population at 1150-950 Ma. This indicates that
the sediment source regions were proximal and located in the Pan-
African and Mesoproterozoic mobile belts adjacent to the coal-
fields, namely the Zambezi Belt (Guro Suite, Barue Complex), the
Southern Irumide Belt (Tete-Chipata Terrane, Malawi, Unango and
Marrupa Complexes), and the Nampula Block.
The detrital zircon age spectra of the Moatize and N’Condédzi
coalfields indicate provenance regions in the adjacent Precambrian
to early Cambrian terranes. This agrees with the general tectonic
style described for intracontinental rift basins, which are charac-
terised by proximal sediment source regions and small catchment
areas.
During the Permian, the source region for the N’Condédzi Coalfields
was the Tete-Chipata Terrane and Malawi Complex (1150-950 Ma)
to the north-northeast of the coalfield and remained the same,
despite changes in depositional settings and pulses of enhanced
tectonic activity. The successive movements along the Mwanza Fault
were the main structural element that controlled the sediment
sources of this coalfield. The Moatize Coalfield recorded more vari-
ability in the location of the source regions in the Permian. During
the initial lake delta depositional setting related to the deglacial
phase, the detrital zircon population indicated main provenance in
the Zambezi Belt (900-780 Ma) to the south and minor sourcing from
the Nampula Block (1150-950 Ma and 650-490 Ma) to the east. This
indicates that there was uplift of the Zambezi Belt at the rift shoul-
ders of the Serra Caroeira Fault, thus creating positive relief that
acted as the main sediment source area. The change from lake delta
to alluvial deposition is attributed to a major tectonic phase in the
basin that lead to the reorganisation of the source areas (Fernandes
et al., 2023). It is marked by a thick early Capitanian sandstone in-
terval above the Chipanga Seam that is interpreted as a braided
channel. There is an accompanying change in detrital zircon prove-
nance within the first braided channel belt, with an equal prove-
nance contribution from the Zambezi Belt and the Nampula Block
(populations at 1150-950 Ma, 900-780 Ma and 650-490 Ma). This
the uplifting Nampula Block started to act as an important sediment
source area.
The sandstone samples above the first braided channel belt are
dominated by two detrital populations (1150-950 Ma and 650-490
Ma) that can be attributed to the Nampula Block. The near absence of
the Zambezi Belt detrital zircon population (900-780 Ma) in the
sandstones indicates a significant change in the main source areas,
with tectonic uplift of the Nampula Block east of the Moatize Coal-
field the likely cause. These results agree with previous paleocurrent
studies from channel-bar sandstones in the Moatize region, which
indicate main paleoflows to the west (Mugabe, 1999; Bicca et al.,
2017).
The absence of 900-780 Ma and 650-490 Ma detrital zircon pop-
ulations in the N’Condédzi Coalfield suggests that these two Karoo
sub-basins were not interconnected during the mid-to late Permian.
This implies that these basins functioned as separate depocenters
separated by a physical barrier, likely an intra-rift horst of the
Mesoproterozoic Gabbro — Anorthosite Tete Suite. This barrier may
have been significant, extending eastwards into the Lirio Belt. To the
south of the Lirio Belt, the primary drainage flow would have been
towards the west, while to the north of the Lirio Belt, the drainage
flow would have predominantly towards the south-southwest.
e The Lower Triassic sample from the Moatize Coalfield of Bicca et al.
(2017), indicates sediment source from the Guro Suite of the
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Zambezi Belt, the Nampula Block, and the Southern Irumide Belt

units of the Unango and Marrupa complexes

In the Lower Triassic sandstones of the N’Condédzi Coalfield, the

prominent detrital zircon population is 1150-950 Ma, indicating

sourcing from the Tete-Chipata Terrane and Malawi Complex. A

minor 650-490 Ma population can be explained by tectonic pulses

along the Mwanza Fault, resulting in braided channel deposition of
thick units of coarse-grained sandstones deposited in braided chan-
nel belts, and the end-Permian environmental and climatic distur-
bances. The latter resulted in the sudden loss of vegetation making
the soils in the sediment source areas more exposed and prone to
erosional processes. This, in turn, led to a denser fluvial network and
an increase in the extension of the drainage basins located on the rift
shoulders of the Mwanza Fault. The expansion of the drainage basin
areas, both upstream and laterally, may have intersected exposures
of Pan-African intrusive in the Tete-Chipata Terrane and the Malawi
and Unango complexes, which were the source terranes of the

650-490 Ma detrital zircon population.

e The Upper Triassic sandstones yield a unimodal 1150-950 Ma
detrital zircon population, implying a return to the sediment routing
system that characterised the basin during the mid to late Permian,
with sourcing from the Tete-Chipata Terrane and Malawi Complex
and controlled by the successive movements of the Mwanza Fault.
Further insights into the Triassic compartmentation or interconnec-
tion of different depocenters can be obtained from future detrital
zircon studies on other Karoo depocenters of the ZKBM.
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